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v

LINCing Molecular Methodologies Across Disciplines

In 2006, Didier Hodzic, Brian Burke, and colleagues coined the term LINC (linker of 
nucleoskeleton and cytoskeleton) complex for the assembly of Klarsicht, ANC-1, and Syne 
homology (KASH) domain and Sad1 and UNC-84 (SUN) domain proteins that respec-
tively span the inner and outer nuclear membranes, connecting the nucleoskeleton to the 
cytoskeleton [1]. That year, we predicted that research on this complex linking the nucleus 
and cytoplasm will undoubtedly have implications for our understanding of nuclear posi-
tioning, nuclear migration, and the pathogenesis of inherited diseases [2]. What we could 
not predict was the importance of the LINC complex for a myriad of other functions, 
including mechanotransduction, chromosome movements in meiosis, and DNA repair. 
Indeed, a growing number of biological scientists studying organisms from plants to people 
have focused on this fascinating molecular system. In this volume of Methods in Molecular 
Biology, we bring together leading scientists from diverse disciplines to describe research 
approaches and methodologies used to study the LINC complex and its cellular 
functions.

Preface

New York, NY, USA Gregg G. Gundersen 
 Howard J. Worman 

References

 1. Crisp M, Liu Q, Roux K et  al (2006) Coupling of the nucleus and cytoplasm: role of the LINC 
 complex. J Cell Biol 172:41–53

 2. Worman HJ, Gundersen GG (2006) Here come the SUNs: a nucleocytoskeletal missing link. Trends 
Cell Biol 16:67–69



vii

Preface  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   v
Contributors   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  xi

Part I  Structural and BIochemIcal analySIS of lInc comPlexeS

 1 EM Tomography of Meiotic LINC Complexes  . . . . . . . . . . . . . . . . . . . . . . . . .    3
Marie-Christin Spindler, Frederik Helmprobst,  
Christian Stigloher, and Ricardo Benavente

 2 Recombinant Purification of the Periplasmic Portion  
of the LINC Complex . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   17
Victor E. Cruz and Thomas U. Schwartz

 3 Analysis of High Molecular Weight Isoforms  
of Nesprin-1 and Nesprin-2 with Vertical Agarose  
Gel Electrophoresis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   25
Chloe Potter and Didier Hodzic

 4 Analysis of Nesprin-2 Interaction with Its Binding Partners  
and Actin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   35
Susumu Antoku and Gregg G. Gundersen

 5 Interactions of Nesprin-4-Containing LINC Complexes  
in Outer Hair Cells Explored by BioID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   45
Brian Burke

Part II  mechanIcal aSPectS of the lInc comPlex

 6 Using Nesprin Tension Sensors to Measure Force  
on the LINC Complex  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   59
Paul T. Arsenovic and Daniel E. Conway

 7 Analyzing Mechanotransduction Through the LINC Complex  
in Isolated Nuclei  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   73
Nejma Belaadi, Angélique Millon-Frémillon, Julien Aureille,  
and Christophe Guilluy

 8 Direct Force Probe for Nuclear Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   81
Vincent J. Tocco, Srujana Neelam, Qiao Zhang, Richard B. Dickinson,  
and Tanmay P. Lele

 9 Centrifugal Displacement of Nuclei in Adherent Cells to Study LINC  
Complex-Dependent Mechanisms of Homeostatic Nuclear Positioning . . . . . . .   91
Ruijun Zhu and Gregg G. Gundersen

Contents

https://doi.org/10.1007/978-1-4939-8691-0_FM
https://doi.org/10.1007/978-1-4939-8691-0_FM


viii

10 Assembly and Use of a Microfluidic Device to Study  
Cell Migration in Confined Environments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Jeremy Keys, Aaron Windsor, and Jan Lammerding

Part III  analySIS of the lInc comPlex In model SyStemS  
and develoPment

11 Investigating LINC Complex Protein Homo-oligomerization  
in the Nuclear Envelopes of Living Cells Using Fluorescence  
Fluctuation Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
Jared Hennen, Isaac Angert, Kwang-Ho Hur,  
G. W. Gant Luxton, and Joachim D. Mueller

12 Functional Analysis of the Yeast LINC Complex Using  
Fluctuation Spectroscopy and Super-Resolution Imaging . . . . . . . . . . . . . . . . . . 137
Jay R. Unruh, Brian D. Slaughter, and Sue L. Jaspersen

13 Genetic Analysis of Nuclear Migration and Anchorage  
to Study LINC Complexes During Development of Caenorhabditis elegans . . . . 163
Heidi N. Fridolfsson, Leslie A. Herrera, James N. Brandt,  
Natalie E. Cain, Greg J. Hermann, and Daniel A. Starr

14 High-Resolution Imaging Methods to Analyze LINC Complex  
Function During Drosophila Muscle Development  . . . . . . . . . . . . . . . . . . . . . . 181
Alexander L. Auld, Mary Ann Collins, Torrey R. Mandigo,  
and Eric S. Folker

15 Computational Methods for Studying the Plant Nucleus . . . . . . . . . . . . . . . . . . 205
Axel Poulet, Xiao Zhou, Kentaro Tamura, Iris Meier,  
Christophe Tatout, Katja Graumann, and David E. Evans

16 Investigation of Nuclear Periphery Protein Interactions  
in Plants Using the Membrane Yeast Two-Hybrid (MbY2H) System . . . . . . . . . 221
Maxime Voisin, Emmanuel Vanrobays, and Christophe Tatout

17 Immunolabeling Protocols for Studying Meiosis in Plant  
Mutants Defective for Nuclear Envelope Components . . . . . . . . . . . . . . . . . . . . 237
Javier Varas and Mónica Pradillo

Part Iv  lInc comPlex In mammalIan tISSue, organS and dISeaSe

18 Generation and Analysis of Striated Muscle Selective LINC  
Complex Protein Mutant Mice  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
Matthew J. Stroud, Xi Fang, Jennifer Veevers, and Ju Chen

19 An In Vitro System to Measure the Positioning, Stiffness,  
and Rupture of the Nucleus in Skeletal Muscle . . . . . . . . . . . . . . . . . . . . . . . . . . 283
William Roman, Mafalda R. Pimentel, and Edgar R. Gomes

20 Functional Analysis of LINC Complexes in the Skin . . . . . . . . . . . . . . . . . . . . . . 295
Iakowos Karakesisoglou, Carmen Mroß, and Angelika A. Noegel

Contents



ix

21 Detection of SUN1 Splicing Variants at the mRNA  
and Protein Levels in Cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307
Ayaka Matsumoto, Nariaki Matsuura, and Miki Hieda

 22 Next-Generation Sequencing and Mutational Analysis:  
Implications for Genes Encoding LINC Complex Proteins  . . . . . . . . . . . . . . . . 321
Peter L. Nagy and Howard J. Worman

Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  337

Contents



xi

angélIque mIllon-frémIllon • Institute for Advanced Biosciences, Centre de recherche 
UGA—INSERM U1209—CNRS UMR 5309, Grenoble, France

ISaac angert • School of Physics and Astronomy, University of Minnesota, Minneapolis, 
MN, USA

SuSumu antoku • Department of Pathology and Cell Biology, Columbia University,  
New York, NY, USA

Paul t. arSenovIc • Department of Biomedical Engineering, Virginia Commonwealth 
University, Richmond, VA, USA

alexander l. auld • Biology Department, Boston College, Chestnut Hill, MA, USA
rIcardo Benavente • Department of Cell and Developmental Biology, Biocenter, 

University of Würzburg, Würzburg, Germany
JameS n. Brandt • Department of Biology, Lewis and Clark College, Portland, OR, USA
BrIan Burke • Institute of Medical Biology, Singapore, Singapore
natalIe e. caIn • Department of Molecular and Cellular Biology,  

University of California, Davis, CA, USA
Ju chen • Department of Medicine, University of California, San Diego,  

La Jolla, CA, USA
chrIStoPhe guIlluy • Institute for Advanced Biosciences, Centre de recherche UGA, 

INSERM U1209, CNRS UMR 5309, Grenoble, France
mary ann collInS • Biology Department, Boston College, Chestnut Hill, MA, USA
danIel e. conway • Department of Biomedical Engineering, Virginia Commonwealth 

University, Richmond, VA, USA
vIctor e. cruz • Department of Biology, Massachusetts Institute of Technology, 

Cambridge, MA, USA
rIchard B. dIckInSon • Department of Chemical Engineering, University of Florida, 

Gainesville, FL, USA
davId e. evanS • Faculty of Health and Life Sciences, Department of Biological and 

Medical Sciences, Oxford Brookes University, Oxford, UK
xI fang • Department of Medicine, University of California, San Diego, La Jolla, CA, 

USA
erIc S. folker • Biology Department, Boston College, Chestnut Hill, MA, USA
heIdI n. frIdolfSSon • Department of Molecular and Cellular Biology, University of 

California, Davis, CA, USA
g.w. gant luxton • Department of Genetics, Cell Biology, and Development,  

University of Minnesota, Minneapolis, MN, USA
edgar r. gomeS • Instituto de Medicina Molecular, Faculdade de Medicina, 

Universidade de Lisboa, Lisboa, Portugal
katJa graumann • Faculty of Health and Life Sciences, Department of Biological and 

Medical Sciences, Oxford Brookes University, Oxford, UK
gregg g. gunderSen • Department of Pathology and Cell Biology, Columbia  

University, New York, NY, USA

Contributors



xii

frederIk helmProBSt • Imaging Core Facility, Biocenter, University of Würzburg, 
Würzburg, Germany

Jared hennen • School of Physics and Astronomy, University of Minnesota, Minneapolis, 
MN, USA

greg J. hermann • Department of Biology, Lewis and Clark College, Portland, OR, USA
leSlIe a. herrera • Department of Molecular and Cellular Biology, University of 

California, Davis, CA, USA
mIkI hIeda • Graduate School of Medicine and Health Science, Osaka University, Osaka, 

Japan; Graduate School of Health Science, Ehime Prefectural University of Health 
Science, Ehime, Japan

dIdIer hodzIc • Department of Developmental Biology, Washington University School of 
Medicine, St Louis, MO, USA

kwang-ho hur • School of Physics and Astronomy, University of Minnesota, Minneapolis, 
MN, USA

Sue l. JaSPerSen • Stowers Institute for Medical Research, Kansas City, MO, USA; 
Department of Molecular and Integrative Physiology, University of Kansas Medical 
Center, Kansas City, KS, USA

JulIen aureIlle • Institute for Advanced Biosciences, Centre de recherche UGA—
INSERM U1209—CNRS UMR 5309, Grenoble, France

IakowoS karakeSISoglou • Department of Biosciences, University of Durham,  
Durham, UK

Jeremy keyS • Meinig School of Biomedical Engineering and Weill Institute for Cell and 
Molecular Biology, Cornell University, Ithaca, NY, USA

Jan lammerdIng • Meinig School of Biomedical Engineering and Weill Institute for Cell 
and Molecular Biology, Cornell University, Ithaca, NY, USA

tanmay P. lele • Department of Chemical Engineering, University of Florida, 
Gainesville, FL, USA

torrey r. mandIgo • Biology Department, Boston College, Chestnut Hill, MA, USA
ayaka matSumoto • Graduate School of Medicine and Health Science, Osaka University, 

Osaka, Japan
narIakI matSuura • Graduate School of Medicine and Health Science, Osaka University, 

Osaka, Japan; Osaka International Cancer Institute, Osaka, Japan
IrIS meIer • Faculty of Health and Life Sciences, Department of Biological and Medical 

Sciences, Oxford Brookes University, Oxford, UK; Department of Molecular Genetics,  
The Ohio State University, Columbus, OH, USA

carmen mroß • Institute of Biochemistry I, Medical Faculty, University Hospital Cologne, 
Köln, Germany; Center for Molecular Medicine Cologne (CMMC) and Cologne Cluster 
of Excellence on Cellular Stress Responses in Aging-Associated Diseases (CECAD), 
University of Cologne, Köln, Germany

JoachIm d. mueller • School of Physics and Astronomy, University of Minnesota, 
Minneapolis, MN, USA

Peter l. nagy • MNG Laboratories, Atlanta, GA, USA
SruJana neelam • Department of Chemical Engineering, University of Florida, 

Gainesville, FL, USA
neJma BelaadI • l’institut du thorax, INSERM, CNRS, Université de Nantes, Nantes, 

France

Contributors



xiii

angelIka a. noegel • Institute of Biochemistry I, Medical Faculty, University Hospital 
Cologne, Köln, Germany; Center for Molecular Medicine Cologne (CMMC) and Cologne 
Cluster of Excellence on Cellular Stress Responses in Aging-Associated Diseases (CECAD), 
University of Cologne, Köln, Germany

mafalda r. PImentel • Instituto de Medicina Molecular, Faculdade de Medicina, 
Universidade de Lisboa, Lisboa, Portugal

chloe Potter • Department of Developmental Biology, Washington University School of 
Medicine, St Louis, MO, USA

axel Poulet • Laboratoire GReD, CNRS, INSERM, Université Clermont Auvergne, 
Clermont-Ferrand, France; Faculty of Health and Life Sciences, Department of Biological 
and Medical Sciences, Oxford Brookes University, Oxford, UK; Department of 
Biostatistics and Bioinformatics, Rollins School of Public Health, Emory University, 
Atlanta, GA, USA

mónIca PradIllo • Departamento de Genética, Fisiología y Microbiología, Facultad de 
Biología, Universidad Complutense de Madrid, Madrid, Spain

wIllIam roman • Instituto de Medicina Molecular, Faculdade de Medicina,  
Universidade de Lisboa, Lisboa, Portugal

thomaS u. Schwartz • Department of Biology, Massachusetts Institute of Technology, 
Cambridge, MA, USA

BrIan d. Slaughter • Stowers Institute for Medical Research, Kansas City, MO, USA
marIe-chrIStIn SPIndler • Department of Cell and Developmental Biology, Biocenter, 

University of Würzburg, Würzburg, Germany
danIel a. Starr • Department of Molecular and Cellular Biology, University of 

California, Davis, CA, USA
chrIStIan StIgloher • Imaging Core Facility, Biocenter, University of Würzburg, 

Würzburg, Germany
matthew J. Stroud • Department of Medicine, University of California, San Diego,  

La Jolla, CA, USA; Cardiovascular Division, King’s College London, British Heart 
Foundation Centre of Excellence, London, UK

kentaro tamura • Department of Environmental and Life Sciences, School of Food and 
Nutritional Sciences, University of Shizuoka, Shizuoka, Japan

chrIStoPhe tatout • CNRS, INSERM, Université Clermont Auvergne, Laboratoire 
GReD, Clermont-Ferrand, France

vIncent J. tocco • Department of Chemical Engineering, University of Florida, 
Gainesville, FL, USA

Jay r. unruh • Stowers Institute for Medical Research, Kansas City, MO, USA
emmanuel vanroBayS • CNRS, INSERM, Université Clermont Auvergne, Laboratoire 

GReD, Clermont-Ferrand, France
JavIer varaS • Departamento de Genética, Fisiología y Microbiología, Facultad de 

Biología, Universidad Complutense de Madrid, Madrid, Spain
JennIfer veeverS • Department of Medicine, University of California, San Diego, La 

Jolla, CA, USA
maxIme voISIn • CNRS, INSERM, Université Clermont Auvergne, Laboratoire GReD, 

Clermont-Ferrand, France
aaron wIndSor • Meinig School of Biomedical Engineering and Weill Institute for Cell 

and Molecular Biology, Cornell University, Ithaca, NY, USA

Contributors



xiv

howard J. worman • Department of Medicine and Department of Pathology and  
Cell Biology, Columbia University, New York, NY, USA

qIao zhang • Department of Chemical Engineering, University of Florida, Gainesville, 
FL, USA

xIao zhou • Department of Molecular Genetics, The Ohio State University, Columbus, 
OH, USA; Department of Molecular and Cell Biology, University of California, Berkeley, 
Berkeley, CA, USA

ruIJun zhu • Department of Pathology and Cell Biology, Columbia University, New York, 
NY, USA

Contributors



Part I

Structural and Biochemical Analysis of LINC Complexes



3

Gregg G. Gundersen and Howard J. Worman (eds.), The LINC Complex: Methods and Protocols, Methods in Molecular Biology,  
vol. 1840, https://doi.org/10.1007/978-1-4939-8691-0_1, © Springer Science+Business Media, LLC, part of Springer Nature 2018

Chapter 1

EM Tomography of Meiotic LINC Complexes

Marie-Christin Spindler, Frederik Helmprobst, Christian Stigloher, 
and Ricardo Benavente

Abstract

Electron microscope (EM) tomography is a powerful technique that enables the three-dimensional analy-
sis of subcellular structures at high resolution. We have applied this method to the quantitative analysis of 
LINC complex distribution and interaction with the cytoskeleton in meiotic cells from male mice. In this 
chapter, we describe methods to generate and analyze the tomograms.

Key words LINC complex, Meiosis, Telomere, Nuclear envelope, Cytoskeleton, Microtubules, EM 
tomography

1 Introduction

LINC complexes of the nuclear envelope are essential in transducing 
cytoskeleton-derived forces. These forces are required for nuclear 
movement and positioning in the cell and are also involved in 
chromosome movement within the nucleus [1–3]. A particularly 
well-suited subject for the investigation of the interaction of LINC 
complexes with the cytoskeleton is the mouse meiotic cell [3, 4]. 
In contrast to somatic cells in which LINC complexes are distrib-
uted over the entire nuclear periphery, in meiotic cells they are 
restricted to the sites at which telomeres are attached to the nuclear 
envelope [5–9]. Furthermore, the composition of LINC com-
plexes of mouse meiotic prophase cells has been characterized: the 
proteins SUN1 and SUN2 of the inner nuclear membrane and 
outer membrane protein KASH5 [6–9]. In meiotic cells, the inter-
action of LINC complexes with microtubules appears to be essen-
tial for telomere movements that lead to pairing, synapsis, and 
recombination of homologous chromosomes [3]. Early electron 
micrographs of murine spermatocytes show numerous filamentous 
structures at the attachment site of meiotic telomeres to the nuclear 
envelope [5]. Available immunolocalization data indicates that 
these filaments correspond to LINC complexes. Filaments at these 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8691-0_1&domain=pdf
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sites can be resolved in 3D with transmission electron tomography. 
Here, we provide detailed protocols of our investigations of LINC 
complexes at the attachment sites of meiotic telomeres to the 
nuclear envelope (Figs. 1 and 2) using EM tomography [10]. This 
method can provide important three-dimensional information of 
LINC complex distribution and interaction with microtubules in 
the cytoplasm (Figs. 3 and 4).

Fig. 1 Tissue preservation following chemical prefixation combined with high-pressure freezing. (A, B) Electron 
micrographs of murine pachytene spermatocytes with synaptonemal complexes (asterisks) in 14-day-old 
mice. White arrowheads denote attachment sites of synaptonemal complexes at the nuclear envelope. (A) 
Acquisition conducted at a magnification of 6000× with an Olympus Veleta 2k × 2k camera (Olympus Soft 
Imaging Solutions GmbH, Münster, Germany). (B) Synaptonemal complexes attached to the nuclear envelope 
(white arrowheads), the site of LINC complex accumulation. Acquisition at 5000× with an Olympus Veleta 
2k × 2k camera. Tissue section thickness is 250 nm; scale bar, 1 μm (A, B)

Fig. 2 Electron micrograph of a synaptonemal complex attached to the nuclear 
envelope (NE; white box) from a 250 nm testis section using a 4k × 4k camera 
at a magnification of 40,000×. Scale bar: 200 nm. Fiducial markers: 12 nm gold 
particles

Marie-Christin Spindler et al.
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Fig. 3 Annotation of synaptonemal complex attachment including LINC complexes at the nuclear envelope in 
a dual-axis tomogram. Tomogram slice without (A) and with respective annotation (B). Annotation: inner 
nuclear membrane, cyan; outer nuclear membrane, green; lateral elements, magenta; central element, yellow; 
LINC complexes, red. Magnification, 40,000× using a 4k × 4k camera; scale bar, 200 nm

Fig. 4 Annotation of a synaptonemal attachment including LINC complexes at the nuclear envelope. Tomogram 
slice containing (longitudinal/transverse) microtubuli in proximity to the synaptonemal complex attachment 
site (A, B). Color coding according to Fig. 3B, microtubule annotated in purple (B)

2 Materials

 1. Fresh testis tissue from young 14-day-old mice (see Note 1). 
Prior to testis resection, animals are euthanized with CO2 
followed by cervical dislocation.

 2. PBS (phosphate-buffered saline): 140 mM NaCl, 6.4 mM 
Na2HPO4, 1.4 mM KH2PO4, 2.6 mM KCl; adjust to pH 7.4 
with NaOH.

 3. Karnovsky solution (4% paraformaldehyde, 2.5% glutaralde-
hyde in 0.2 M cacodylate buffer): Dissolve 8% paraformalde-
hyde in 0.2 M cacodylate buffer at pH 7.4 in a glass beaker at 

2.1 Prefixation 
of Tissue

EM Tomography of LINC Complexes
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approximately 60 °C. Avoid boiling of the solution and cool to 
room temperature once dissolved. In parallel prepare an equal 
amount of 5% of glutaraldehyde in ddH2O. Combine the cool 
paraformaldehyde and glutaraldehyde solution to reach the 
desired aldehyde concentrations.

 4. 50 mM cacodylate buffer: 50 mM cacodylate, 50 mM KCl, 
2.5 mM MgCl2, pH 7.2.

 1. BSA solution: 10% BSA in PBS. Filter through a 0.45 μm filter 
and store at −20 °C until use.

 2. Specimen carriers type A (200 μm recess) and type B as a lid 
(0 μm recess) coated with lecithin (see Note 2).

 3. High-pressure freezer, e.g., EM HPM100 (Leica Microsystems, 
Wetzlar, Germany).

 4. Liquid nitrogen.

 1. Freeze substitution system, e.g., EM AFS2 (Leica Microsystem, 
Wetzlar, Germany).

 2. Leica plastic capsules D 13 × H 18 mm with mesh bottoms.
 3. Leica universal metal reagent bath container for plastic cap-

sules covered with Teflon lids.
 4. Anhydrous/dry acetone (water <50 ppm, see Note 3).
 5. 0.5% glutaraldehyde and 0.1% tannic acid in anhydrous ace-

tone (water <50 ppm, see Note 3).
 6. 2% osmium tetroxide in anhydrous acetone (water <50 ppm, 

see Note 3).

 1. Epon series: 50% and 90% Epon 812 in anhydrous acetone 
(water <50 ppm), 100% Epon 812.

 2. Equipment for embedding in Epon: snap-caps, plastic Pasteur 
pipettes, mounted needles, falcon tube with ethanol, jar with 
acetone, glass dish.

 3. Gelatin capsules and capsule molds; alternatively, silicone 
rubber flat embedding molds.

 4. Heating cabinet set to 60 °C.

 1. Trimming: razor blades, binocular microscope, ultramicrot-
omy block.

 2. Semithin sections: Histo Jumbo Diamond Knife (Diatome 
AG, Biel, Switzerland), poly-l-lysine 25 × 75 mm coverslips 
(Mentzel Glas, Braunschweig, Germany), mounted eyelash, 
syringe, methylene blue-azur II stain (see Note 4), wash bottle, 
light microscope, Formvar-coated slot, or mesh copper grids.

2.2 High-Pressure 
Freezing

2.3 Freeze 
Substitution 
and Embedding 
in Epon

2.4 Embedding 
in Epon

2.5 Sectioning

Marie-Christin Spindler et al.



7

 1. Equipment for contrasting: 15 × 15 cm glass plate, parafilm, 
glass vials with rolled rim, beaker, wash bottle, glass petri dish, 
paper box for light exclusion, microsurgery forceps, 1.5 mL 
LightSafe microcentrifuge tubes (Sigma-Aldrich, Darmstadt, 
Germany), 0.2 μm filter.

 2. Chemicals and solutions for contrasting:
 (a)  Contrasting in ethanolic conditions: 2.5% uranyl acetate in 

ethanol, ethanol, 50% ethanol in ddH2O, Reynold’s lead 
citrate (see Note 5 [11]) diluted 1:1 in degassed ddH2O, 
sodium hydroxide as pellets.

 (b)  Contrasting in aqueous conditions: 2.5% uranyl acetate in 
ddH2O, Reynold’s lead citrate diluted 1:1 in degassed 
ddH2O, degassed H2O, sodium hydroxide pellets (see 
Note 6).

 3. Equipment for carbon coating: carbon coater, e.g., Bal-Tec 
MED 010 planar-magnetron sputtering device (Balzers Union 
AG, Balzers, Liechtenstein), spectral carbon rods (Baltic- 
Präparation e.K., Niesgrau, Germany), filter paper, double- 
faced adhesive tape.

 4. >12 nm gold-labeled secondary antibody as fiducial marker for 
precise tilt-series alignment.

 1. Transmission electron microscope (JEM-2100, JEOL, 
Munich, Germany) equipped with a high-resolution camera 
(e.g., TemCam F416, Tietz Video and Imaging Processing 
Systems, Gauting, Germany; see Note 7).

 2. Tilt-series acquisition: SerialEM [12].
 3. IMOD suite: ETomo for tomogram reconstruction and 

3dmod for annotation (see Note 8 [13]).

3 Methods

For testis tissue preservation, an adaption of the protocol by 
Dhanyasi and colleagues is followed [14].

 1. Remove the tunica albuginea from freshly resected testes of 
14-day-old mice in PBS using microsurgery forceps.

 2. Transfer individual seminiferous tubules into fresh PBS. Keep 
the samples on ice continuously to preserve tissue integrity.

 3. Transfer seminiferous tubules into Karnovsky fixative and incu-
bate first for 30 min at room temperature, then another 60 min 
on ice.

 4. Wash five times for 3 min each in 50 mM cacodylate buffer 
(can be stored several weeks at 4 °C).

2.6 Contrasting 
and Carbon Coating

2.7 Electron 
Tomography 
and Software

3.1 Prefixation 
of Seminiferous 
Tubules for High- 
Pressure Freezing

EM Tomography of LINC Complexes
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High-pressure freezing and freeze substitution is conducted based 
on previously described morphological protocols for C. elegans and 
Danio rerio [15–17].

 1. Transfer prefixed seminiferous tubules from 50 mM cacodylate 
buffer to 10% BSA to immerse the tissue in freeze protectant.

 2. Add 10 μL of 10% BSA in PBS to the bottom of 200-μm 
lecithin- coated specimen carriers type A (see Note 9).

 3. Place prefixed seminiferous tubules within the platelets.
 4. Overfill the recess with the freeze protectant (see Note 10).
 5. Close carriers with lecithin-coated specimen carrier type B 

using the 0 μm recesses as lids.
 6. Place the carrier sandwich into the high-pressure freezer and 

freeze samples at a cooling rate of >20,000 K/s and >2100 bar. 
Carriers are directly casted into liquid nitrogen to prevent sam-
ples from thawing (see Note 11).

 7. Transfer the carriers into the freeze substitution machine (AFS) 
keeping the samples constantly at liquid nitrogen temperature 
(see Note 11).

Use plastic Pasteur pipettes for the exchange of freeze substitution 
solutions. Equilibrate their temperature to −90 °C at the rim of 
the freeze substitution machine before bringing them in contact 
with the solutions.

 1. Pre-cool freeze substitution solutions: 0.5% glutaraldehyde 
with 0.1% tannic acid in anhydrous acetone, anhydrous ace-
tone, and 2% osmium tetroxide in anhydrous acetone to 
−70 °C. Store a second stock of anhydrous acetone at −20 °C.

 2. Place universal metal reagent bath containers in the freeze 
substitution machine. Use all but one of the containers as 
specimen holders (see Note 12).

 3. Cool the freeze substitution machine and the 0.5% glutaralde-
hyde with 0.1% tannic acid in anhydrous acetone to 
−90 °C. Distribute the solution among the universal metal 
reagent bath containers once cooled, and cover with Teflon 
lids.

 4. Place the specimen carrier into the plastic capsules with mesh 
bottoms, and transfer them quickly into the AFS. Cover the 
containers with Teflon lids (see Note 13).

 5. Incubate the samples for 96 h in 0.5% glutaraldehyde with 
0.1% tannic acid in anhydrous acetone at −90 °C. Exchange 
for fresh solution once during this time.

 6. Wash four times with anhydrous acetone over the course of 
4–6 h at −90 °C.

3.2 High-Pressure 
Freezing

3.3 Freeze 
Substitution

Marie-Christin Spindler et al.
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 7. Exchange anhydrous acetone for 2% osmium tetroxide in 
anhydrous acetone and incubate for 28 h.

 8. Ramp the temperature from −90 °C up to −20 °C over the 
course of 14 h. Then incubate at a constant −20 °C for 16 h 
before steadily increasing the temperature up to 4 °C within a 
period of 4 h.

 9. Wash four times with anhydrous acetone over the course of 
2–3 h at 4 °C.

 10. Remove the universal metal reagent bath container with the 
samples in anhydrous acetone from the AFS to start the 
embedding protocol for Epon.

Infiltrate samples with an ascending Epon series.
 1. Prepare a snap-on lid with Epon/anhydrous acetone (ratio 

1:1) (see Note 13).
 2. Quickly place plastic capsules with the sample carriers in the 

50% epoxy solution. Avoid drying of the specimen.
 3. Transfer the samples into fresh 50% Epon/anhydrous acetone: 

remove samples from the carriers by pipetting up and down 
with a plastic Pasteur pipette keeping them immersed in Epon/
acetone constantly; if they remain attached to the carriers, 
carefully lift the samples with a mounted needle first before 
transferring them into a snap-on lid with fresh epoxy-acetone 
mixture using the plastic Pasteur pipette.

 4. Clean individual AFS containers by placing them in a jar filled 
with acetone.

 5. Incubate the samples for 5 h in the Epon/anhydrous acetone 
mixture (1:1 ratio) at room temperature.

 6. Transfer specimens to a snap-on lid containing 90% Epon in 
anhydrous acetone to be infiltrated overnight at 4 °C; prefer-
ably in a cold room covered with a glass dish.

 7. Transfer samples into pure Epon and infiltrate for 2–3 h at 
room temperature.

 8. Exchange the epoxy resin twice and incubate for 2–3 h each.
 9. Embed the samples either at the bottom of an Epon-filled cap-

sule placed upright in a capsule mold or within silicone rubber 
flat embedding molds. Cure for at least 48 h at 60 °C.

 1. Load the Epon embedded sample onto an ultramicrotomy 
block.

 2. Trim away excess Epon with a razor blade until reaching the 
embedded tissue; observe cutting depth through a binocular 
microscope.

 3. Fasten the block to the ultramicrotome.

3.4 Embedding 
in Epon

3.5 Sectioning

EM Tomography of LINC Complexes
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 4. Submerge a poly-l-lysine-coated coverslip within the boat of 
the Histo Jumbo Diamond Knife, and fill recess with ddH2O 
using a syringe.

 5. Cut semithin sections; detach them from the knife with a 
mounted eyelash, and direct them to the coverslip. Decrease 
the water level with a syringe, forcing the sections to adhere 
irreversibly to the coverslip. Then carefully remove the cover-
slip from the knife’s boat.

 6. Stain the semithin section with methylene blue for 1 min.
 7. Remove the staining solution by rinsing the section with a 

wash bottle filled with ddH2O. Let the coverslip dry for 1 min 
on a heating block without burning the section.

 8. Search for a suitable tissue region using a transmission light 
microscope. Repeat Steps 4–8 until a respective cross section 
of a seminiferous tubule is detected.

 9. Cut 250 nm semithin sections and transfer them onto Formvar- 
coated slot or mesh grids. Thinner sections provide a better 
z-resolution for electron tomography. However, for the sec-
tions to contain entire telomere attachment sites, we choose 
250 nm semithin sections.

 1. Coat a glass plate with parafilm (see Note 14).
 2. Contrasting with uranyl acetate: place 50 μL of uranyl acetate 

solution on the parafilm, and incubate the grids facing down 
with the sample side toward the drop of solution. In this step 
contrasting can be performed either in ethanolic or aqueous 
conditions. We achieve good results for both approaches (see 
Note 15).

 (a)  Ethanolic conditions: incubate grids for 15 min with 2.5% 
uranyl acetate in ethanol.

 (b)  Aqueous conditions: incubate grids for 10 min with 2% 
uranyl acetate in ddH2O.

 3. Washing: prepare three roll edge glasses with washing solu-
tions; secure the grids with microsurgical forceps and dip them 
repeatedly into the first washing solution before moving to the 
next one. Proceed in the following order:

 (a)  After ethanolic contrasting: 100% ethanol followed by eth-
anol/ddH2O (1:1 ratio) followed by 100% ddH2O.

 (b)  After aqueous contrasting: immerse three times in fresh 
ddH2O each.

 4. Rinse grids with a wash bottle of ddH2O. Avoid spraying the 
Formvar membrane directly as it is delicate and hence prone to 
tear.

3.6 Contrasting 
and Carbon Coating

Marie-Christin Spindler et al.
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 5. Dry grids by gently swiping them over a piece of filter paper 
(see Note 16).

 6. Contrasting with Reynold’s lead citrate (diluted 1:1 in 
degassed ddH2O): prepare fresh glass plate with parafilm. 
Place 50 μL of the diluted Reynold’s lead citrate within a circle 
of sodium hydroxide pellets (see Note 17). Incubate samples 
previously contrasted with uranyl acetate in ethanol for 10 min 
and aqueously contrasted grids for 5 min.

 7. Wash grids by repeated dipping in degassed ddH2O; exchange 
degassed water three times.

 8. Repeat Steps 4 and 5.
 9. Carbon coat dry samples in a vacuum of 8 × 10−6 bar with a 

sputter coater to avoid charging of the grids due to long expo-
sures to the electron beam during tilt-series acquisition (see 
Note 18).

 10. Fiducial marker application: incubate grids for at least 1 min 
on each side with an unspecific secondary antibody coupled to 
at least 12 nm gold particles. First incubate one side, rinse 
with ddH2O, and then proceed to the other side.

 1. Introduce grid with a tomography sample holder to a trans-
mission electron microscope equipped with a goniometer stage 
suited for high-tilt tomographic applications. We use the JEOL 
JEM-2100 at 200 kV which is connected to the TVIPS F416 
4k × 4k camera.

 2. Use SerialEM [12] to set following parameters for tilt-series 
acquisition: magnification of 40,000× to achieve good resolu-
tion of LINC complexes; recording angles from at least −65° 
to +65° in 1° increments.

 3. Remove grid from the electron microscope and rotate it by 90° 
before reintroducing the grid to the TEM and recording a 
complementary tilt series (see Note 19).

 4. Use ETomo of the IMOD suite [13] for tilt-series alignment 
and tomogram reconstruction based on a weighted back- 
projection algorithm.

 5. Carry out manual reconstruction of the synaptonemal complex 
and its associated LINC complexes using 3dmod [13]:

 (a)  Open the .rec or the .mrc file for reconstruction, and flip 
the x- and y-axis by rotating around x to get the xy-view in 
the main image display and model editing zap window.

 (b)  Zoom in and out on the structure of interest using the “+” 
and “−” shortcuts.

 (c)  Choose between the three possible object types, closed, 
open, and scattered: the closed option is suited for volumes 

3.7 Electron 
Tomography, 
Tomogram 
Reconstruction, 
and Modeling

EM Tomography of LINC Complexes
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and surfaces such as the lateral and central element of the 
synaptonemal complex as well as nuclear membranes. 
The open object is best used for filamentous proteins like 
the transverse filaments and the LINC complexes (see 
Note 20). Use the shortcut “n” to start a new filament 
of the same object. The open object option can also be 
used to annotate longitudinal microtubules by placing a 
line in the middle of the tube, using the shortcut “v” to 
open the model view window and navigating to edit → 
objects → meshing → ticking the option tube and enter-
ing the diameter of a microtubules of 25 nm. For trans-
verse microtubules a circular closed object with the same 
diameter is favored.

 (d)  In the main control window, the 3dmod information win-
dow navigate to special → drawing tools → drawing type 
and choose between sculpt in case of closed objects and 
normal for open objects.

 (e)  Trace an object in one plane, move to a section that is 
approximately 30–50 sections above or below the current 
plane, annotate the structure in this z-plane accordingly 
and interpolate using special → interpolator → linear (for 
linear interpolation), and choose the section difference 
plus one as the z bridge. Confirm by pressing enter. We 
advise that the last contour is chosen and used as the new 
first contour in the next interpolation step to avoid incon-
sistencies in the model.

4 Notes

 1. The first wave of mouse spermatogenesis starts approximately 
8–9 days postpartum and is characterized by the synchronous 
progression of all meiocytes within the testis. Consequently, in 
14-day-old mice mid-pachytene spermatocytes are enriched. 
As we want to study the synaptonemal complex with associ-
ated LINC complexes and the full assembly of this tripartite 
structure is solely limited to pachytene spermatocytes, we take 
advantage of the overrepresentation of latter cells by using tis-
sue of 14-day-old mice.

 2. Leica specimen carriers Ø 3 mm × 0.5 mm gold-plated copper. 
Type A has circular indentations on both sides, one of Ø 
0.1 mm and one of Ø 0.2 mm. Type B has an indentation on 
one side of Ø 0.3 mm and is flat on the other side. We use a 
carrier sandwich of the 0.2 mm indentation of a type A carrier 
in combination with the flat side of the type B carrier as a lid.

 3. Freeze substitution prepares the samples for electron micros-
copy in high vacuum by dehydration. Cellular water is gradually 
substituted with the organic-solvent acetone in combination 
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with fixatives at low temperatures to avoid ice crystal forma-
tion. In order not to reintroduce water to the specimen, all 
freeze substitution solutions need to be anhydrous/dry.

 4. Methylene blue-azur II stain: 1 g sodium tetraborate in 
100 mL ddH2O (1%) and heat whilst stirring until the sodium 
borate is completely dissolved, then add 1 g methylene blue 
(1%). Simultaneously dissolve 1 g azur II in 100 mL ddH2O 
(1%) and stir the solution whilst heating. Combine the methy-
lene blue and azur II stock 1:1 and filter the solution two 
times before use.

 5. Reynold’s lead citrate: dissolve 1.33 g lead nitrate and 1.76 g 
sodium citrate in 30 mL degassed water and shake strongly 
and repeatedly over the course of 30 min. Add 8 mL 1 M 
sodium hydroxide (0.4 g sodium hydroxide pellets dissolved 
in 10 mL degassed water) and make up to 50 mL with degassed 
water.

 6. Centrifuge both the respective uranyl acetate solution and the 
Reynold’s lead citrate at maximum speed for 5 min. 
Additionally, filter the uranyl acetate solutions through a 0.2 
μm PTFE filter. Filtering the solution prevents contamination 
of section with spicular crystalline precipitation caused by the 
uranyl acetate.

 7. CMOS cameras, such as the TemCam F416 (Tietz Video and 
Imaging Processing Systems, Gauting, Germany), combine 
high sensitivity and high resolution (4K) with fast readout 
times, fulfilling the requirements for the acquisition of LINC 
complexes at the attachment sites of meiotic telomeres to the 
nuclear envelope.

 8. Excellent documentation on the individual IMOD programs 
including video tutorials can be found online [18].

 9. Structure preservation during and after high-pressure freezing 
depends on strict air exclusion from the carrier sandwich to 
prevent ice crystal formation on the one hand and secure sam-
ple removal after high-pressure freezing on the other hand. 
Placing a small amount of freeze protectant/filler in the carrier 
before transferring the sample facilitates an air-tight seal. 
Lecithin coating of the carriers enables the removal of intact 
samples after high-pressure freezing.

 10. Overfilling the chamber with freeze protectant/filler prevents 
ice crystal formation due to implosion during high-pressure 
freezing.

 11. It is crucial to avoid thawing of the samples above −90 ± 2 °C 
to secure ultrastructure preservation.

 12. Equilibrate the individual freeze substitution solutions for 
10–20 min before use within the remaining container of the 
AFS.

EM Tomography of LINC Complexes
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 13. Each of the universal metal reagent bath containers can carry 
up to four plastic capsules with different samples. To distin-
guish the samples, we carve a different number of notches in 
the individual capsules. We add the same notches to the snap-
 on lids used during embedding to assign the samples 
correctly.

 14. The creation of a flat surface is of importance to ensure even 
incubation of the samples during contrasting, thus avoiding 
creasing of the parafilm.

 15. Uranyl acetate is photosensitive; hence incubate grids in the 
dark, e.g., by covering the grids with a paper box.

 16. Remove solution between the tweezers legs which might lead 
to accidental rehydration of the sample.

 17. Lead citrate reacts with carbon dioxide to form lead carbon-
ate. The latter precipitates in form of round, electron-dense 
hexagons contaminating the sections. To prevent precipita-
tion, we not only degas the ddH2O in which the lead citrate is 
diluted but also arrange sodium hydroxide pellets, which 
absorb CO2, in a circular pattern around the lead citrate dur-
ing incubation. We also advise that you hold your breath dur-
ing placing the grids on the lead citrate before covering the 
reaction with a glass dish to further prevent carbon dioxide 
exchange.

 18. Attach a piece of filter paper with double-faced adhesive tape 
next to the grids during coating; use the darkening of the filter 
paper as an indicator for sufficient coating. Carbon coating can 
be repeated until charging stops.

 19. Using the JEOL EM-21311 high-tilt specimen retainer 
(JEOL, Munich, Germany), we acquire tilt series within a 
maximum range of 140° (from −70° to +70°). The struc-
tural information contained in the missing tilt angles (141–
180°) results in a reduced 3D resolution after tomogram 
reconstruction. This so-called missing wedge effect can be 
partially compensated for by the recording of a second, per-
pendicular tilt axis.

 20. We advise that criteria are chosen for continuous objects span-
ning multiple z-planes such as transverse filaments of 
 synaptonemal complexes and LINC complexes. Our two main 
criteria have similarities in electron density and most impor-
tantly continuity.
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Chapter 2

Recombinant Purification of the Periplasmic Portion 
of the LINC Complex

Victor E. Cruz and Thomas U. Schwartz

Abstract

Recombinant expression of proteins and their complexes is the routine laboratory procedure to generate 
pure reagents for biochemical and structural studies. Here we present the standard procedure developed 
in our lab for the production of milligram quantities of stoichiometric SUN–KASH complexes. The pro-
tocol was specifically developed for the purification of the periplasmic portion of LINC complexes.

Key words LINC complex, Co-expression, Protein purification

1 Introduction

The nucleus of eukaryotic cells is separated from the cytoplasm 
through a double-layered membrane, the nuclear envelope (NE), 
composed of an inner nuclear membrane (INM) and an outer 
nuclear membrane (ONM). Sandwiched between INM and ONM 
lies a narrow element of the endoplasmic reticulum, the perinuclear 
space (PNS). INM and ONM are fused at distinct circular open-
ings, which generate the conduits for macromolecular exchange 
through nuclear pore complexes (NPCs) [1]. Linker of nucleoskel-
eton and cytoskeleton (LINC) complexes physically connect the 
nucleus to its surrounding for mechanotransduction [2–7]. The 
core of a LINC complex consists of a SUN domain containing type 
II membrane protein spanning the INM and a tail- anchored KASH 
motif containing membrane protein spanning the ONM. SUN pro-
teins typically have an N-terminal nucleoplasmic region, followed 
by a transmembrane helix, a coiled-coil element, and a C-terminal 
~200 amino acid SUN domain [8]. In plants, the SUN domain can 
also occur in the middle of a protein (so-called mid-SUNs) [9, 10].

KASH proteins have an N-terminal cytoplasmic portion that 
often binds to a cytoskeletal element followed by a C-terminal 
KASH “domain” that consists of a single-pass transmembrane 
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 segment followed by a ~15–30 residue luminal peptide [8]. It is 
the luminal peptide that exclusively binds to SUN. The structures 
of the human SUN2–KASH1 and SUN2–KASH2 complexes have 
been solved [11, 12]. They show that the LINC complex is a het-
erohexamer, in which three KASH peptides independently bind a 
SUN trimer. The KASH peptides bind clefts generated at the inter-
faces of adjacent SUN protomers, thus explaining the need for 
SUN to trimerize to be binding-competent [13]. While there are 
multiple SUN and KASH homologs in most organisms, sequence 
analysis combined with structure modeling suggests that the prin-
cipal binding mode is likely to be conserved.

Here we describe the purification of recombinant SUN–KASH 
complexes, focusing on the perinuclear core (Fig. 1). Similar proce-
dures have been previously described [11, 13]; however, the method 
we present here is the most reproducible and universally applicable 
method that supersedes our earlier strategies. Using this procedure, 
we have co-purified various human SUN–KASH complexes and 
also the UNC84–UNC83 from C. elegans (unpublished data).

Our current method starts with co-expressing a 6×His–GB1 
moiety [14] fused to the KASH peptide together with SUN that 
contains an N-terminal trimerizing-GCN4 tag [15]. In a first step, 
we co-purify the complex via immobilized Ni affinity chromatog-
raphy. An excess of unbound GB1–KASH is then separated by 
size-exclusion chromatography, as the GB1 tag is only ~10 kDa in 
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Fig. 1 Purification of SUN–KASH complex. (A) Flowchart of the SUN–KASH purification protocol. (B) SDS–PAGE 
analysis of critical fractions of the protein purification. Lanes correspond to 1, total lysate; 2, soluble fraction 
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step. (D) Chromatogram of anion exchange step. (E) Chromatogram of second size-exclusion step
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size, compared to ~90 kDa for the heterohexameric SUN bound 
GB1–KASH complex. Then, we cleave the GB1 tag using human 
rhinovirus (HRV) 3C protease and separate it in a final size- 
exclusion chromatographic step. Some SUN–KASH complexes 
co-purify with chaperones or other contaminants that can be sepa-
rated after 3C cleavage by anion exchange, followed by the final 
size-exclusion step (Fig. 1B).

The final yield of the purified complex is ~10 mg/L of bacte-
rial culture and can be concentrated upward of 20 mg/mL if nec-
essary. The SUN–KASH complexes can be flash frozen in liquid 
nitrogen and stored at −80 °C.

2 Materials

All solutions are prepared with ultrapure deionized water, filtered, 
and stored at 4 °C unless otherwise noted.

 1. Bicistronic pET-DUET1 plasmid (Novagen). SUN2 (522–
717) is cloned into the first cassette, and GB1–KASH is cloned 
into the second cassette (see Note 1).

 2. Recombinant E. coli expression strain LOBSTR (DE3) (RIL) 
(Kerafast).

 3. Luria–Bertani (LB) growth media.
 4. 50 mL Erlenmeyer flasks for the starter culture and 2.8 L 

Erlenmeyer flasks for overnight expression.
 5. Temperature-controlled shaking incubator.
 6. 0.4 M Isopropyl β-d-1-thiogalactopyranoside (IPTG) solution 

(2000×).

 1. Floor model centrifuge.
 2. Lysis buffer: 50 mM potassium phosphate buffer (KPi), 

pH 8.0, 400 mM NaCl, 40 mM imidazole.
 3. Phenylmethylsulfonyl fluoride (PMSF) (1000×): 100 mM in 

100% ethanol.
 4. TurboNuclease (Eton Biosciences).
 5. LM20 Microfluidizer (Microfluidics) cell disruptor or 

equivalent.

 1. Ni Sepharose 6 Fast Flow beads (GE Healthcare).
 2. 10 mL gravity flow columns (Thermo Scientific).
 3. Elution buffer: 10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 

1 mM KCl, 250 mM imidazole pH 8.0. Final pH will be 8.0.
 4. Vivaspin 20 mL 50 kDa molecular weight cutoff (Sartorius).

2.1 E. coli 
Manipulation 
and Growth

2.2 E. coli Harvest 
and Lysis

2.3 Protein 
Purification
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 5. Fast protein liquid chromatography (FPLC) protein purifica-
tion system.

 6. Size-exclusion chromatography (SEC) buffer: 10 mM Tris–
HCl, pH 7.4, 150 mM NaCl, 1 mM KCl, 0.2 mM EDTA.

 7. HiLoad 26/60 Superdex 200 size-exclusion column (GE 
Healthcare).

 8. Ion-exchange (IEX) buffer A: 10 mM Tris–HCl, pH 7.4, 
1 mM KCl.

 9. IEX buffer B: 10 mM Tris–HCl, pH 7.4, 1 mM KCl, 1 M 
NaCl.

 10. Mono Q 5/50 GL column (GE Healthcare).
 11. HiLoad 16/60 Superdex 75 size-exclusion column (GE 

Healthcare).
 12. HRV 3C protease.

3 Methods

 1. Grow LOBSTR (DE3) (RIL) bacterial cells, transformed with 
the appropriate plasmid, in a shaker incubator overnight at 
37 °C in 20 mL of LB as a starter culture (see Note 2).

 2. The next morning inoculate 1 L of LB supplemented with 
0.4% (w/v) glucose with the overnight starter culture. Grow 
culture at 37 °C while shaking at 220 rpm to an optical density 
at 600 nm (OD600 nm) of 0.6–0.8. Shift cells to 18 °C and 
induce protein expression by adding IPTG to a final concen-
tration of 200 μM. Grow culture for another 12–16 h.

 3. Centrifuge at 6000 × g for 6 min. Discard supernatant. The 
cell pellet can be frozen after this step and stored at −20 °C.

 1. Resuspend cell pellet at 4 °C in lysis buffer. Use about 20 mL 
of buffer for every 200 mL of densely grown bacterial culture 
(OD600 nm ≈ 5 at time of harvest). Resuspend until the sus-
pension is homogenous.

 2. Lyse cell suspension by two passages through an LM20 
Microfluidizer at 18 kpsi or equivalent. Upon lysis, add PMSF 
to a final concentration of 100 μM and 250 units of 
TurboNuclease. Mix contents by gently swirling the lysate. 
Collect a sample of the crude lysate for SDS–PAGE.

 3. Centrifuge lysate at 9500 × g for 25 min. Collect the cleared 
lysate; take a small sample for SDS–PAGE analysis. Take sam-
ple of pellet, before discarding it (see Note 3).

 4. Wash the Ni Sepharose 6 Fast Flow beads with lysis buffer. Use 
1 mL of bead bed volume per 1000 OD of cells. Add washed 

3.1 Protein 
Expression

3.2 Cell Lysis 
and Nickel Affinity 
Chromatography
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beads to cleared lysate and incubate in batch at 4 °C. Gently 
stir or rock the mixture during incubation.

 5. Centrifuge the nickel bead suspension at 2000 × g for 2 min in 
50 mL falcon tubes. Keep a small sample of the cleared super-
natant as an unbound control. Resuspend the nickel beads in 
5× bed volume of lysis buffer and centrifuge again with 5× the 
bed volume of nickel beads. Repeat this washing step twice. 
Resuspend the washed nickel beads and transfer to disposable 
10 mL gravity flow columns. Drain column. Wash column 
with another five bed volumes of lysis buffer. Elute protein 
complex from the nickel beads with five bed volumes of elu-
tion buffer in one fraction. Collect a sample from the elution 
for SDS–PAGE analysis.

 1. Concentrate the protein elution in a 20 mL Vivaspin column with 
a molecular weight cutoff of 50 kDa. Concentrate protein to a 
volume of 5 mL, and then load onto a Superdex S200 26/60 size-
exclusion column (GE Healthcare) pre-equilibrated in SEC 
buffer.

 2. The elution profile from the size-exclusion column will show 
three peaks: a void peak, the SUN–KASH complex peak, and 
excess GB1–KASH as the final peak (Fig. 1C). Pool the SUN–
KASH complex peak and determine the protein concentration 
using a UV spectrophotometer. Proteolytically cleave the solu-
bility tag by adding HRV 3C protease at a 1:200 (w/w) ratio 
and incubating at 4 °C overnight.

 3. Determine purity of the protein complex by SDS–PAGE and 
stain using Coomassie Brilliant Blue. If the protein complex is 
pure and no additional protein bands are observed on the gel, 
skip to step 4. Otherwise, load the SUN–KASH complex (in 
SEC buffer) onto a Mono Q 5/50 anion exchange column. 
Elute using a 50–1000 mM NaCl in four column volumes. 
The SUN–KASH complex elutes at ~500 mM NaCl. This step 
has the added benefit of concentrating the protein for the final 
size- exclusion chromatography step (Fig. 1D).

 4. If ion exchange step was unnecessary, then concentrate the 
protein in a 20 mL Vivaspin concentrator with a molecular 
weight cutoff of 50 kDa to a volume of 5 mL. Otherwise, col-
lect peak fractions from the ion exchange purification. Inject 
protein complex onto a Superdex S75 16/60 column, pre-
equilibrated in SEC buffer. The main peak should contain 
pure, homogeneous SUN2–KASH complex (Fig. 1E).

3.3 Separating 
SUN–KASH Complex 
from Excess GB1 
and Proteolytic 
Cleavage of Tags
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4 Notes

 1. We have employed the general strategy, outlined here, to purify 
various human SUN–KASH complexes (including SUN2–
KASH1/2/3/4/5, SUN2–LRMP, and SUN1–KASH1/2) 
and the UNC84–UNC83 complex from C. elegans. The tri- 
GCN4 tag helps to stabilize the apo-SUN–trimer, especially 
for constructs that only contain the SUN domains. Extended 
SUN constructs, containing portions of the coiled-coil domain, 
stably trimerize without the tri-GCN4 tag.

 2. We routinely use LOBSTR (DE3) (RIL) bacterial cells for pro-
tein expression. They are particularly useful when the protein 
expression is poor. In such circumstances they help in sup-
pressing co-purification of contaminating E. coli proteins [16].

 3. To generate a protein sample of the insoluble fraction after cell 
lysis, we resuspend the pellet in 8 M urea by vortexing and 
then homogenize the sample using a dounce homogenizer. 
The equivalent of 50–100 μL bacterial culture of OD600 = 1 
results in a balanced banding pattern following Coomassie 
Brilliant Blue-stained SDS–PAGE analysis using standard 15% 
polyacrylamide mini-gels.
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Chapter 3

Analysis of High Molecular Weight Isoforms of Nesprin-1 
and Nesprin-2 with Vertical Agarose Gel Electrophoresis

Chloe Potter and Didier Hodzic

Abstract

The biochemical characterization of proteins most often require their identification by immunoblotting. 
Whereas SDS-PAGE provides satisfactory results for most proteins, the identification of larger proteins 
requires alternative methods to ensure their separation and complete transfer onto nitrocellulose 
membranes. Here, we describe the application of vertical agarose gel electrophoresis to identify large 
isoforms of nesprin-1 and nesprin-2.

Key words Vertical agarose gel electrophoresis, VAGE, Nesprin-1 giant, Nesprin-2 giant, Nesprins, 
SUN proteins, LINC complexes

1 Introduction

SYNE1 and SYNE2 (Synaptic nuclear envelope 1 and 2) are notori-
ously large genes that encode multiple isoforms of nesprin-1 and 
nesprin-2 (nuclear envelope spectrin repeats 1 and 2), a family of 
spectrin repeat-containing proteins that dock to the outer nuclear 
membrane of the nuclear envelope through an evolutionary- 
conserved C-terminal KASH domain [1]. The KASH domain of 
nesprins interacts with the SUN domain of SUN proteins, a family 
of transmembrane proteins of the inner nuclear membrane. The 
direct interaction of nesprins with SUN proteins forms the so- called 
linkers of the nucleoskeleton and the cytoskeleton (LINC) com-
plexes that span the whole nuclear envelope [2, 3]. Studies in various 
genetic models have now clearly established that LINC complexes 
mediate nuclear positioning during organogenesis [4, 5].

Understanding the biology of nesprins is stressed by the iden-
tification of an increasing array of human pathologies associated 
with mutations of these genes [6, 7]. However, the size of large 
isoforms encoded by SYNE1 and SYNE2 such as nesprin-1 giant 
(~1 MDa), nesprin1β (~350 kDa), and nesprin-2 giant (~800 kDa) 
significantly hampers both the separation and the reproducible 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8691-0_3&domain=pdf
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transfer of these proteins to nitrocellulose membrane using 
classical SDS-PAGE. To palliate this drawback, we now routinely 
analyze large isoforms of nesprins using vertical gel agarose elec-
trophoresis (VAGE), a method that was initially developed for the 
analysis of large structural proteins of the skeletal muscle [8]. Here, 
we provide a detailed experimental description of this method 
applied to the identification of large isoforms of nesprin-1 and 
nesprin-2 extracted from mouse tissues. This protocol allows for 
the efficient separation, transfer (Fig. 1), and identification of large 
isoforms of nesprins (Figs. 2 and 3).

2 Materials

 1. Freshly isolated mouse tissue. Mice should be euthanized by 
CO2 inhalation and dissected immediately to isolate tissues of 
interest. Appropriate animal protocols approved by the institu-
tion are necessary before proceeding with isolation of mouse 
tissues.

 2. Bullet Blender (Next Advance).
 3. Zirconium beads (Next Advance, Cat#ZrOB05-RNA).

2.1 Mouse Tissue 
Lysates
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Fig. 1 VAGE allows for the efficient separation and transfer of high molecular weight proteins. A single agarose 
gel was loaded in duplicate with the indicated samples and cut in two halves. A half gel was stained with 
Coomassie blue before transfer (left), and the other was used for protein transfer and then stained with 
Coomassie blue (right). Note the efficient transfer of high molecular weight proteins. Labels on the left point to 
two isoforms of titin, nebulin, and myosin that are used as molecular weight markers after Ponceau S staining 
of nitrocellulose membranes
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 4. VAGE buffer: 8 M urea, 2 M thiourea, 3% SDS, 75 mM 
dithiothreitol, 0.05 M, 0.04% bromophenol blue, 50 mM 
Tris–HCl pH 6.8.

 1. Protean II slab cell system (Biorad).
 2. SeaKem Gold Agarose (Lonza, Cat#50152).
 3. Frosted inner glass plates (Biorad, Cat#1651825, 16 × 20 cm).
 4. Outer glass plates (Biorad, Cat#1651822, 18.3 × 20 cm).
 5. Power supply (PowerPac HV, Biorad).
 6. 5× running buffer: 0.25 M Tris–Base, 1.92 M glycine, 0.5% 

SDS (no need to pH).
 7. β-mercaptoethanol.

 1. Trans-Blot cell (Biorad).
 2. Nitrocellulose membrane (Protran, Cat#10600015, GE 

Healthcare).

2.2 Vertical Agarose 
Gel Electrophoresis

2.3 Transfer 
of Agarose Gel 
to Nitrocellulose
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Fig. 2 Detection of high molecular weight isoforms of nesprin-1 and nesprin-2 in mouse tissues. A single 
agarose gel was loaded in duplicate with indicated samples, transferred onto nitrocellulose membrane that 
was subsequently cut into two pieces after Ponceau S staining. The left side was blotted with nesprin-1 anti-
body and the right side with nesprin-2 antibody. The respective epitopes of nesprin-1 and nesprin-2 antibodies 
are shared by the C-terminal region of all nesprin-1 and nesprin-2 isoforms. Note that nesprin-1 giant, whose 
molecular weight was estimated at 980 kDa, is expressed in the cerebellum and the brain and to a lower 
extent in the lungs. By contrast, nesprin-2 giant, whose molecular weight was estimated at 800 kDa, is 
expressed in all tissues. Note that additional immunoreactive bands of lower molecular weights are also 
detected. These bands may correspond to smaller nesprin isoforms (see Fig. 3) or to degradation products of 
larger isoforms
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 3. Transfer buffer: 20% methanol, 40 mM glycine, 0.05% SDS, 
50 mM Tris–HCl pH 8.3.

 4. Ponceau S: 0.1% Ponceau S, 5% glacial acetic acid.
 5. TBST: 150 mM NaCl, 0.1% Tween 20, 10 mM Tris–HCl, 

pH 7.8.
 6. Blocking solution: 5% blotting-grade blocker (Biorad, 

Cat#170-6404) in TBST.
 7. Coomassie blue (SimplyBlue Safe Stain, Cat#LC6060, 

Thermo Fisher).
 8. West Pico signal (Thermo Fisher, Cat#1868123 and #1862124).
 9. Nesprin-1, nesprin-2, and Sun1 antibodies [9, 10].
 10. Horseradish peroxidase-conjugated donkey anti-rabbit 

secondary antibody.
 11. X-ray film.

 1. RIPA buffer: 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% 
SDS, 1% Triton X-100, 50 mM Tris–HCl, pH 7.6 supple-
mented with protease inhibitors (Roche, Cat#11697498001).

 2. Protein A/G beads (Pierce, Cat#20421).

2.4 Immunopre- 
cipitation
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Fig. 3 VAGE analysis of large isoforms of nesprin-1 that coimmunoprecipitated with SUN1 in cerebellar tissues. 
Cerebellar lysates were immunoprecipitated with antibodies either against SUN1 (left), a known binding part-
ners of nesprin-1 at the nuclear envelope, or against nesprin-1 (right). Note the coimmunoprecipitation of 
nesprin-1 giant and of a smaller nesprin-1 isoform (arrowhead) with SUN1. Both proteins are specifically 
immunoprecipitated by nesprin-1 antibodies. IP immunoprecipitation, Pre immunoprecipitation performed 
with the corresponding preimmune serum
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3 Methods

 1. To 1.5 mL tube, add ~0.1 g of zirconium oxide beads and 
weigh each tube.

 2. Euthanize mice by CO2 inhalation using a controlled flow 
chamber.

 3. Dissect out the tissues of interest (as well as skeletal muscle whose 
lysates are used as molecular weight markers; see Subheading 3.3, 
Step 6, and Fig. 1), and mince with a razor blade.

 4. Add ~100 mg of minced tissues to 1.5 mL tube with zirco-
nium beads, and weigh again to know the exact weight of wet 
tissue.

 5. Add freshly prepared VAGE buffer to obtain a final concentra-
tion of 100 mg of wet tissue/mL of VAGE buffer.

 6. Beat all tubes in a Bullet Blender for 4 min at speed 7.
 7. Boil samples for 5 min and centrifuge at 16,000 × g for 10 min.
 8. Collect the supernatants and use immediately or store in small 

aliquots at −80 °C for future use.

 1. Assemble a frosted inner glass plate together with spacers and 
an outer glass plate using sandwich clamps provided with the 
Protean II slab cell system.

 2. Mount the assembly on the casting stand (see Note 1).
 3. Place the casting stand as well as a 35 mL syringe barrel in an 

oven set at 70 °C for equilibration.
 4. For a 1% agarose gel, weigh 0.5 g SeaKem Gold Agarose in a 

250 mL conical flask. In a cylinder, mix 15 mL of 100% glyc-
erol with 10 mL of 5× running buffer and 25 mL of water, add 
to the agarose powder, swirl, and cover with aluminum foil 
before heating at 95 °C in a water bath until the solution is 
completely clear.

 5. Let the agarose solution equilibrate at 70 °C in the oven next 
to the casting stand.

 6. With the tip of the syringe barrel touching the upper part of 
the outer glass plate, slowly pour the agarose solution through 
the barrel until it reaches the top of the inner plate and insert 
a 15-well comb.

 7. Turn off the oven and leave open until the system reaches 
room temperature.

 8. Place the cast on a benchtop for 30 min and then at 4 °C for 
30 min to polymerize the agarose completely (see Note 2).

 9. Remove the comb just before loading the samples and discard 
any excess agar with a razor blade (see Note 3).

3.1 Preparation 
of Mouse Tissue 
Lysates

3.2 Agarose Gel 
Preparation 
and Electrophoresis
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 10. Remove the gel from the casting stand and secure it to the 
running cell (see Note 4).

 11. Fill the lower chamber with 3 L of 1× running buffer and the 
upper chamber with 600 mL of running buffer supplemented 
with 400 μL of β-mercaptoethanol (see Note 5).

 12. Load 40 μL of 5× dilution of each tissue sample in VAGE buf-
fer, i.e., the equivalent of 800 μg of wet tissue/well (see Note 
6). Make sure to load at least one well with skeletal muscle 
lysates that will be used as a molecular weight marker (see 
Subheading 3.3, Step 6).

 13. Move the running cell to a cold room, and run the gel at 60 V 
for at least 16 h using an appropriate power supply.

 1. Disassemble the glass plates from the running cell, unscrew the 
clamps, delicately remove the spacers, lift one glass plate to 
access the gel, and briefly rinse in transfer buffer.

 2. Assemble gel, nitrocellulose membrane, filter papers, and foam 
pads in a gel holder cassette, and insert in the Trans-Blot cell so 
that the nitrocellulose is between the gel and the +electrode.

 3. Fill the Trans-Blot cell tank with transfer buffer, and transfer 
for 2 h 20 min at 70 V at 4 °C.

 4. Open the gel holder cassette; remove the foam pad and the 
filter paper to access the gel. Mark the bottom of each well on 
the membrane with a pencil; discard the gel (see Note 7).

 5. Remove the nitrocellulose membrane. With protein side up, 
immerse in Ponceau S for 1 min and rinse with MilliQ water 
until protein bands are clearly visible.

 6. Using a pencil, mark the strong stained bands that correspond 
to titin (4 MDa), titin (3 MDa), nebulin (750 kDa), and myo-
sin (250 kDa) that are clearly visible in skeletal muscle lysates 
(Fig. 1). These marks are used as molecular weight markers 
(see Note 8).

 7. Incubate the membrane in 25 mL of blocking solution for 1 h 
at room temperature. Replace with blocking solution 
 supplemented with 1:1000 dilutions of nesprin-1 and 
nesprin-2 antibodies. Incubate overnight at 4 °C.

 8. Wash the membrane three times 10 min in TBST.
 9. Incubate the membrane in 25 mL of blocking solution supple-

mented with 5 μL of HRP-conjugated goat anti-rabbit sec-
ondary antibodies for 1 h at room temperature.

 10. Wash the membrane three times in TBST.

3.3 Gel Transfer 
and Nitrocellulose 
Membrane Staining 
and Immunoblotting
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 11. Cover the membrane with 3 mL stable peroxide solution and 
3 mL of luminol/enhancer solution from the West Pico 
Signal kit.

 12. Expose the membrane to X-ray films for 30 s or 2 min or in a 
gel imaging system (GBox, Syngene).

 13. Typical immunoblotting results are shown in Fig. 2 for immu-
noblotting of mouse tissue lysates or of immunoprecipitations 
thereof (see Note 9).

 1. Dissect out the tissues of interest and mince with a razor blade.
 2. Add ~100 mg of minced tissues to 1.5 mL tube with zirco-

nium beads and weigh again to know the exact weight of wet 
tissue.

 3. Add freshly prepared RIPA buffer to obtain a final concentra-
tion of 100 mg of wet tissue/mL of RIPA buffer.

 4. Beat the samples in a Bullet Blender for 4 min at speed 7.
 5. Centrifuge at 12,000 × g for 10 min at 4 °C and collect the 

supernatant.
 6. Preclear 500 μL of lysate for 2 h with 50 μL of Protein A/G 

beads slurry.
 7. Centrifuge at 5000 × g for 1 min.
 8. Collect the supernatant and add 20 μL of fresh Protein A/G 

slurry and 3 μg of immunoprecipitating antibody.
 9. Rotate overnight at 4 °C.
 10. Wash beads three times with RIPA buffer.
 11. After the last wash, remove the supernatant and add 200 μL of 

VAGE buffer.
 12. Boil for 5 min.

4 Notes

 1. After assembling the glass plates on the cast stand, check for 
potential leaks by pouring water between both glass plates. 
Most leaks usually occur because the basis of the spacers is not 
perfectly flush with the bottom of the glass plates.

 2. Polymerized gels can be unmounted from the cast stand and 
stored in Saran wrap (to avoid desiccation) at 4 °C for up to 
2 days.

 3. To avoid damaging the wells while removing the comb, slightly 
bend the comb first toward you in order to let air bubbles 
enter the well. Then, slowly pull the comb upward from the 
left side and then from right side multiple times.

3.4 Immunopre-
cipitation

VAGE Analysis of Nesprins
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 4. After securing the gel casts to the running unit, it is preferable 
to fill the upper chamber with 600 mL of water to check for 
potential leaks.

 5. Before loading the samples on the gels, flush all wells to remove 
the glycerol at the bottom of each well and load 10 μL of VAGE 
buffer both to visualize the bottom of each well and to remove 
potential agarose debris that may prevent the sample from 
reaching the bottom of the well.

 6. We find that a 5× dilution of lysates purified from 100 mg/mL 
of wet tissue gives optimal signal to noise ratios. More concen-
trated lysates lead to very strong signal that produce band 
smearing in the immunoblot especially for nesprin-1.

 7. It is preferable to stain the gel upon completion of protein 
transfer to nitrocellulose with Coomassie blue to ensure that 
transfer proceeded efficiently. No proteins should be visible on 
the stained gel (Fig. 1).

 8. Ensure to load one well with undiluted skeletal muscle lysate to 
be able to distinguish bands of both isoforms of titin, nebulin, 
and myosin (Fig. 1) to unequivocally mark these proteins on 
the nitrocellulose membrane after Ponceau S staining. We usu-
ally run that concentrated sample of skeletal muscle in the mid-
dle of the gel (masked in Fig. 2) and cut the Ponceau S-stained 
membrane along that sample in order to blot the left and right 
side of the membrane with different antibodies. Half mem-
branes are then carefully realigned vertically before exposure so 
that molecular weight differences between nesprin-1 and 
nesprin-2 isoforms can be clearly emphasized.

 9. As shown in Fig. 2, 1% agarose gels allow to separate proteins 
with molecular weights between 3 MDa and 250 kDa over 
more than 6 cm, thereby allowing for a relatively precise estima-
tion of molecular weight of nesprin-1 isoforms. Using titin iso-
forms, nebulin, and myosin as reference, the molecular weights 
of nesprin-1 giant and nesprin-2 giant were estimated at 
980 kDa and 800 kDa, respectively. These sizes are in agree-
ment with the theoretical molecular weight of the correspond-
ing primary sequences.
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Chapter 4

Analysis of Nesprin-2 Interaction with Its Binding  
Partners and Actin

Susumu Antoku and Gregg G. Gundersen

Abstract

Nuclei are connected to the actin cytoskeleton for controlling its position in the cell and for mechano-
chemical signaling. Nesprin-2G is one of the major outer nuclear membrane proteins that links the nucleus 
to the actin cytoskeleton. In addition to its paired calponin homology (CH) domains, nesprin-2G interacts 
with actin filaments by binding the actin-bundling proteins FHOD1 and fascin. We describe methods to 
measure the interaction of nesprin-2G with actin filaments using an actin co-sedimentation assay and with 
its binding partner FHOD1 using a GST pull-down method.

Key words LINC complex, Calponin homology domains, Spectrin repeats, Actin filaments, FHOD1, 
Fascin

1 Introduction

Nesprin-2G is a member of the KASH family of proteins in verte-
brates that together with the SUN proteins comprise the linker of 
nucleoskeleton and cytoskeleton (LINC) complex [1, 2]. 
Nesprin-2G is one of two giant vertebrate KASH proteins (nesprin-
1G being the other) that has paired CH domains that allow it to 
directly interact with actin filaments [3, 4]. Unlike nesprin-1G, 
nesprin-2G additionally interacts with actin filaments by binding 
the actin-bundling proteins FHOD1 and fascin [5]. Nesprin-2G 
directly binds both these proteins through specific spectrin repeats 
(SRs): SRs11–12 near the N-terminus in the case of FHOD1 [6, 
7] and SRs51–53 near the C-terminus in the case of fascin [8]. The 
multipoint attachment of nesprin-2G to actin filaments is necessary 
to assemble and reinforce transmembrane actin-associated nuclear 
(TAN) lines that move the nucleus rearward in fibroblasts and 
myoblast polarizing for migration [4, 6–11] and after centrifugal 
displacement [12]. Here, we describe biochemical methods to ana-
lyze the interaction of nesprin-2G with actin and FHOD1.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8691-0_4&domain=pdf
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There are a number of assays suitable for probing the interac-
tion of nesprin-2G with actin and its binding partners. Because of 
their ease, co-immunoprecipitation and GST-pulldown from cel-
lular lysates are the first method of choice and can provide valuable 
initial evidence supporting an interaction. Both were used in the 
analysis of nesprin-2G’s interaction with FHOD1 and fascin [6, 8]. 
To ascertain direct binding, in vitro binding assays with purified 
proteins need to be performed. For these assays, either native pro-
teins purified from cells or tissues or recombinant proteins purified 
after expression in bacteria or cultured cells need to be prepared. A 
variety of methods are available for detecting binding in these 
assays including pull-down and Western blot assays with tagged 
protein, surface plasmon resonance binding analysis, and fluores-
cence anisotropy with fluorescent derivatives of the proteins.

A specialized form of binding assay is available for proteins that 
bind to filamentous actin (F-actin). Because F-actin is substantially 
larger that soluble actin subunits, it can be pelleted at high cen-
trifugal force. Actin-binding proteins that associate with F-actin 
are brought down with the F-actin, whereas those that do not bind 
remain in the supernatant. By quantification of protein bands on 
SDS-polyacrylamide gels, this method can be used to determine 
the Kd of the interaction between the actin-binding protein and 
actin. Here, we will describe methods to examine the interaction of 
fragments of nesprin-2G with F-actin and FHOD1.

2 Materials

 1. BL21 (DE3) bacteria (NEB, #2527I) transformed with pGEX 
6P-1 plasmid (GE Healthcare, #28-9546-48) encoding GST- 
HA- nesprin-2G CH (7–891 a.a. of mouse nesprin-2G) and 
GST-nesprin-2G SR11–12 (1414–1635 a.a. of mouse 
nesprin-2G).

 2. LB media.
 3. 100 mg/mL ampicillin. Store at −20 °C.
 4. 1 M isopropyl β-d-1-thiogalactopyranoside (IPTG). Store at 

−20 °C.
 5. Bacteria lysis buffer: 1× phosphate-buffered saline (PBS), 

pH 7.4, 50 mM EDTA, 1% (v/v) Triton-X, 10% (v/v) glyc-
erol, and 1 mM dithiothreitol (DTT). Store at 4 °C.

 6. 100 mM phenylmethylsulfonyl fluoride (PMSF) in 100% etha-
nol. Store at −20 °C.

 7. Ultrasonic cell disruptor for sonication of bacteria.
 8. TNE buffer: 50  mM Tris–HCl, pH  7.5, 150  mM NaCl, 

10 mM EDTA. Store at 4 °C.

2.1 Recombinant 
Fragment 
of Nesprin-2G
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 9. Cleavage buffer: 50 mM Tris–HCl pH 7.0, 150 mM NaCl, 
1 mM EDTA, and 0.1% (v/v) Triton-X. Store at 4 °C.

 10. Glutathione-Sepharose beads (GE Healthcare, #17-0756-01). 
Store at 4 °C.

 11. HRV 3C protease (Accelagen, #H0101S). Store at −20 °C.
 12. Coomassie Plus protein reagent (Thermo Fisher, #23236). 

Store at room temperature.
 13. Elution buffer: 1× PBS, 10% glycerol, and 1 mM DTT. Store 

at 4 °C.
 14. PD-10 column (GE Healthcare, #17-0851-01).
 15. 10K MW cutoff centrifugal concentrator tube (MilliporeSigma, 

#UFC801024).

 1. GST-nesprin-2G SR11–12 immobilized beads.
 2. pMYC-C4 FHOD1 GBD-DID (1–339 a.a. of human 

FHOD1). pMYC-C4 vector is derived from pEGFP-C1 vec-
tor (Clontech) by replacing the EGFP sequence with the MYC 
tag.

 3. 293T cells (ATCC, #CRL-3216).
 4. Culture medium: DMEM with 10% fetal bovine serum and 

10 mM Na-HEPES, pH 7.4.
 5. Transfection reagent: 55  mM Na-HEPES, 270  mM NaCl, 

and 1.5 mM Na2HPO4; pH 7.05. Store at −20 °C.
 6. 2 M CaCl2. Store at −20 °C.
 7. Lysis buffer: 25 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM 

EDTA, 1% Triton X-100, 10  mM sodium pyrophosphate, 
10  mM β-glycerophosphate, 10  mM NaF, 1  mM Na3VO4, 
and 10% glycerol. Store at 4 °C.

 8. 100× Halt Protease and Phosphatase Inhibitor Cocktail 
(Thermo Scientific, #1861281).

 9. SDS sample buffer (5×): 312.5 mM Tris–HCl, pH 6.8, 10% 
(w/v) SDS, 50% (v/v) glycerol, 8% (w/v) DTT, and 0.02% 
(w/v) bromophenol blue. Store at −20 °C.

 10. SDS/lysis sample buffer: 1× SDS sample buffer in lysis buffer. 
Store at −20 °C.

 1. G-buffer (5×): 25 mM Tris–HCl, pH 8.0, 1 mM CaCl2, 1 mM 
ATP, and 2.5 mM DTT. Store at −20 °C.

 2. F-buffer (10×): 500 mM KCl, 20 mM MgCl2, and 10 mM 
ATP, pH 7.4. Store at −20 °C.

 3. F-actin washing buffer: 1× F-buffer and 0.8× G-buffer. Store 
at −20 °C.

2.2 GST 
Pull-Down Assay

2.3 Actin 
Co-Sedimentation 
Assay
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 4. Phalloidin: Prepare 2.5 mM phalloidin by dissolving 1 mg of 
phalloidin (Setareh Biotech, #6901) in 0.5  mL of water. 
Aliquot in small volumes and store in −20 °C.

 5. Actin: Dissolve 1  mg of rabbit skeletal muscle actin 
(Cytoskeleton, Inc., #AKL99) in 0.1  mL of water to yield 
238 μM actin. Aliquot in small volumes and store at −80 °C.

 6. HA-nesprin-2G CH protein. Store at −80 °C.
 7. SDS sample buffer (5×). Store at −20 °C.
 8. SDS/actin sample buffer: 1× SDS sample buffer in F-actin 

washing buffer. Store at −20 °C.
 9. Polycarbonate thick wall ultracentrifugation tubes (Beckman 

Coulter, #343775).
 10. TLA-100 rotor and TL-100 centrifuge (Beckman Coutler).

 1. Running buffer (10×): 1.92 M glycine, 0.25 M Tris–HCl, and 
10% (w/v) SDS, pH 8.3. Store at room temperature.

 2. SDS polyacrylamide gel.
 3. Molecular weight standard markers.
 4. Gel apparatus and power supply.
 5. Coomassie Brilliant Blue reagent: 0.25% (w/v) Coomassie 

Brilliant Blue R-250, 40% methanol, and 10% glacial acetic 
acid. Keep at room temperature.

 6. Destaining solution: 20% methanol and 10% glacial acetic 
acid. Store at room temperature.

 7. Transfer buffer: 25 mM Tris–HCl, 192 mM glycine, 0.02% 
(w/v) SDS, 20% (v/v) methanol. Store at 4 °C.

 8. TBST: 50  mM Tris–HCl pH  7.4, 150  mM NaCl, 0.05% 
Tween-20. Store at room temperature.

 9. Blocking buffer: 2% nonfat milk in TBST. Store at 4 °C.
 10. Primary antibody.
 11. Secondary antibody conjugated with Alexa Flour 680 or 800 

(Jackson ImmunoResearch Laboratories, Inc.).
 12. Blot and gel imaging system, Odyssey CLx (LI-CORE).

3 Methods

 1. Shake BL21(DE3) bacteria transformed with GST-HA- 
nesprin-2G CH and GST-nesprin-2G SR11–12 plasmids in 
12 mL of LB with 100 μg/mL ampicillin at 37 °C overnight 
at 200–250 rpm.

 2. Next day, inoculate 10 mL of overnight culture into 1 L LB 
with 100 μg/mL ampicillin. Shake the culture at 37 °C until 

2.4 SDS 
Polyacrylamide Gel 
Electrophoresis (PAGE) 
and Western Blotting

3.1 Preparation 
of Recombinant 
Nesprin-2G CH 
and SR11–12 Domains 
and FHOD1
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OD600 reaches 0.6. Cool down the culture on the ice. Add 
1 mL of 1 M IPTG and shake the culture overnight at 16 °C 
at 200–250 rpm.

 3. Next day, spin down the culture at 15,000 × g at 4  °C for 
10 min.

 4. Add 6 mL of lysis buffer, and resuspend the bacteria pellet. 
Keep lysates on ice at all times.

 5. Add 60  μL of 100  mM PMSF, and sonicate the lysate on 
ice for several cycles without heating up lysates.

 6. Spin down crude lysate at 13,000 × g for 10 min. Transfer the 
soluble fraction to a new tube.

 7. Mix 400 μL of glutathione-Sepharose beads into the lysate 
and rotate the mixture at 4 °C for 2 h to overnight.

 8. Wash the beads four times with 10 mL of TNE buffer. At this 
step, protein concentration can be measured with Coomassie 
Plus protein reagent. At this stage, beads can be stored at 4 °C 
or frozen at −80 °C for longtime storage.

 9. For cleaving GST, the beads are washed with 10 mL cleavage 
buffer twice and resuspended in a total volume of 800 μL. Apply 
1 μg of HRV 3C protease per 200 μg of protein, and rotate 
the mixture at 4 °C overnight.

 10. Elute the cleaved protein with cleavage buffer three times to 
yield a total elution volume of 2.5 mL.

 11. Equilibrate PD-10 column with total volume of 25 mL of elu-
tion buffer.

 12. Apply the 2.5 mL of cleaved protein solution into PD-10 col-
umn and collect 500 μL fractions. Check the fractions with 
Coomassie Plus protein reagent to identify protein-containing 
fractions.

 13. Combine the protein fractions and concentrate with 10K MW 
cutoff centrifugal concentrator tube.

 14. Aliquot the purified protein and snap-freeze in liquid nitro-
gen. Store at −80 °C.

 1. Plate 5.0 × 106 293T cells on a 100 mm plate in a total volume 
of 11 mL of culture medium.

 2. Next day, mix 15 μg of pMYC-C4 FHOD1-GBD-DID and 
125 μL of 2 M CaCl2 solution in total volume of 500 μL water 
in a plastic tube. While vortexing the tube, add dropwise 2× 
transfection buffer to DNA mixture. The solution now should 
look a little hazy (see Note 1).

 3. Add dropwise the DNA mixture to the 100 mm plate contain-
ing the 293T cells while swirling the plate.

3.2 GST 
Pull-Down Assay
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 4. After 6 h, replace the medium with fresh culture medium.
 5. After 2 days, put the plate on ice, and wash the plate with ice- 

cold PBS. Add 1 mL of lysis buffer with 1× Halt protease and 
phosphatase cocktail. Scrape the plate and transfer the lysates 
to a microfuge tube. Keep the tube on ice for 30 min.

 6. Spin down the crude lysate at 13,000 × g for 10 min. Transfer 
the soluble fraction to a new tube.

 7. Mix 100 μg of GST-nesprin-2G SR11–12 immobilized beads 
with soluble fraction of lysate and rotate the mixture at 4 °C 
overnight (see Notes 2 and 3).

 8. Wash the beads four times with 1 mL of lysis buffer. Carefully 
aspirate all of the solution (see Note 4).

 9. Add 50 μL of 1.5× SDS/lysis sample buffer to the beads. Boil 
the samples for 5 min before running on SDS–PAGE.

 1. Pre-cool TLA-100 rotor and TL-100 ultracentrifuge to 4 °C 
(see Note 5).

 2. Prepare 10 μM actin in 1× G-buffer in a tube and incubate on 
ice for at least 1 h to overnight (see Note 6).

 3. After incubation, transfer the G-actin solution to ultracentri-
fugation tubes (maximum volume of 200 μL). Put the tubes 
into a pre-cooled TLA-100 rotor. Label the tubes so that the 
position of pellet can be identified after the spin. Centrifuge at 
436,000 × g for 20 min at 4 °C.

 4. After the spin, carefully avoid touching any pelleted material in 
the tube and transfer the supernatant containing G-actin solu-
tion to a new tube.

 5. Add 10× F-buffer and ddH2O to the G-actin solution to make 
8 μM actin and 1× F-buffer. Keep the tube at room tempera-
ture (24 °C) for at least 2 h.

 6. After a 2 h incubation, add phalloidin to 8 μM final concentra-
tion to the F-actin solution.

 7. Next, dilute HA-nesprin-2G CH into 1× F-actin buffer in an 
ultracentrifugation tube in the range of 200 nM to 2 μM and 
incubate on ice for 30 min (see Note 7).

 8. After the incubation, centrifuge at 436,000 × g for 20 min at 
4 °C. Carefully transfer the supernatant to a new tube.

 9. Mix HA-nesprin-2G CH and F-actin at 1:1 volume ratio so 
that the final F-actin concentration is 4 μM and HA-nesprin-2G 
CH is in the range of 100 nM to 1 μM.

 10. Incubate at room temperature for 1 h.
 11. After the incubation, centrifuge the tubes at 436,000 × g for 

20 min at 4 °C. Carefully transfer the supernatant to a tube 
containing 1/5 volume of 5× SDS sample buffer. Boil the 

3.3 Actin 
Co-sedimentation 
Assay
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samples for 5  min for running on SDS–PAGE.  This is the 
supernatant fraction of the sample (see Note 8).

 12. Without disturbing the pellet fraction, carefully add 200 μL of 
pre-cooled F-actin washing buffer to the ultracentrifugation 
tube.

 13. Centrifuge at 436,000 × g for 10 min at 4 °C.
 14. Carefully remove the supernatant and discard. Add 62.5 μL of 

90 °C 1× SDS sample buffer to the tube. Pipet up and down 
to solubilize the pellet and transfer to a new tube. Boil the 
samples for 5 min for running on SDS–PAGE. This is the pel-
let fraction of the sample (see Note 9).

 1. Assemble SDS–polyacrylamide gel in a gel apparatus, and fill 
the apparatus with 1× running buffer.

 2. Load the samples and molecular weight markers and run the gel.
 3. When the dye front has reached the bottom of the gel, turn off 

the power.
 4. To directly stain the gel to detect bound proteins, put the gel 

into Coomassie Brilliant Blue staining reagent for 1 h.
 5. Discard Coomassie Brilliant Blue staining reagent and incu-

bate the stained gel with destaining reagent until the gel is 
destained well. After the color intensity of destaining reagent 
and the gel becomes similar, it is good to change the destain-
ing reagent to destain more.

 6. After destaining is optimal, discard the destaining reagent, and 
incubate the gel with water.

 7. Scan the gel to quantify the protein bands. A typical F-actin 
pelleting assay for nesprin-2G CH is shown in Fig. 1.

3.4 SDS–PAGE 
and Western Blotting
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Fig. 1 Interaction of nesprin-2G CH with F-actin. Supernatant and pellet frac-
tion samples from an actin pelleting assay with HA-nesprin-2G CH were run on 
10% SDS–PAGE and separated. Proteins on the gels were visualized by 
Coomassie staining. The numbers on the left side of the gels indicate molecu-
lar weight in kDa
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 8. For Western blotting, put nitrocellulose paper on the gel, and 
place it into the gel cassette. Assemble the cassette into a 
transfer apparatus, and fill it with 1× transfer buffer. Turn on 
the power supply.

 9. After transfer is done, wash the nitrocellulose with TBST once.
 10. Put the nitrocellulose into blocking buffer, and incubate on a 

shaker at room temperature for 1 h.
 11. Incubate the nitrocellulose with primary antibody in blocking 

buffer on a shaker for overnight at 4 °C.
 12. Wash the nitrocellulose with TBST for 5 min for five times.
 13. Incubate the nitrocellulose with secondary antibody on a 

shaker for at least 1 h at room temperature.
 14. Wash the membrane with TBST for 5 min for five times.
 15. Scan the Western blots with an Odyssey scanner (or similar 

scanner) to quantify the signals.

4 Notes

 1. Alternative transfection protocols, such as liposome-mediated 
DNA delivery can be used instead of this calcium phosphate 
transfection method.

 2. For distinguishing the interaction from background non- 
specific interaction, use GST-immobilized beads as a negative 
control.

 3. Previously, we showed that in addition to nesprin-2G SR11–
12, SR10–13 interacts with FHOD1 GBD-DID [6], so 
SR10–13 can also be used for pulling down FHOD1.

 4. To reduce non-specific interaction, the salt concentration of 
the washes can be increased.

 5. It is important to have a good O-ring on the lid of the TLA- 
100 rotor. If it is worn out, the inside of rotor will not com-
pletely seal. Because of the vacuum during ultracentrifugation, 
the sample is easily evaporated, and the sample volume is 
reduced.

 6. Overnight incubation is better for complete depolymerization 
of F-actin in G-buffer.

 7. Because of the negative surface charge of F-actin, proteins 
having high positive surface charge may interact electrostati-
cally with F-actin. As His tag has a high positive charge, it is 
advisable to avoid His-tagged proteins for interaction studies 
with F-actin. Alternatively, the His tag can be removed from 
the protein after purification.

Susumu Antoku and Gregg G. Gundersen
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 8. If the amount of protein is too low to be detected, the vol-
ume of the reaction should be increased. The supernatant 
fraction can be concentrated by a centrifuge vacuum concen-
trator. This will allow the loading of protein on SDS–PAGE 
to be increased enhancing the possibility that the proteins will 
be detected.

 9. For testing the interaction of a protein that strongly bundles 
F-actin, the pellet fraction tube with sample buffer  should 
be  boiled. Otherwise, the pellet does not go into the 
solution.
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Chapter 5

Interactions of Nesprin-4-Containing LINC Complexes 
in Outer Hair Cells Explored by BioID

Brian Burke

Abstract

As components of diverse tissues and organs, metazoan cells have to display a wide variety of specialized 
functions. Implementation of such functions invariably entails the establishment of tissue-specific cellular 
architecture (Bone and Starr, J Cell Sci 129:1951–1961, 2016). In animal cells, the nucleus is typically the 
largest organelle and in many respects acts as a landmark for multiple subcellular structures. For instance, 
in epithelial cells, the nucleus is frequently positioned close to the basal membrane via association with the 
cytoskeleton. Clearly such associations must be mediated by protein components of the outer nuclear 
membrane. One such protein is Nesprin-4, a member of the KASH domain family that is expressed in a 
variety of epithelial cells, including sensory outer hair cells of the inner ear. In this chapter, I describe a 
proximity-based biotinylation technique, BioID, that can be applied to Nesprin-4 to map its interactions 
at the nuclear periphery.

Key words Nesprin-4, LINC complex, BioID, Biotinylation, Interactome, Proteomics

1 Introduction

Association of cytoskeletal elements with the nucleus is mediated 
in large part by LINC (linker of the nucleoskeleton and cytoskel-
eton) complexes [1, 2]. These are composed of SUN domain pro-
tein trimers that reside within the inner nuclear membrane (INM) 
[3, 4]. While their nucleoplasmic N-terminal domains associate 
with nuclear components, their luminal C-terminal domains func-
tion as tethers for KASH domain proteins that are residents of the 
outer nuclear membrane (ONM) [5–8]. It is the cytoplasmic 
domains of KASH proteins that provide a connection to the cyto-
skeleton [1, 2, 9].

In the inner ear, outer hair cells (OHCs) form a specialized 
sensory epithelium within the organ of Corti [10]. These cells are 
characterized by the presence of sensory stereocilia on the apical 
plasma membrane and a basally situated nucleus. OHCs appear to 
express a single class of LINC complex composed of the SUN 
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domain protein, Sun1, and the KASH domain protein Nesprin-4 
[11, 12]. In mice loss of either of these proteins leads to mislocal-
ization of the nucleus from basal to apical regions of the cell. This 
is associated with erosion of OHC viability resulting in progressive 
deafness. In humans, mutations that result in loss or truncation of 
Nesprin-4 cause early-onset hearing loss (OMIM DFNB76) [11]. 
Nesprin-4 acts as an adaptor for Kinesin-1 at the nuclear surface 
[12]. It is likely that it is the microtubule plus-end motor activity 
of Kinesin-1 that is responsible for the Nesprin-4-dependent basal 
positioning of nuclei in OHCs.

Further exploration of the molecular interactions of Nesprin-4 in 
situ has been confounded by the fact that the mouse inner ear typi-
cally contains only a few thousand OHCs. Moreover, LINC com-
plexes themselves are quite insoluble [5]. Consequently, it is simply 
impractical to use techniques such as co- immunoprecipitation to 
characterize the Nesprin-4 interactome in OHCs. Even the original 
identification of Kinesin-1 as a Nesprin- 4- binding partner was car-
ried out in tissue culture cells expressing a soluble truncated version 
of Nesprin-4 that lacks a transmembrane and luminal domain [12].

To circumvent problems associated with interactome analysis 
of insoluble protein complexes, Roux and colleagues developed 
the BioID technique [13, 14]. This method takes advantage of a 
promiscuous E. coli biotin protein ligase (BirA, referred to here as 
BioID1) that may be fused to a protein of interest, in this case 
Nesprin-4. The BioID1-Nesprin-4 fusion protein is stably 
expressed in a suitable cell type where it should localize appropri-
ately to the nuclear envelope. This may be monitored by immuno-
fluorescence microscopy. Upon addition of biotin to the culture 
medium, the BioID1 moiety will catalyze the biotinylation of pro-
teins within a 10–15 nm radius of the BioID1-Nesprin-4 fusion 
protein [15]. These proteins would then represent candidate inter-
actors of Nesprin-4. Biotinylated proteins are recovered on 
streptavidin- coated magnetic beads and identified by mass spec-
trometry. Obviously, each protein identified in this way should be 
validated as a Nesprin-4 interactor by alternative methods such as 
pulldown of recombinant proteins (or fragments thereof) follow-
ing either transfection of tissue culture cells or in in vitro transcrip-
tion translation mixes.

The choice of cells for these experiments will ultimately be 
determined by the investigator. Currently, there are few options 
for culturing cells of the inner ear. However, Rivolta and Holley 
[16] have described several cell lines such as UB/OC-1 that share 
some properties with cochlear hair cells and which could be suit-
able for a Nesprin-4 BioID screen. A complementary approach 
would be to employ epithelial cells that express Nesprin-4 but 
which are derived from an alternative tissue source. The  expectation 
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is that these might express at least some Nesprin-4-associated pro-
teins that would also be present in OHCs. This could be con-
firmed later by, for instance, immunohistochemical examination 
of OHCs. We have previously shown that mouse HC11 mammary 
epithelial cells [17] express Nesprin-4 upon differentiation [12]. 
These might therefore represent a suitable option for a Nesprin-4 
interactome analysis by BioID.

2 Materials

 1. 1  mM Biotin 20× stock (working concentration, 50  μM): 
Dissolve 12.2  mg of Biotin (Sigma, B4501) in 50  mL of 
serum- free tissue culture medium (e.g., Dulbecco’s modified 
Eagle’s medium). Sterilize by passage through a 0.22 μm filter 
unit (Millex). Dispense into sterile 15  mL Falcon tubes in 
5 mL aliquots. Store at 4 °C.

 2. Buffer A: For 20 mL, 100 mg sodium deoxycholate, 16.2 mL 
water, 600 μL 5 M NaCl, 2 mL 10% w/v NP-40 (1% final), 
200 μL 10% SDS (0.1% final), 1 mL 1 M Tris–HCl pH 7.4 
(50  mM final). Check that the pH is 7.4. Before use, add 
800 μL of protease inhibitor 25×.

 3. Buffer B: For 30 mL, 28.2 mL water, 600 μL of Tris–HCl 
1 M pH 7.4 (20 mM Tris–HCl pH 7.4 final). Before use, add 
1.2 mL of protease inhibitor 25×.

 4. Buffer C: SDS-PAGE sample buffer.
 5. Buffer D: Prepare in fume hood. For 200 mL: 39 mL of water, 

1 mL of LC-MS grade acetic acid 100% (0.5% final), 160 mL 
of LC-MS grade acetonitrile 100% (80% final). Stable at room 
temperature in the dark.

 6. Buffer E: For 1 L, ~995 mL water, 5 mL of LC-MS grade 
acetic acid 100% (0.5% final). Stable at room temperature.

 7. Buffer ED1: Prepare in fume hood, use double (nitrile) gloves. 
Add 2,2,2-trifluoroethanol (TFE) last. For 100 mL, 50 mL of 
triethylammonium bicarbonate (TEAB), 100  mM (50  mM 
final), 50  mL of TFE 100% (50% final). Store at room 
temperature.

 8. C18 cartridges: Sep-pak C18, Waters (cat# WAT051910). 
Store at room temperature. If packs are opened, seal for 
storage.

 9. Chloroacetamide (CAA) 550  mM: Prepare in fume hood. 
Dissolve 102.8 mg of CAA in 2 mL of water, in the dark, ali-
quot by 100 μL, and store at −20 °C. Can be thawed only 
once.
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 10. 1 M dithiothreitol (DTT): Dissolve 1.55 g of DTT (stored at 
4 °C) in 10 mL of water, aliquot, and store at −20 °C. Store at 
−20 °C in 100 μL aliquots.

 11. 3% formaldehyde from paraformaldehyde: Heat about 80 mL 
of Ca- and Mg-free phosphate-buffered saline (PBS) to 80 °C 
and add 3 g paraformaldehyde with continuous stirring until 
the solution is clear. Add 100 μL each of 100 mM CaCl2 and 
MgCl2 with stirring while the solution is still warm. Allow to 
cool and clear by passage through a 0.45 μm filter. Freeze in 
aliquots (~12 mL) at −20 °C.

 12. HEPES 50 mM pH 8.5: Make sure that pH is 8.5.
 13. Magnetic tube holder: For example, Invitrogen DynaMag™-2 

Magnet, cat# 123-21D.
 14. LysC 0.5  μg/mL: Reconstitute 1 vial of Lys-C Protease 

(WAKO, cat# 129-02541 10 AU per vial, order by two vials) 
with 4.4 mL of water (0.5 μg/μL final). Aliquot by 100 μL 
and store at −20 °C. Can be thawed up to two times.

 15. Lysis/extraction buffer: For 50 mL, 38 mL water, 2.5 mL of 
1 M Tris–HCl pH 7.4 (50 mM final), 5 mL of 5 M NaCl 
(500 mM final), 2 mL of 10% SDS (0.4% final), 2.5 mL 0.1 M 
EDTA pH 7.4 (5 mM final). Before use, add DTT to 1 mM 
and 1× protease inhibitor.

 16. Protease inhibitor 25×: Dissolve completely in 2 mL to gener-
ate a 25× solution (Roche cOmplete EDTA-free Protease 
Inhibitor Tablet 05056489001).

 17. Rotary mixer: Biosan or equivalent.
 18. Sonicator: Sonifier-250, Branson, or equivalent.
 19. Streptavidin Dynabead: Dynabead, Invitrogen myOne 

Streptavidin C1.
 20. Tris–HCl(2-carboxyethyl) phosphine hydrochloride (TCEP) 

solution: 0.5 M (Sigma 64654-7, in glass ampules). Store at 
RT for 2 years unopened, otherwise store at −20 °C. Water 
soluble.

 21. TEAB 100 mM: For 50 mL Falcon tubes (avoid glass contain-
ers), 45 mL of water, 5 mL of TEAB 1 M (pH 8.5). Store at 
room temperature.

 22. TFA 10%: Prepare in fume hood. For 50 mL to 45 mL of 
water, add 5  mL of TFA 100% (10% final). Stable at room 
temperature.

 23. TFE 100%: Creates toxic fumes, use nitrile gloves. Store at 
room temperature.

 24. Tandem Mass Tag (TMT) labels: TMT10plex Isobaric Label 
Reagent Set, 3 × 0.8 mg, cat# 90111 or TMTsixplex Label 
Reagent Set, 2  ×  0.8  mg, cat# 90062 (Thermo Fisher 
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 Scientific/Pierce). The 10-plex set can be used in the follow-
ing combinations for a 6-plex analysis (do not exceed 6-plex 
to ensure MS run time is kept to a minimum): A (126, 127N, 
128C, 129N, 130C, 131) or B (126, 127C, 128N, 129C, 
130N, 131).

 25. Triton X-100, 20% (w/v): For 100 mL, 20 g Triton X-100, to 
100  mL with deionized water. Stir overnight to dissolve. 
Triton X-100 can be easily weighed in a glass beaker on a top- 
loading balance. It is much easier than measuring volume 
since Triton X-100 is extremely viscous. Filter sterilize using a 
0.22 μm vacuum filtration unit. Store at 4 °C.

 26. Trypsin 1 mg/mL. per tube: resuspend 20 μg of sequencing 
grade modified trypsin (stored lyophilized at −20 °C) in 20 μL 
of resuspension buffer (or 50  mM acetic acid) and store at 
−80 °C if necessary (can only be thawed once for each frozen 
aliquot).

3 Methods

The first and most important aspect of the BioID protocol is the 
design and construction of the BioID fusion construct [14]. In the 
case of KASH domain proteins such as Nesprin-4, the BioID1 
enzyme must be placed at the N-terminus. The reasons for this are 
twofold. Firstly, it is the N-terminal domain that is exposed to the 
cytoplasm and which confers Nesprin-4 with its unique properties. 
Secondly, the C-terminus of Nesprin-4, and indeed of all KASH 
domain proteins, is essential for association with INM SUN pro-
teins and hence for localization to the ONM [5, 18]. Consequently, 
this region of the molecule cannot be modified in any way. A basic 
BioID1 plasmid, pcDNA3.1 MycBioID, that can be used as start-
ing point for the BioID1-Nesprin-4 fusion construct can be 
obtained from Addgene.org (plasmid #35700). This BioID1 
cDNA features a 5′ sequence encoding a Myc epitope tag, which 
will simplify monitoring protein expression [13]. While the 
pcDNA3.1 vector can be employed directly for fusion protein 
expression following stable transfection, we prefer to use the lenti-
viral vector, pTRIPZ which incorporates a Tet-on promoter [19]. 
This allows us to induce fusion protein expression by addition of 
doxycycline (DOX) to the cell culture medium (at a concentration 
of about 1 μg/mL) [20]. pTRIPZ also simplifies the derivation of 
stable cell lines with selection in puromycin (1 μg/mL).

It cannot be overemphasized that transient transfection should 
not be employed for BioID analysis. The reason for this is the 
extreme heterogeneity in protein expression. Overexpression of 
the BioID fusion protein may result in mis-targeting of a  significant 
fraction. This in turn will almost certainly produce spurious asso-
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ciation and interaction data. While the use of an inducible expres-
sion system is not essential, in our experience it provides us with 
the means to fine-tune expression levels.

We normally use up to 5 × 107 cells per BioID sample depend-
ing upon the nature and abundance of the BioID fusion protein. 
This translates to roughly 1–5 10 cm tissue culture Petri dishes or 
1–2 15  cm dishes. Ultimately, the sample size should be deter-
mined by the investigator, based upon the quality of preliminary 
data.

A key determinant of success in any BioID experiment is that 
the behavior of the BioID fusion protein should mimic in every 
way that of the endogenous protein. With Nesprin-4, we would 
want to ensure that Myc-BioID-Nesprin-4 localizes to the NE and 
at the same time recruits Kinesin-1 [12]. These properties of the 
BioID-Nesprin-4 fusion protein should be monitored by immuno-
fluorescence microscopy prior to embarking on the BioID screen. 
Our immunofluorescence microscopy protocol is included below.

Cells should be seeded at such a density that they will be just con-
fluent at the time they are to be harvested. For a single 10 cm tis-
sue culture Petri dish and depending upon the cell type, this would 
typically correspond to roughly 106 cells. Seed all replicates and 
controls at the same cell density. Appropriate experimental and 
control combinations such as with and without DOX, with and 
without biotin, should be prepared in parallel. Timing and concen-
tration of DOX addition to induce fusion protein expression must 
be determined empirically. It is essential to ensure that the level of 
expression of the BioID fusion protein never exceeds that of the 
endogenous protein (Nesprin-4  in this case). If necessary, deter-
mine a DOX dose-response curve. When the induced cells are 
approximately 80% confluent, replace the growth medium with 
cell culture medium supplemented with 50 μM Biotin, and incu-
bate for a further 6–24  h before proceeding with the protein 
extraction.

In most situations, cells can be lysed directly in the tissue culture 
dish. However, in some situations it may be preferable if the cells 
are first trypsinized and recovered by centrifugation prior to lysis 
(for instance, if the cells are grown in multilayered flasks). 
Determine cell density where possible to ensure that there are 
equal numbers of cells across all conditions at extraction time. 
Avoid cross contamination of proteins by using disposable 
labware.

 1. Wash the cells 2–3× with 10–20 mL PBS to remove any free 
biotin since this may interfere with subsequent pulldowns.

 2. Remove residual PBS with a vacuum aspirator.

3.1 Cell Culture

3.2 Cell Lysis 
and Protein Extraction
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 3. Lyse the cells at room temperature with 600 μL (for a 10 cm 
dish) of lysis buffer (containing protease inhibitors and 1 mM 
DTT). The solution will become viscous with the release of 
DNA. Scrape any residual cells off of the dish and transfer to a 
15 mL Falcon tube.

 4. Add 240 μL of 20% Triton X-100 and transfer to ice.
 5. Add 2.16 mL of 50 mM Tris–HCl pH 7.4.
 6. Sonicate the lysate (using a Branson Sonifier or equivalent). 

Use a low-power setting and short duty cycle. Apply 10–20 
pulses or until the solution is no longer viscous. Alternatively, 
multiple passes through a 27G needle fitted to a 3 mL syringe 
may be employed here.

 7. Distribute the extract in to 3 × 1.5 mL Eppendorf tubes.
 8. Centrifuge the lysate for 10 min at 16,000 × g at 4 °C in a 

pre- cooled table-top microcentrifuge.
 9. Transfer the supernatant carefully into fresh Eppendorf tubes.
 10. As a matter of routine, save 40 μL of the lysate in a 1.5 mL 

tube, and add 40  μL of buffer C (SDS-PAGE buffer) for 
Western blot analysis later. Store at −20 °C.

 1. Resuspend the beads by vortexing the shipping vial for 30 s.
 2. Pipette 100  μL of Dynabeads into 3  ×  1.5  mL Eppendorf 

tubes. Unless using unusually large quantities of cell extract, 
100 μL should be sufficient for most purposes.

 3. Add 1 mL of PBS and shake to mix.
 4. Transfer the Eppendorf tubes to the magnetic tube rack for 

1 min.
 5. Aspirate the PBS.
 6. Repeat the last three steps 1–2 times.

 1. Add the protein extracts to the washed Dynabeads in the 
Eppendorf tubes.

 2. Incubate overnight (16 h) at 4 °C on a rotary mixer at medium 
speed (or 2  h minimum at room temperature). The next 
morning, incubate for a further 30 min at room temperature.

 3. Place samples on the magnetic tube holder for 2 min and dis-
card supernatant.

 4. Add 1 mL of buffer A. Mix quickly to ensure that all beads are 
resuspended.

 5. Incubate 10 min on the rotary mixer.
 6. Place samples on the magnet tube rack for 2  min, discard 

supernatant.
 7. Wash once more for 10 min with 1 mL buffer A.

3.3 Recovery 
of Biotinylated 
Proteins

3.3.1 Preparation 
of Streptavidin Beads

3.3.2 Biotin Capture
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 8. Wash for 2 × 10 min with 1 mL buffer B. Prior to recovering 
the washed beads, remove 40 μL of the bead suspension for 
Western blot analysis later.

 9. Place samples on the magnet tube rack for 2  min, aspirate 
supernatant.

At this point the beads and adsorbed biotinylated proteins may 
be consolidated in a single tube, frozen in liquid nitrogen, and 
submitted for analysis to a mass spectrometry/proteomics facility. 
Some investigators may wish to continue processing the samples 
with on-bead proteolytic digestion with subsequent TMT 
labelling.

Work in the fume hood and use doubled nitrile gloves. Prepare 
buffer ED1. All reagent volumes (TCEP, CAA, LysC) are based on 
100 μL of beads.

 1. Set shaking heat block to 55 °C.
 2. Resuspend the beads in 50 μL of buffer ED1 per 100 μL of 

beads.
 3. Add 2 μL TCEP 0.5 M (20 mM final) and mix well.
 4. Centrifuge briefly and incubate at 55  °C for 20  min with 

shaking.
 5. Add 5.2 μL of CAA 550 mM (1/10 dilution, 55 mM final), 

and incubate 30 min at room temperature in the dark.
 6. Add 542.8 μL of 100 mM TEAB (brings sample to 600 μL).
 7. Add 20 μL of LysC 0.5 μg/μL (10 μg per reaction) and incu-

bate 3–4 h at 37 °C with shaking.
 8. Add 130 μL of 100 mM TEAB (brings sample to 750 μL).
 9. Add 10 μL of trypsin 1 μg/μL (10 μg per reaction) and incu-

bate overnight at 37 °C with shaking.
 10. Transfer the tubes to the magnetic tube holder and transfer 

the supernatants to fresh Eppendorf tubes.
 11. Centrifuge for 5 min at 16,000 × g at RT, transfer the super-

natant to fresh Eppendorf tubes.
 12. Add 84.4 μL of TFA 10% (1/10 dilution, 1% final).

Condition C18 cartridges just before the procedure. Always use 
the same flow direction, and pass samples slowly through the 
 cartridge using a syringe to ensure maximum binding/recovery. 
Work under hood or air intake. Prepare 50 mL Falcon tubes with 
buffer D and E.

 1. Label the required number of C18 cartridges.
 2. Aspirate 2 mL of buffer D with a 3 mL syringe.

3.4 On-Bead 
Proteolytic Digestion

3.4.1 Digest

3.4.2 C18 Cartridges 
Preparation
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 3. Connect the cartridge and slowly pass the liquid through. Use 
a 15 mL Falcon tube as waste collector.

 4. Disconnect cartridge.
 5. Equilibrate the cartridge with 2 mL of buffer E using a fresh 

syringe following the same procedure.
 6. Use the same syringe to force air through the cartridge 2–3 

times (disconnect and reconnect the syringe) to completely 
eliminate the remaining buffer E.

 7. Use cartridges conditioned in this way within 30 min.

 1. Add 4 mL of buffer E in a labeled 15 mL falcon tube, and top 
up with the digested sample.

 2. Apply sample (in buffer E) to the cartridge with a 10  mL 
syringe: remove plunger, and connect the syringe barrel to the 
cartridge; pipette in sample, insert plunger, and pass the 
sample slowly through the cartridge and collect the effluent in 
the original 15 mL tube; disconnect cartridge.

 3. Reapply the effluent from step 2 and then repeat.
 4. Using a new 10 mL syringe, wash the cartridge with 4 mL of 

buffer E using the same procedure.
 5. Disconnect cartridge, and circulate air 2–3× through the car-

tridge with the syringe to eliminate completely the remaining 
buffer E.

 6. Elute sample in to a 1.5 mL Eppendorf tube using a 1 mL 
syringe containing 1 mL of Buffer D

 7. For maximum recovery, repeat the elution 2× using the 
sample eluate from step 6 instead of buffer D.

 8. Complete the recovery by circulating air in the cartridge (as 
above) and collecting the remaining eluate in the same tube. 
Samples stored frozen if necessary.

 9. Concentrate sample using speedvac (at 45  °C or room 
temperature) or freeze drying.

 10. Submit samples directly for mass spectrometry. Alternatively, 
investigators may wish to insert a TMT labelling step at this 
point [21]. This option may be employed where multiple sam-
ples, both experimental and control, are analyzed simultane-
ously. Multiplexing in this way reduces total machine time 
while improving the reliability of quantitative comparisons 
between parallel samples.

 1. Resuspend the dried, purified, and desalted samples in 25 μL 
of HEPES 50 mM pH 8.5.

 2. Add precisely 10 μL of appropriate TMT labels (see Subheading 
2) to each sample.

3.4.3 Desalting 
with Conditioned C18 
Cartridges

3.4.4 Isobaric TMT 
Labelling
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 3. Tap to mix and briefly spin down samples.
 4. Incubate 1 h at RT.
 5. Add 50 μL of 1 M Tris–HCl to quench the labelling, and incu-

bate for 15 min at room temperature.
 6. Add 9.4 μL of 10% TFA (1/10 dilution, 1% final).
 7. Desalt using conditioned C18 cartridges exactly as described 

above.

This procedure [22] should be employed to monitor both fusion 
protein expression using an anti-myc primary antibody (e.g., 
Hybridoma clone 9E10, ATCC.org; Abcam #ab32) as well as bio-
tinylation of proximal proteins using Alexa-dye conjugated 
streptavidin.

 1. Sterilize round or square 0.17 mm thick (#1.5) tissue culture 
compatible glass coverslips (such as Thermo Fisher Scientific 
Gold Seal #12-519-21A). This is most conveniently accom-
plished by autoclaving in a glass Petri dish containing layers of 
Watman #1 filter paper circles.

 2. Place a coverslip into each well of a six-well tissue culture plate. 
Distribute cells in appropriate growth medium to yield a 
50–80% confluent monolayer after about 2 days. As necessary, 
timing and cell density can be adjusted to allow for BioID 
fusion protein induction and biotinylation in the presence of 
50 μm biotin.

 3. Remove cells from incubator, and wash the monolayers twice 
at room temperature in PBS. After the final wash, aspirate the 
PBS and replace in each well with 2 mL 3% formaldehyde.

 4. Incubate for 10–20 min at room temperature.
 5. Wash monolayers in each well in PBS.
 6. Replace PBS with PBS containing 50 mm NH4Cl. Leave at 

room temperature for 10 min. This step will neutralize any 
residual formaldehyde.

 7. Wash each well with 2 × 2 mL PBS.
 8. Replace PBS with 0.2% (w/v) Triton X-100 in PBS. Leave for 

5 min at room temperature.
 9. Wash each well with 2 × 2 mL PBS.
 10. Replace PBS with 0.2% (w/v) fish skin gelatin in PBS 

(FSG-PBS).
 11. Dilute primary antibodies or Alexa 568-streptavidin in 

FSG-PBS.
 12. Spread a piece of parafilm (~10 × 15 cm) on the bench. Onto 

the parafilm pipette 50 μL drops of diluted primary antibody.

3.5 Immunofluore-
scence Microscopy
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 13. Remove each coverslip from the six-well plate using a pair of 
fine forceps. Remove residual FSG-PBS by gently touching 
the edge of the coverslip to a piece of filter paper.

 14. Place each coverslip cell-side down onto an antibody droplet. 
Incubate for 20–30  min at room temperature. Evaporation 
can be minimized by placing the lid of the six-well plate over 
the coverslips.

 15. Return the coverslips to the six-well plate.
 16. Wash each well with 3 × 2 mL FSG-PBS.
 17. Dilute Alexa dye-conjugated secondary antibodies in 

FSG-PBS.
 18. Perform incubations with appropriate secondary antibodies 

exactly as described for the primary antibodies.
 19. Return the coverslips to the six-well plate (keeping track of the 

“cell side” of each coverslip).
 20. Wash each well with 3 × 2 mL FSG-PBS.
 21. Wash each well with 2 × 2 mL PBS.
 22. Carefully rinse off the back of each coverslip with deionized 

water. This will eliminate the appearance of any salt crystals.
 23. Mount the coverslip cell-side down on a drop of mounting 

medium (e.g., ProLong™ Gold, Thermo Fisher P36931) 
placed on a standard microscope slide.

 24. Drain off excess mounting medium with a piece of filter paper, 
and allow to harden at room temperature.

 25. Observe and record images using a suitable fluorescence 
microscope system (confocal or widefield) equipped with a 
high numerical aperture oil immersion lens.

Finally, once fusion protein expression and biotinylation have been 
established by immunofluorescence microscopy, the full spectrum 
of biotinylated proteins may be documented by Western blot anal-
ysis. This would involve probing blots with HRP-streptavidin as 
previously described [13, 14]. Where appropriate antibodies are 
available, candidate interactors may also be followed in this way.
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Chapter 6

Using Nesprin Tension Sensors to Measure Force 
on the LINC Complex

Paul T. Arsenovic and Daniel E. Conway

Abstract

Mechanotransduction, or the process by which mechanical forces regulate cellular functions, is increasingly 
studied in a variety of different physiological and pathological contexts. Although these forces are most 
often studied at cell-matrix and cell-cell adhesions, recent work has shown that the nuclear LINC complex 
is also subject to mechanical forces. Here we describe how to use a FRET-based biosensor, known 
as TSmod, in the LINC complex protein nesprin-2G. This approach allows for measurement of LINC 
complex forces in living cells with spatial-temporal resolution.

Key words Mechanobiology, FRET tension biosensors, Nuclear LINC complex

1 Introduction

Evidence for mechanical forces at cell-matrix adhesions has existed 
for over 30 years [1]. More recently mechanical forces have been 
directly measured across cell-cell adhesions [2, 3]. The model of 
cellular tensegrity predicts that cell-matrix and cell-cell forces are 
readily transferred across the cytoskeleton and applied to intracel-
lular structures such as the nucleus [4]. Over 20 years ago, Ingber 
and coworkers showed that changes in actomyosin forces altered 
nuclear shape [5]. Subsequent experiments showed that externally 
applied forces to the perimeter of the cell also altered nuclear shape 
[6–8], suggesting that the cytoskeleton is “hardwired” into the 
nuclear membrane [9]. More recent work in the field of cell biol-
ogy has identified a group of nuclear membrane-associated pro-
teins, known as the LINC (linker of nucleoskeleton and 
cytoskeleton) complex, that mediate the connection of the cyto-
solic cytoskeleton to the nuclear membrane [9]. The LINC com-
plex is formed by nesprin and SUN proteins that cross both the 
inner and outer nuclear membranes to mechanically tether the cyto-
solic cytoskeleton to the nuclear lamina (Fig. 1). The LINC com-
plex is evolutionarily conserved across virtually all eukaryotes [9], 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8691-0_6&domain=pdf


60

suggesting that the mechanical linkage of the cytoskeleton to the 
nucleus may be essential to cell function and homeostasis. One 
potential function of the LINC complex is the transfer of forces 
from the cytoplasmic cytoskeleton onto the nucleus.

The nucleus itself has been proposed to be a mechanosensor, 
where nuclear forces could regulate cellular functions, including 
nuclear transport, DNA structure, and gene expression [10]. 
However, studies to examine the role of nuclear forces have been 
hindered by a lack of techniques capable of directly measuring 
nuclear forces in living cells. Current knowledge of nuclear 
mechanical forces is based on experimental measurements of 
nuclear geometry and positioning, knockdown of LINC complex 
proteins, and overexpression of dominant negative proteins that 
disrupt the LINC complex. Disruption of the LINC complex per-
turbs cell migration, nuclear shape, and position [11, 12]. However, 
these experiments do not establish if forces directly regulate these 
functions—the LINC complex may also serve to regulate bio-
chemical signaling pathways correlated with force [9].

Recently, a genetically encoded, calibrated Förster resonance 
energy transfer (FRET)-based tension biosensor (known as 
TSmod) was developed [13]. This sensor consists of a pair of fluo-
rescent proteins capable of FRET separated by an elastic peptide 
(flagelliform). Application of force to the sensor results in increased 
elongation of the elastic peptide (strain), resulting in decreased 
FRET. The FRET-force relationship of the sensor was previously 
calibrated and found to have a dynamic range of 1–5 pN [13]. This 
sensor module was recently shown to respond to compressive load-
ing, with higher FRET than in the unloaded state [14]. We and 
others have inserted the sensor into a number of proteins at cell- 
cell [15–18] and cell-matrix [13, 19] adhesions, indicating that the 
dynamic range of the sensor is well suited to study forces on pro-
teins. In addition, the length of the flagelliform elastic linker in the 
TSmod sensor can be adjusted to shift the FRET-force dynamic 
range [20], which may be important for proteins subjected to 
higher or lower levels of force. Recently a new elastic peptide, 
known as HP35 (consisting of the villin headpiece), has been used 
to measure higher forces (7–10 pN) [19].

Tension, Less FRET

mTEP1

f f

venus

Actin Binding Domain SUN Binding Domain

Fig. 1 Diagram of nesprin-TS. TSmod, the FRET-based force sensing module is 
flanked by actin and sun binding domains to capture actin-based tensile forces 
exerted on sun proteins embedded in the nuclear membrane

Paul T. Arsenovic and Daniel E. Conway



61

To extend this force measurement technique to the nuclear 
LINC complex, we recently developed a nesprin force sensor 
(known as nesprin-TS) in which TSmod was inserted into mini- 
nesprin- 2G [21]. This sensor captures the mechanical forces 
exerted between the actin cytoskeleton and the nuclear envelope 
where nesprin-2G binds (see Notes 12–14 for additional consider-
ations regarding how force is applied to the nucleus and limitations 
of the mini-nesprin-2G sensor). This sensor behaved similarly to 
nesprin-2G, in that it was able to rescue nuclear positioning in 
nesprin-2G-depleted cells [21]. Furthermore, the sensor exhibited 
FRET changes in response to changes in actomyosin contractility 
[21]. Nesprin-2G was found to be under constitutive mechanical 
tension in adherent fibroblasts. Mechanical forces on nesprin-2G 
were found to be spatially different (apical versus basal sides of 
the nucleus) and were increased in elongated cells [21]. Thus, 
TSmod- based biosensors are well suited to study LINC complex 
forces in living cells.

In this protocol, we provide a detailed methodology for using 
the nesprin-2G force sensor, which details how to express the 
nesprin tension sensor (nesprin-TS) in mammalian cells and how 
to acquire and analyze FRET images of these cells expressing 
nesprin-TS. Although this protocol discusses expressing nesprin-
 TS in fibroblasts, it is easily adaptable to other mammalian cells, 
including both cell lines and primary cells. In our hands nesprin-
 2G is under tensile force in a variety of different cells (fibroblasts, 
epithelial, endothelial), but these forces vary depending on the cell 
type (Arsenovic, unpublished) (see Note 10 concerning alternate 
FRET force senseors). Furthermore, this protocol as it relates to 
the use of the nesprin-TS can be readily adapted to other FRET- 
based force biosensors that have been developed for other 
proteins.

2 Materials

 1. DNA plasmids for nesprin-TS and the force-insensitive con-
trol nesprin-HL are available from Addgene (plasmids 68127 
and 68128). Plasmids encoding mTFP1 (54613), venus 
(27793), and TSmod (26021) are can also be obtained from 
Addgene.

 2. Standard lysogeny broth (LB).
 3. LB plates and medium with ampicillin or kanamycin as 

appropriate.
 4. 1 L bacterial flask.
 5. Temperature-controlled orbital shaker.
 6. Midi-prep DNA isolation kit.

2.1 Growth 
and Amplification 
of Biosensor 
Constructs

Using Nesprin Tension Sensors to Measure Force on the LINC Complex
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 1. NIH3T3 fibroblasts (ATCC CRL-1658).
 2. DMEM (Thermo Fisher 11995).
 3. Bovine calf serum (Thermo Fisher 16170).
 4. Lipofectamine 2000 (Thermo Fisher 11668).
 5. #1.5 coverglass bottom dishes (Cellvis D35-20-1.5-N).
 6. Bovine fibronectin (Alfa Aesar J65696).
 7. Dulbecco’s phosphate buffered saline (Thermo 14190-144).

 1. Live Cell Imaging Solution (Thermo Fisher A14291DJ).
 2. Temperature-controlled inverted confocal with 458 and 

514 nm laser lines (Zeiss LSM 710 with spectral META 
detector).

3 Methods

 1. The use of DNA-based biosensors requires E. coli amplifica-
tion and DNA isolation. DNA obtained directly from Addgene 
arrives as a live bacterial stab and can be directly streaked onto 
an LB plate (with correct antibiotic). DNA obtained in water 
or Tris–HCl must first be transformed into a standard compe-
tent E. coli strains such as DH5-α.

 2. After overnight growth at 37 °C, a single colony is selected 
from a plate and grown in 2 mL LB medium (with antibiotic) 
for 8 h with orbital shaking at 37 °C. After 8 h 1–2 mL is 
added to a large culture flask containing 150 mL LB medium 
(with antibiotic) and then grown overnight with orbital 
shaking at 37 °C. This larger flask is sometimes referred to as 
a midi-prep.

 3. Spin down bacteria (5000 × g for 30 min), and isolate the 
DNA using a standard midi-prep DNA isolation kit, following 
manufacturer instructions.

Carry out all cell culture experiments in a BSL-2 equipped tissue 
culture facility, and follow all institutional guidelines for working 
with recombinant DNA.

 1. NIH3T3 fibroblasts are cultured in DMEM with 10% bovine 
serum, using standard cell culture growth and passaging 
methods.

 2. Nesprin-TS, nesprin-HL, and fluorescent protein control 
plasmids can readily be transfected into NIH3T3 fibroblasts 
using Lipofectamine 2000 per manufacturer instructions.

2.2 Cell Culture 
and Transfection

2.3 Imaging

3.1 Plasmid 
Amplification

3.2 Cell Transfection
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 3. For all imaging experiments, cells are grown on #1.5 cover-
glass bottom dishes (Cellvis D35-20-1.5-N). Dishes are first 
coated with a layer of fibronectin at a concentration of 20 μg/
mL (in PBS) for 20 min at room temperature, which is then 
removed immediately before cell seeding.

 4. After 4–6 h of incubation with transfection reagents, cells are 
trypsinized, centrifuged, and resuspended on glass bottom 
dishes in fresh medium.

 5. Cells are allowed to attach overnight and can be imaged the 
next day.

 6. Viral methods of transfection (see Note 8) stable cell lines (see 
Note 9) can also be used.  

 1. Prior to imaging phenol red containing culture medium is 
replaced with HEPES-buffered clear Live Cell Imaging 
Solution with 10% calf serum. The Live Cell Imaging Solution 
has improved clarity and signal to noise ratio and provides for 
proper pH at ambient atmosphere. Additionally, cells should 
be maintained in a 37 °C enclosure on the microscope, if pos-
sible. Maintaining cells at a constant physiological temperature 
prevents temperature-dependent focal drift and improves cell 
viability in longer experiments.

 2. Image cells using a laser scanning confocal (Zeiss LSM 710 
with spectral META detector). However, confocal imaging is 
not required for the sensors. Standard epifluorescence can be 
used with filters to separately excite mTFP1 (458 nm) and yel-
low (515 nm) with appropriate band pass filters to separately 
resolve blue and yellow emission; however this protocol will 
detail the use of spectral imaging-based FRET (see Note 1), 
not epifluorescence standard filter set-based FRET.

 3. Collect spectral images (see Note 1) at 458 nm excitation 
using a 40× water or 63× oil objective. The 40× objective 
allows for acquisition of a larger group of cells, whereas the 
63× objective (with additional optical zoom) can provide 
additional spatial information about the distribution of FRET 
across a single nucleus.

 4. Select cells for imaging that are expressing the nesprin-TS at a 
high enough level to be readily visualized and imaged, but avoid 
imaging cells in which expression levels are too high (example 
images of appropriate and inappropriate cells are shown in 
Fig. 2A, B; also see Note 2). Additionally, cells that looked 
stressed or abnormal should be excluded from analysis.

 5. To account for cell-cell variations in FRET, image at least 
10–20 cells per condition (see Note 3).

3.3 Imaging
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 6. Include a known high or low force control to confirm that 
the sensor and analysis of FRET is working. Examples 
include the force-insensitive nesprin-HL (headless) sensor, as 
well as myosin agonists and antagonists (see Notes 4–6).

 1. Use open-source ImageJ software (http://fiji.sc/) or similar 
software to open and further process FRET images.

 2. Manually mask images such that the only FRET signal is from 
the nuclear envelope (Fig. 2). Without masking, FRET signal 
from other regions of the cell may represent a large fraction of 
pixels and significantly affect the mean FRET for the image. 
Delineating the nuclear envelope is easiest for cells with lower 
expression of nesprin-TS (see Note 2).

 3. Further process images by performing a background correc-
tion (also known as background subtraction) by subtracting 
the average pixel value of nonfluorescent cells. Untransfected 

3.4 Image Analysis

Fig. 2 Phase-contrast and fluorescent images of nesprin-TS expressing NIH3T3 fibroblasts. Row A: Phase- 
contrast, donor, and FRET channel fluorescent images of an optimally expressing cell. The best nucleus for 
analysis is indicated by the white arrow. Note that while other nuclei are discernable in the donor channel 
image, the intensity is too low in the FRET channel for accurate analysis. Row B: Phase-contrast, donor, and 
FRET fluorescent channel images of a cell with high expression. The high level of expression of nesprin-TS in 
both the ER and nucleoplasm makes it difficult to discern the boundaries of the nuclear envelope. These cells 
are excluded from analysis

Paul T. Arsenovic and Daniel E. Conway
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cells imaged under the same power and gain are used to 
calculate the average background pixel value.

 4. The masked and background FRET images need to be further 
processed to allow FRET images to be compared between 
conditions. Ratiometric FRET offers the most simple and 
straightforward method to measure relative FRET differences 
between conditions. To calculate the FRET ratio, background-
corrected pixel values from the FRET channel are normalized 
to the background- corrected donor channel by dividing the 
unmixed acceptor image (FRET channel) by the unmixed 
donor image. Normalization to the acceptor-only signal 
(excited by the 514 nm acceptor laser) is also possible, but this 
will be less sensitive to changes in FRET with the benefit of 
reduced noise in the ratio image. Ratiometric FRET does not 
provide an absolute measure of FRET, but provides a relative 
measure of FRET changes between conditions. Because it can 
be influenced by background subtraction values, we do not 
recommend comparing FRET ratios obtained from experi-
ments collected from different microscope sessions (see Note 
7). Furthermore, it is essential to hold all laser power and 
detector gain settings constant across all samples. Repeated 
imaging of the same region may result in photobleaching 
effects (see Note 11).

4 Notes

 1. FRET signal (acceptor emission obtained with donor excitation) 
can be contaminated with both donor and acceptor signals 
unrelated to FRET when using standard band pass filters. The 
FRET signal must be corrected to remove this bleed- through, 
and these corrections are beyond the scope of this protocol. 
Alternatively, spectral unmixing allows for real-time separation 
of donor and acceptor signal, eliminating the additional step 
of removing donor bleed-through. If a spectral detector is 
used, a single excitation wavelength (458 nm) may be selected 
to illuminate the sample and capture the entire fluorescent 
emission (420–720 nm) simultaneously. We have published a 
detailed methods paper in Journal of Visualized Experiments 
(JOVE) which details the use of the Zeiss 710 for spectral 
unmixing of the FRET signal from nesprin-TS [22].

 2. In high-expressing cells, nesprin-TS frequently localizes inside 
the nucleus, in addition to the nuclear envelope. In these cells 
it is difficult to discern the fluorescence from the nuclear enve-
lope from that inside of the nucleus, and therefore we exclude 
these cells from FRET analysis. Cells with lower levels of 
expression often give better contrast where it is easier to 
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identify and mask the nuclear envelope. However this can be a 
trade-off as images acquired from lower intensity result in 
FRET with a lower signal to noise ratio.

 3. Many times FRET differences are minimal between condi-
tions. Furthermore, we have observed large cell-to-cell variations 
in FRET within the same condition. We therefore recommend 
the acquisition of many images (10–20 per condition) to more 
accurately determine if two conditions are significantly differ-
ent in nesprin-2G forces. Paired comparisons of the same cell 
before and after treatment can be extremely useful for mini-
mizing biological variability in baseline nesprin- 2G force.

 4. In addition to nesprin-HL, we frequently employ the use of 
ROCK and MLCK inhibitors (Y-27632 and ML7, respec-
tively) to inhibit myosin. We have also used actin-destabilizing 
agents, such as latrunculin A, to reduce force (Fig. 3). 
Blebbistatin has yellow fluorescence and may exhibit photo-
toxicity at the wavelengths used to acquire nesprin-TS [23]. 
In our experience the yellow color of blebbistatin prevents its 
use with any mTFP1-venus TSmod sensor. The use of chemi-
cal inhibitors can be a quick way to determine whether mea-
surable nesprin-2G tensile forces exist in your cell of interest. 
The use of these inhibitors has the added advantage of enabling 
before and after treatment imaging of the same cell, allowing 
for paired comparisons to be made (reducing cell-to-cell vari-
ability; see Fig. 3).

 5. The largest variations in nesprin-2G forces we have observed 
were between cells grown on micropatterned 20 μm lines as 
compared to cells grown on non-patterned surfaces [24]. This 
may also be a useful positive control to confirm the respon-
siveness of the nesprin-TS to measure differences in force on 
the nucleus.

Fig. 3 Demonstration of image masking. Images may be manually masked using 
the polygon selection tool in ImageJ or a paintbrush tool of fixed width. A masked 
or binary image (values of 0 or 1) is created from the user selection. Donor image 
and FRET image (not shown) are each multiplied by the mask to create masked 
donor and FRET images of the nuclear envelope

Paul T. Arsenovic and Daniel E. Conway
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 6. Although we have shown calyculin A and other activators of 
myosin can increase nesprin-2G force [24], these compounds, 
when used for too long or at too high of a dose, can cause cell 
detachment and rounding, eventually leading to a reduction 
in nuclear forces at longer time points. Recent work by our 
lab has shown that biaxial stretch can also be used to increase 
nesprin-2G force (Fig. 4). However too large of a deforma-
tion can also reduce nesprin-2G force in some cells, presum-
ably due to dissociation or rupture of nesprin-2G linkage to 
cytoskeletal proteins (Fig. 5).

Fig. 4 Response of nesprin-TS to disruption of actin filaments. Exposure of NIH3T3 fibroblasts to 10 μM latrun-
culin A results in a sustained increase in nesprin-TS FRET, indicating decreased force. The same cells were 
tracked before and during latrunculin treatment, which allowed for normalization to the initial FRET efficiency

Fig. 5 Response of nesprin-TS to biaxial strain. Exposure of NIH3T3 fibroblasts to 15% biaxial strain results in 
decreased FRET for nesprin-TS, indicating increased force. However higher levels of stretch result in a varied 
response with some cells increasing and decreasing in force. The same cells were tracked before and during 
stretch
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 7. Alternate FRET methods which calculate FRET efficiency can 
be used [25] to provide more absolute quantities of FRET, 
which in turn can be compared across experiments. 
Additionally, with FRET efficiency, it is possible to estimate 
average force per molecule (in piconewtons) [13].

We caution against the use of ratiometric imaging if the 
cell of interest has very high measured tension on nesprin-
2G. Systematic errors in the ratio images occur when the 
acceptor signal (venus) becomes very dim. We suggest using 
either FLIM or a quantitative FRET efficiency unmixing 
algorithm if you suspect the sensor is under high loads [25].

 8. We have developed an adenovirus for nesprin-TS, which 
enables more uniform and longer-term expression of the 
sensor in a variety of cells, including primary cells. Lentiviral 
versions (particularly tetracycline inducible versions which 
could be used to control expression levels) may also provide a 
robust way to express sensors.

 9. We have developed a MDCK stable cell line expressing nesprin-
 TS, as well as other force biosensors. Stable cell lines offer the 
advantage of a relatively uniform expressing population of 
cells, making imaging and analysis of images more straightfor-
ward compared to transient transfections. Additionally this 
method allows for observation of forces across a group of cells.

 10. Under high force conditions, we have observed better perfor-
mance of nesprin-TS with a 25 amino acid linker replacing the 
40 amino acid linker used in TSmod (nesprin TSmod with the 
25 amino acid linker is located at the same insert site as the 
TSmod 40 nesprin shown in Fig. 1) (Arsenovic, unpublished). 
TSmod with the 25 amino acid linker has a higher dynamic 
range of FRET, but is less responsive at lower forces [20]. 
Although we have not used the newer HP35 elastic peptide 
[19] as the tension responsive element in nesprin tension sen-
sors, it is possible that it may be more responsive under condi-
tions when nesprin-2G forces are high.

 11. When making repeated measurements of the same cell, it is 
important to control for photobleaching effects that may 
influence FRET. This can be done by imaging a control sam-
ple expressing nesprin-TS without treatment and comparing 
the change in FRET after repeated measurements.

 12. Our sensor is based on the design of mini-nesprin-2G, a much 
smaller version of the giant form of nesprin-2G. This was cho-
sen for ease of cloning and expression. However, this sensor 
lacks a number of important binding domains, such as FHOD1 
[26], and does not contain binding sites for the microtubule 
motor proteins kinesin and dynein [27–29]. Thus, the sensor 
should be viewed only as a tool to study actin-based forces on 
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the LINC complex, using a minimal form of nesprin-
 2G. Although we showed that this truncated form of nesprin 
retains the ability to rescue reward nuclear movement [24], 
it may be missing binding sites for key regulatory molecules 
that could influence forces. In addition, microtubule and 
intermediate- based connections to the LINC complex 
(through nesprin-2 and other nesprin isoforms) may also 
contribute tensile and compressive forces to the nucleus. It 
will be interesting to determine forces across other nesprin 
isoforms with similar biosensors for these proteins.

 13. The mechanical model for how forces are transmitted into the 
nucleus remains unclear. While we hypothesize that forces 
applied to nesprin are transmitted across SUN1 and SUN2 
and into the nucleus, this cannot be concluded from our 
observation that nesprin-2G is under tensile load. Additional 
force sensors for SUN1/2 or proteins inside the nucleus are 
needed to better understand force transmission.

 14. Forces applied to the nucleus may not be exclusively through 
the LINC complex. Wirtz and colleagues have suggested that 
an actin cap may apply compressive forces onto the nucleus 
[30], which may or may not be LINC complex dependent. 
In addition Lele and colleagues have suggested that LINC- 
independent compressive forces from the plasma membrane 
may also be applied to the nucleus during cell spreading [31]. 
Results obtained from LINC complex biosensors may not 
capture all forces applied onto the nucleus. This raises the 
possibility that experiments which affect cell spread area 
(e.g., hydrogels of varying elastic moduli, experiments in 
which cell confluence is varied) may be altering both LINC-
dependent and LINC-independent forces on cell nuclei.
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Chapter 7

Analyzing Mechanotransduction Through the LINC Complex 
in Isolated Nuclei

Nejma Belaadi, Angélique Millon-Frémillon, Julien Aureille, 
and Christophe Guilluy

Abstract

The mechanical properties of the cellular microenvironment can impact many aspects of cell behavior, 
including molecular processes in the nucleus. Recent studies indicate that the LINC complex and its asso-
ciated nuclear envelope transmit and transduce mechanical stress into biochemical pathways that ultimately 
regulate nuclear structure or gene expression. Here we describe a method to apply tensional forces to the 
LINC complex of isolated nuclei. Using magnetic beads and magnets, this technique can be used to 
explore the biochemical pathways that are activated in response to tension applied to the surface of isolated 
nuclei.

Key words Mechanotransduction, Lamina, Nucleus, Mechanical tension, Nesprin

1 Introduction

Almost three centuries after the pioneering observations of the 
nucleus using light microscopy [1], electron microscopy images 
revealed that the nucleus is not isolated within the cell, but is con-
nected to cytoskeletal filaments instead [2, 3]. The proteins that 
connect the cytoskeleton to the nuclear envelope constitute the 
linker of the nucleoskeleton and cytoskeleton (LINC) complex 
[4, 5]. This complex is composed of SUN (Sad1 and UNC-84) 
proteins anchored in the inner nuclear membrane and nesprin 
(nuclear envelope spectrin-repeat-containing proteins) anchored 
in the outer nuclear membrane [4, 6]. SUN proteins interact with 
nesprins within the perinuclear space through their highly con-
served SUN (Sad1 UNC-84 homology) domain and KASH 
(Klarsicht, ANC-1, and Syne homology) domain, respectively [4].

The LINC complex constitutes a network of transmembrane 
proteins that transmit force between the cytoskeleton and the 
nuclear envelope [7, 8]. Using various techniques to apply mechan-
ical stress to nuclei, recent work showed that mechanotransduction 
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mechanisms exist in the nucleus and transduce mechanical stress 
into signaling pathways that ultimately regulate nuclear structure 
or gene expression [9–12]. Interestingly, these recent advances 
revealed the LINC complex behaves like cell surface adhesion and 
undergoes remodeling in response to mechanical tension [8]. Here 
we describe a method that we designed to apply tensional forces to 
isolated nuclei using magnetic beads and magnets. This method is 
adapted from techniques that have been used to analyze the cellu-
lar response to forces applied to cell surface adhesion receptors 
[13–16].

In this protocol, tensional forces are applied to the LINC com-
plex of isolated nuclei in order to mimic mechanical stress trans-
mission from the cytoskeleton to the nucleus. This experimental 
system can be used to study either the mechanical response of iso-
lated nuclei using magnetic tweezers or the force-dependent 
nuclear signaling pathways by various biochemical approaches. 
Another advantage of this method is the isolation of LINC com-
plexes through a straightforward ligand affinity purification proce-
dure. Here we detail the methods to isolate nuclei from HeLa cells 
and apply forces to nesprin-2 using magnetic beads. Additionally, 
we describe how to purify the LINC complex and analyze its pro-
tein composition following force application.

2 Materials

All solutions were prepared using ultrapure water, and common 
chemicals were from Sigma-Aldrich and Thermo Fisher Scientific.

 1. Magnetic beads: 2.8 μm diameter M-280 tosyl-activated 
(Invitrogen, cat. no. 142.03).

 2. Dynamag magnet separator (Thermo Fisher Scientific, cat. no. 
12321D).

 3. Buffer A: 0.1 M sodium phosphate buffer, pH 7.4.
 4. Buffer B: Combine 0.01  M sodium phosphate, pH  7.4, 

0.0137 M NaCl, and 0.5% (w/v) delipidated BSA.
 5. Nesprin-2 antibody (Abcam).
 6. Phosphate-buffered saline (PBS): 137  mM NaCl, 2.7  mM 

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4.

 1. HeLa cells (ATCC, cat. no. CCL-2.1).
 2. Medium: DMEM plus 10% fetal bovine serum.
 3. Cell scraper.
 4. Dounce homogenizer (7  mL capacity; Bellco, cat. no. 

1984-10007).

2.1 Magnetic Bead 
Preparation

2.2 Isolation 
of Nuclei
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 5. Hypotonic buffer: 10  mM HEPES, pH  7.9, 1  mM KCl, 
1.5 mM MgCl2, 0.5 mM dithiothreitol, and protease inhibi-
tors (freshly added before use).

 6. Buffer C: 20 mM HEPES, pH 7.8, 25 mM KCl, 5 mM MgCl2, 
0.25 M sucrose, and 1 mM ATP (freshly added before use).

 1. Poly-lysine-coated dishes (35 mm). To coat the dish, incubate 
with poly-l-lysine solution (Sigma, cat. no. P4707) 1 h in a 
37 °C incubator, then remove the solution by vacuum aspira-
tion, and allow surface to dry.

 2. Isolated nuclei (as in Subheading 2.2).
 3. Magnetic beads coated with anti-nesprin-2 or other nesprin 

antibodies (as in Subheading 2.1).
 4. The magnets used to stimulate isolated nuclei with 30–40 pN 

force are the 1.25-in.-diameter × 0.25-in.-thick nickel-plated 
neodymium (grade N52) magnet (K&J Magnetics).

 5. Buffer D: 20 mM HEPES, pH 7.8, 25 mM KCl, 5 mM MgCl2, 
and 1 mM ATP (freshly added before use).

 6. Lysis buffer: 20 mM Tris–HCl at pH 7.6, 150 mM NaCl, 1% 
NP-40, 2 mM MgCl2, and protease inhibitors.

 7. 2× SDS sample buffer: 0.125 M Tris–HCl (pH 6.8), 4% (wt/
vol) SDS, 0.005% (wt/vol) bromophenol blue, 20% (vol/vol) 
β-mercaptoethanol (β-mercaptoethanol should be freshly 
added before use), 10% (vol/vol) glycerol.

3 Methods

 1. Wash 90 μL of 2.8 μm tosyl-activated Dynabeads in 1 mL of 
buffer A in 1.5 mL microcentrifuge tube, and use the Dynamag 
magnet separator to collect the beads and aspirate the medium.

 2. Mix 20 μg of anti-nesprin-2 antibody (Abcam) with appropri-
ate volume of buffer B to bring the total volume to 200 μL and 
mix by pipetting (other antibodies targeting different isoforms 
of nesprin can be used here).

 3. Combine antibody with beads, and incubate for 24 h at 37 °C 
on a rotor to allow covalent linkage of antibody to the bead.

 4. Collect the beads using the magnetic separator (Dynamag).
 5. Wash beads three times with 1 mL PBS using the magnetic 

separator to collect the beads.
 6. Resuspend the beads in 1 mL PBS to give a concentration of 

6 × 108 beads/mL. Store beads at 4°C for up to 1 month (see 
Note 1).

2.3 Force 
Application with 
Magnetic Beads for 
Biochemical 
Measurements

3.1 Magnetic Bead 
Conjugation
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 1. Use near-confluent HeLa cells plated on 150 mm dishes and 
serum starved with DMEM lacking serum for 16 h.

 2. Aspirate the medium and wash two times with 10 mL PBS at 
37 °C.

 3. Aspirate the PBS.
 4. Add ice-cold hypotonic buffer (6  mL), and detach the cell 

bodies using a cell scraper.
 5. Homogenize the samples using 30 strokes of a Dounce 

homogenizer.
 6. Transfer the sample to a 15 mL conical tube on ice. Incubate 

for 5 min on ice.
 7. Centrifuge at 700 × g for 5 min at 4 °C.
 8. Resuspend the pellet in hyponic buffer and centrifuge at 

700 × g for 5 min at 4 °C.
 9. Resuspend the nuclear pellet in buffer C (10 mL) and store on 

ice (see Note 2).
 10. Following their isolation, the nuclei can be plated and stimu-

lated in order to perform biochemical assay (as described below 
in Subheading 3.3) or force experiments using magnetic twee-
zers (see Note 3).

 1. Plate 106 nuclei on poly-l-lysine-coated dishes (35 mm) for 
30 min at 37 °C in 1 mL of buffer C.

 2. Incubate nuclei with nesprin antibody-coated magnetic beads 
(2 × 106 beads per dish) at 37 °C for 20 min.

 3. Wash twice with buffer C, and add 1 mL of buffer D for 15 min 
at 37 °C.

 4. Stimulate with force by suspending the permanent magnet at 
4.5 mm over nuclei (permanent magnet can be placed on the 
lid of the dish) for the appropriate amount of time (see Notes 
4 and 5).

 5. Aspirate buffer D.
 6. Add 300 μL of lysis buffer and use the cell scraper to detach 

the nuclei.
 7. Collect the lysate in a 1.5 mL microcentrifuge tube and incu-

bate on ice for 5 min.
 8. Homogenize by pipetting and collect 50 μL for total nuclear 

fraction.
 9. Collect the beads using the magnetic separator.
 10. Wash three times using lysis buffer.
 11. Collect the beads using the magnetic separator, and add 2× 

SDS sample buffer (50 μL) to constitute the bead fraction (see 
Note 6).

3.2 Nuclei Isolation

3.3 Application of 
Tension to the LINC 
Complex Using 
Magnetic Beads and 
Permanent Magnets 
for Biochemical 
Analysis
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 12. Analyze the total nuclear fraction and bead fraction using 
Western blot (Fig. 1B) or mass spectrometry (see Note 7).

4 Notes

 1. Beads can aggregate after conjugation. If vortexing is not suf-
ficient to homogenize, beads separation can be achieved either 
by pipetting or by using sonication for a short period (20 s).

 2. Depending on cell type, the nuclear fraction can be contami-
nated by cytosolic elements (tubulin), whose presence can be 
assessed using Western blot. If this is the case, the steps 5–7 
can be repeated.
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Fig. 1 Isolated nuclei respond to force applied to the LINC complex. (A) Typical displacement of a 2.8 μm bead 
coated with anti-nesprin-2 antibody bound to an isolated nucleus during force pulse application. Stiffening is indi-
cated by decreased displacement during later pulses. (B) Nuclei isolated from HeLa cells were incubated with 
anti-nesprin-2-coated magnetic beads. After stimulation with a permanent magnet for 3 min, the nuclei were lysed, 
and the protein complexes associated with the beads (bead complex) were isolated from the lysate using a mag-
netic separation stand, and both fractions were solubilized in SDS buffer and analyzed by Western blotting
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 3. For mechanical force experiments, the format of the slide or 
coverslip and volume of buffer depend on the magnetic twee-
zers set-up. Typically 10,000 nuclei are plated on a 12 mm 
diameter coverslip for 30 min at 37  °C in 0.5 mL of buffer 
C. The nuclei are then incubated with nesprin antibody-coated 
magnetic beads at 37 °C for 20 min. After two washes with 
buffer C, the appropriate volume of buffer D is added for 
15 min at 37 °C. Magnetic tweezers can be used to apply pN 
tensional force to magnetic beads bound to nesprins. When 
coupled to live cell imaging, this experimental system allows 
the measurement of local viscoelastic properties by tracking 
the bead displacement due to a known force generated by the 
magnetic field from an electromagnetic pole tip. Figure  1A 
shows a representative bead displacement in response to con-
stant force pulses of 50 pN.

 4. The method described here uses a magnet for which the result-
ing force on a 2.8 μm bead is about 30–40 pN (calculated by 
measuring the displacement of magnetic beads in undiluted 
glycerol, a Newtonian liquid with known viscosity); however, it 
is possible to use larger magnets to apply larger amount of force.

 5. The magnets are extremely powerful and should be manipu-
lated carefully.

 6. The volume of SDS sample buffer added to the beads is only 
indicative and will depend on the cell type.

 7. While exploring the tension-dependent signaling pathways, if 
no changes in the expected mechanosensing processes are 
detected, different possibilities can be considered. The dura-
tion of the stimulation with the magnet may not be sufficient 
and can be modulated (typical stimulation range from 1 to 
10 min). The amount of force may not be sufficient and can be 
increased by using a thicker magnet (grade N52) or larger 
beads. To ensure that the LINC complex purification was effi-
cient, Western blot can be used to probe for SUN proteins 
and/or nuclear envelope components. Additionally, analyzing 
lamin A/C recruitment to the LINC complex in response to 
force (using Western blot in Subheading 3.2) can be useful to 
determine if the force stimulation was sufficient.

5 Conclusion

Recent work shows that the nucleus may act as a mechanosensitive 
organelle, whose nucleoskeleton can dynamically remodel in 
response to mechanical stress. This dynamic reorganization hinges 
on nuclear mechanotransduction mechanisms, which are only 
beginning to be elucidated [8]. Various methods have been devel-
oped to manipulate and measure mechanical tension at the 
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molecular level, such as atomic force microscopy and molecular 
“tension sensors” [17]. Here we describe a method using mag-
netic beads and magnets to stimulate isolated nuclei with pN ten-
sional forces and explore the force-dependent nuclear biochemical 
pathways.

This experimental system can be coupled with magnetic twee-
zers to explore the nuclear mechanical response to force of single 
isolated nucleus. Alternatively, a large numbers of isolated nuclei 
can be stimulated using a permanent magnet to yield sufficient 
material for biochemical or molecular biology assays. Additionally, 
this straightforward technique can allow LINC complex purifica-
tion following force application. The purified LINC complex can 
then be used for various biochemical approaches, such as Western 
blot or kinase assays to investigate kinase activity in response to 
mechanical tension. This method is a simple way to explore the 
nuclear molecular mechanisms that are activated in response to 
mechanical tension and may help understanding how the mechani-
cal properties of the cellular microenvironment regulate cell 
behavior.
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Chapter 8

Direct Force Probe for Nuclear Mechanics

Vincent J. Tocco, Srujana Neelam, Qiao Zhang, Richard B. Dickinson, 
and Tanmay P. Lele

Abstract

We describe a recently reported method for directly applying a known, nanonewton-scale force to the 
nucleus in a living, intact cell. First, a suction seal is applied on the nuclear surface using a micropipette. 
Then, the micropipette is translated away from the nucleus. The nucleus deforms and translates with the 
moving micropipette and then eventually detaches from the micropipette and recovers (roughly) its origi-
nal shape and position. At the point of detachment, the resisting force (from the deformed nucleus and 
connected cytoskeleton) balances the suction force. Because the suction force is precisely known and 
reproducibly applied, this method therefore allows comparisons of nuclear response across disruptions to 
the cytoskeleton, nucleus, or cell. This method is useful for quantifying nuclear elastic properties in its 
native, integrated environment.

Key words Nuclear forces, Nuclear shaping, Nuclear positioning, Nuclear mechanics

1 Introduction

A variety of forces act on the nucleus, including mechanical forces 
generated by molecular motors [1–6], frictional forces in the cyto-
skeleton [7], and osmotic forces dependent on the concentrations 
of macromolecules in the nucleus and cytoplasm [8, 9]. These 
forces, which can be propagated to the nucleus through the linker 
of nucleus and cytoskeleton (LINC) complex [10–12], act to 
shape and position the nucleus in the cell. Abnormal nuclear 
shaping and positioning in the cell characterize multiple human 
diseases [13–16]. It is therefore important to understand how 
forces on the nucleus and the mechanical properties of the nucleus 
become abnormal in human diseases.

Because the nucleus is integrated with the different cytoplas-
mic structures through the LINC complex, it becomes necessary 
to probe nuclear properties while it is mechanically integrated with 
the cell. This is challenging because most methods such as micro-
pipette aspiration [17–20] require either isolated nuclei or nuclei 
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in suspended cells. Under such conditions, the surrounding cyto-
skeletal network (which exerts stress on the nucleus in a spread, 
adherent cell) is either removed completely or greatly reorganized 
relative to its normal state. Atomic force microscopy [20] or apply-
ing force to cells adherent to substrates [21] can be used to probe 
the nucleus. In these methods, force is not applied directly to the 
nucleus, but rather is transmitted through the intervening cyto-
skeletal network. Therefore, the magnitude of the force applied to 
the nuclear surface is unknown. This makes it difficult to compare 
nuclear response across different perturbations to the nucleus.

We have recently described a direct force probe, which applies 
mechanical force directly to the nucleus in an adherent cell [22]. 
The method is easy to implement with the commonly used 
Eppendorf microinjection system. A fine micropipette (0.5 μm tip 
diameter) is suction-sealed against the nuclear surface and moved 
away from the nucleus (Fig. 1A). Motion of the pipette tip deforms 
and displaces the nucleus. Eventually, the nucleus detaches from 
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X

Y

X
Z

H

h

P1

Micropipette

Fig. 1 Schematic of direct force probe experiments. (A) A micropipette is suction- sealed against the nuclear 
surface of an NIH3T3 fibroblast and moved, deforming the nucleus until it detaches. The region bounded by the 
white box is shown in a kymograph, displaying the nuclear deformation over time. (B) Free-body schematic 
diagram of the forces in the micropipette
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the pipette and recovers the original shape and position when the 
restoring forces exerted by cellular structures and the nucleus itself 
equal the suction force. We have reported that the extent of nuclear 
deformation is proportional to the force. One can then perturb the 
cytoskeleton, chromatin the LINC complex, and determine the 
contribution of these components to the nuclear deformation 
response while it is integrated with the cell. Here we describe a 
systematic protocol for using this method to probe the nucleus in 
adherent cells mechanically.

2 Materials

 1. Adherent cell line, such as NIH3T3, MEF, etc.
 2. Cell media (composition dependent on cell line).
 3. 35 mm glass-bottomed dishes (World Precision Instruments).
 4. Phosphate-buffered saline.
 5. Fibronectin.
 6. Trypsin (0.25% w/v).
 7. SYTO10/SYTO59 nucleic acid dye (or equivalent; Thermo 

Fisher Scientific).
 8. 0.3  mg/mL PLL-g-PEG solution (SuSoS, Dübendorf, 

Switzerland).
 9. Plasmid or siRNA (with appropriate transfection reagents) or 

small-molecule inhibitor for perturbing components of the 
LINC complex, nucleus, or cytoskeleton.

 1. Femtotips Microinjection capillary tips (0.5 μm-inner diame-
ter; Thermo Fisher Scientific).

 2. InjectMan® NI2 Micromanipulation system (Eppendorf, 
Hamburg, Germany; discontinued, current equivalent model 
is InjectMan® 4).

 3. FemtoJet® Microinjection system (Eppendorf).
 4. Nikon TE-2000 Eclipse Inverted Microscope (or equivalent 

inverted epifluorescent or confocal microscope), equipped 
with a temperature-controlled environmental chamber (to 
maintain cells at 37 °C and 5% CO2), and a CCD camera, and 
connected to a computer with Nikon Elements software.

 5. Filter cubes corresponding to fluorescent proteins/probes 
used in the experiment.

 1. Quantitative image-processing software, for example, 
MATLAB (The MathWorks Inc., Natick, MA) or FIJI (open-
source, NIH).

2.1 Preparation 
of Cells

2.2 Equipment 
for Probing 
the Nucleus

2.3 Data Analysis
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3 Methods

 1. The FemtoJet® Microinjection system installs to the arm of 
the microscope. Install in accordance with manufacturer’s 
recommendations.

 2. Coat sterile 35  mm glass-bottomed dishes with 5  μg/mL 
fibronectin in PBS for 1 h at room temperature or overnight 
at 4 °C.

 3. Wash the dishes multiple times with PBS.
 4. Trypsinize and plate cells on the dishes (roughly 3 × 105; cor-

responding to 25% confluency in 35 mm dish). Allow cells to 
spread overnight.

 5. (Optional) Transfect cells with a plasmid or siRNA to perturb 
the nucleus, cytoskeleton, or LINC complex (e.g., overexpres-
sion of GFP-KASH4 to disrupt the LINC complex). Allow 
the appropriate length of time for protein expression, knock-
down, or drug treatment.

 6. (Optional) Treat cells with a small-molecule inhibitor to per-
turb the nucleus, cytoskeleton, or LINC complex (e.g., 
nocodazole to inhibit microtubule polymerization). Allow the 
appropriate length of time for inhibition.

 7. Wash cells with PBS and change media at least once prior to 
imaging. Add SYTO dye at manufacturer-recommended con-
centration (see Note 1) 15  min prior to the experiment to 
image the nucleus.

 8. Choose the appropriate microscope objective. For most exper-
iments, we used a Plan Fluor oil immersion 40×/1.3 NA 
objective. Apply a small drop of immersion oil, as needed.

 9. Clamp the glass-bottomed dish tightly into the dish holder 
and load onto the stage. Maintain cells at 37 °C and 5% CO2 
at all times while on microscope stage.

 10. In order to immerse the micropipette into the culture media 
(as specified below), we had to modify our closed environ-
mental chamber that supplied the cells with humidified CO2. 
We did so by removing the hard plastic cover and replacing it 
with plastic wrap (the transparent wrap maintains the CO2 
concentration inside the chamber).

 11. Using DIC microscopy, find the appropriate focal plane to 
visualize cells. Correct for uneven illumination in the field of 
view by performing both Kohler illumination (DIC) and shad-
ing correction (fluorescence channels).

A major advantage of this method is that it applies a precisely 
known suction pressure reproducibly to the nucleus. We begin by 
initially imposing an external (gauge) pressure P1 using the 
InjectMan® system to force out liquid from the pipette using a 

3.1 Preparation of 
Cells and Microscope 
Setup

3.2 Conversion 
of Micropipette 
Pressure to Force

Vincent J. Tocco et al.



85

microinjection system. At equilibrium, the pressure P1 plus the 
fluid head in the micropipette (Ph) balances the capillary pressure 
(Pc) p the fluid head in the culture dish (PH) (Fig. 1B). Table 1 
shows the magnitude of these pressures; P1 and Pc are approxi-
mately equal and opposite for a broad range of values of P1 
(Table 1). We then insert the micropipette tip into the cell, touch 
the micropipette to the nuclear surface, and set P1 to zero (gauge 
pressure) by opening the pipette tubing to atmospheric pressure. A 
suction pressure (Pc ≈ P1) now exists on the nuclear surface. The 
force on the nuclear surface is calculated by multiplying the pres-
sure by the area of the micropipette tip (0.20 μm2).

In the table, we first chose a value for P1, which can be set 
with the Eppendorf system. Next, we calculated the height of the 
fluid inside the micropipette, h, from the pressure balance 
P1 = Pc + PH − Ph. Ph = ρgh is the pressure head in the pipette; ρ 
is the density of the culture media (approximately 1000 g/L), 
and g is the gravitational constant (9.8 m/s2). The pressure head 
of the fluid in the dish (PH; not shown in the table) is constant 
for the range of P1 and ~ 0.2 hPa in magnitude. Pc = 4γ cos θ/d 
is the capillary pressure; γ is the surface tension (72.8 dyn/cm), 
θ is the wetting angle of water on glass (30°), and d is the diam-
eter of the micropipette, which decreases as the tube tapers 
toward the tip (accounted for in calculation by approximating 
the slope of micropipette). Force is calculated by multiplying Pc 
by the area of the micropipette tip (0.20 μm2).

Before the micropipette can be used to probe nuclei, it must be 
positioned in the field of view (see Note 2).

 1. (Optional) To prevent the micropipette from adhering to the 
cells, immerse the tip in 0.3 mg/mL PLL-g-PEG solution for 
1 h at room temperature (see Note 3).

3.3 Applying Force 
to the Nucleus

Table 1 
P1 is approximately equal to Pc; other pressures are negligible; therefore, 
the suction pressure is equal to P1 to a good approximation

P1 (hPa) h (mm) Ph (hPa) Pc (hPa) Force (nN)

12.72 3.53 0.347 12.58 0.2516

50 0.88 0.086 50.1 1.002

100 0.44 0.043 100.1 2.002

200 0.21 0.021 200.2 4.004

300 0.14 0.014 300.2 6.004

400 0.11 0.01 400.2 8.004

500 0.08 0.008 500.2 10.004

600 0.06 0.006 600.2 12.004
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 2. Load the micropipette (0.5 μm diameter tip) into the capillary 
holder.
(a) CAUTION: Fine micropipettes are very sharp; use care 

when handling to avoid personal injury.
 3. Peel back the plastic wrap on the environmental chamber (as 

described above) to allow entry of the micropipette.
 4. Lower the micropipette by twisting the joystick that controls 

the manipulator clockwise until the tip immerses in media. 
Position the tip as close to the center of the objective as possi-
ble (use “coarse” or “fine” mode on the micromanipulator for 
large or small micropipette movements, respectively).

 5. Adjust the focus to a plane above the cells, switch from “DIC” 
to the “phase” optical configuration on the NIS-Elements soft-
ware, and remove the polarizer from the light path. This con-
figuration makes the shadow of the micropipette easier to see.

 6. Move the micropipette back and forth (along y-axis), watching 
the screen carefully for a shadow.

 7. Locate the tip of the micropipette using fine movements on 
the micromanipulator.

 8. Bring the cells back into focus and lower the micropipette 
until the shape of the pipette is visible in the focal plane of the 
cells. Return to the DIC optical configuration and return the 
polarizer into the optical path.

 9. The tip should always be clear of any cell debris and cleaned 
(see Note 4) regularly.

 10. Set the desired pressure P1 (in hPa) on the microinjector. 
Allow the height of the fluid in the micropipette to equilibrate 
(Fig. 1B).

 11. Insert the tip of the micropipette into the cell, as close to the 
edge of the nucleus as possible (see Note 5).

 12. Touch the tip of the micropipette to the nuclear surface (see 
Note 6), and then seal it to the surface by disconnecting the 
outlet tube of the microinjector to open the end of the capil-
lary to the atmosphere.

 13. Set up an .avi acquisition in Nikon Elements software. Set the 
desired frames per second and then begin recording.

 14. Switch to fluorescent microscopy by adding the appropriate 
excitation and emission filters to the light path.

 15. Translate the micropipette away from the nucleus by steadily 
moving the joystick to the right (laterally) (see Note 7).

 16. Continue moving the tip and recording until the nucleus 
eventually detaches from the micropipette. Work quickly to 
avoid photobleaching.

 17. End the .avi acquisition and save the raw data file for later 
analysis.

Vincent J. Tocco et al.
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We use a custom MATLAB script to analyze images, but any other 
image-processing software (e.g., FIJI) will work as well. The extent 
of deformation is quantifiable in multiple ways from images of the 
initial nuclear shape and the deformed shape: length strain (Fig. 2A) 
or maximum nuclear deformation (Fig.  2B). The time scale of 
relaxation is calculated by fitting an exponential decay to a plot of 
length strain as a function of time.

4 Notes

 1. We used the DNA minor groove-binding SYTO dyes because we 
found that they did not affect nuclear mechanical properties 
when compared to unlabeled nuclei. Labeling the nucleus with 
GFP-histone H1 made the nucleus stiffer in fibroblasts [22]. 
Other small-molecule dyes (e.g., Hoechst 33342) may damage 
DNA or otherwise alter nuclear properties in live cells [23]. 
Whenever possible, use fluorophores with long wavelengths (i.e., 
red-shifted) to minimize the deleterious effects of phototoxicity. 
Also, minimize exposure time and excitation light power.

3.4 Data Analysis
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Fig. 2 Useful nuclear properties measurable with the direct force probe. (A) Length strain schematic and cal-
culation are shown with average length strain as a function of suction force. Data is mean ± SEM, and all are 
statistically different at p < 0.05. n = 6, 7, 14 for 2 nN, 4 nN, and 6 nN, respectively (plot reproduced with 
permission from PNAS [22]). (B) Schematic explaining how to measure the maximum nuclear deformation and 
the relaxation of maximum deformation by measuring non-overlapping areas of the nucleus (Reproduced with 
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 2. It is very important to avoid lowering the tip of the micropi-
pette too far before the tip is located in the field of view, as the 
fragile tip can easily break on the surface of the culture dish.

 3. The blocking step can prevent cell debris and dead cells from 
adhering to the body of the micropipette. We did not detect 
nuclear deformation when there is no suction pressure in the 
capillary (not shown); therefore, we conclude that there is no 
adhesion between the nucleus and the micropipette tip.

 4. To check whether the pipette is clogged, apply the maximum 
possible pressure with the microinjector system (ensure the tip 
is away from live cells). If bubbles emerge from the tip into the 
cell media, this indicates that the micropipette is clear.

 5. If the micropipette is held in the cell for long times, it may 
cause cell death. We have confirmed that the cell remains viable 
within the 30 s time scale of the experiment by adding ethid-
ium homodimer-2, which diffuses into cell and appears red if 
the membrane is damaged [22].

 6. The relatively small area of the tip (compared to the surface 
area of the nucleus) prevents substantial flow of water across 
nuclear pores into the capillary, which would decrease the 
actual pressure applied. The formula below (derived in [22]) 
illustrates the higher resistance to flow in the micropipette 
compared to through nuclear pores:

 

P P

P P
m

s p

0

0

1
1

-( )
-( )

=
+j j/

 

In the above equation, P0 is the hydrostatic pressure inside 
the nucleus, Pm is the pressure at the outer membrane surface, 
Ps is the applied suction pressure, and φ and φp are the filtration 
coefficients in nuclear pores and in the micropipette, respec-
tively. Using common literature values, we estimated the ratio 
in the denominator to be extremely small (φ/φp  <  10−5). 
Therefore, there is a negligible pressure drop across the nuclear 
membrane if a 0.5 μm-diameter micropipette is used, despite 
the fact that fluid flows through nuclear pores (for the com-
plete derivation, see the supplemental information of [22]).

 7. The pulling rate can be controlled automatically with a com-
puter, but we found it simpler to perform the pulling manually 
with the micromanipulator joystick. To test whether variations 
in the manual loading rate could affect the nuclear response, 
we calculated the loading rate from several experiments by 
tracking the deformation of the leading nuclear edge over time 
(loading rate is the maximum slope of the cubic fit; Fig. 3B). 
We found no correlation between nuclear mechanical response 
and loading rate (Fig. 3C).
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Chapter 9

Centrifugal Displacement of Nuclei in Adherent Cells 
to Study LINC Complex-Dependent Mechanisms 
of Homeostatic Nuclear Positioning

Ruijun Zhu and Gregg G. Gundersen

Abstract

The positioning of the nucleus is critical for key cellular processes including division, migration, and dif-
ferentiation. Traditional approaches to understanding the functions and mechanisms of nuclear position-
ing have relied upon cellular systems in which nuclei move in response to stimuli or developmental 
programs and use molecular or pharmacological perturbations of nuclear and cytoskeletal elements. 
Here, we describe a complimentary approach to perturbing nuclear position in adherent cells using cen-
trifugal force and how this may be used to understand LINC complex mechanisms of homeostatic nuclear 
positioning.

Key words LINC complex, KASH protein, Nesprin, SUN protein, Nuclear positioning

1 Introduction

Eukaryotic cells specifically position their nucleus in many cellular 
contexts, from division to migration to tissue homeostasis [1]. 
Studies of actively moving nuclei during these processes have 
revealed an important role for nuclear membrane KASH (Klarsicht, 
ANC-1, Syne homology) proteins and SUN (Sad1, UNC-84 
homology) proteins, which together comprise the LINC (linker of 
nucleoskeleton and cytoskeleton) complex [2–4]. The LINC com-
plex spans the inner and outer nuclear membrane and through the 
KASH proteins (also referred to as nesprins in vertebrates) allows 
the nucleus to attach to actin filaments, microtubules, and inter-
mediate filaments. Nuclear positioning can be altered by disrup-
tion of the LINC complex, proteins associated with LINC complex, 
or the cytoskeleton (and its regulators), and this is accompanied by 
defects in cell polarization, migration, and/or division [5–18]. To 
date, virtually all studies of the mechanism of nuclear positioning 
and its possible role have relied on molecular perturbations such as 
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knockdown, expression of disease variants or dominant negative 
inhibitors, or treatment with small molecule inhibitors. Because of 
the difficulty in ruling out possible roles of the disrupted or inhib-
ited proteins in processes other than positioning the nucleus, it has 
been difficult to determine whether nuclear positioning per se has 
a direct role in the cellular behaviors under study.

Several approaches have been developed to exert physical force 
on the nucleus to alter its position in cells, including applying suc-
tion to the nucleus with a microneedle [19] or hydrodynamic drag 
to cells (and their nuclei) using air bubbles under shear flow [20]. 
Although each method has its advantages, they are primarily 
restricted to analysis of single cells, can involve tedious microma-
nipulation, and may present technical challenges in determining 
the amount of force applied.

To develop a more efficient method to move the nucleus, we 
decide to use centrifugal force. Centrifugation has been used to 
enucleate cultured cells since the 1970s [21–23]. It has also been 
used to displace nuclei in yeast to study the relationship between 
the nucleus and the cell division plane [24]. We modified a method 
used to enucleate adherent mammalian cells [25], so that it could 
be used instead to displace the nucleus (Fig. 1) [26]. We omitted 
cytoskeletal drugs used in the enucleation procedure and 

Step 1, 
Section 3.2

Centrifugal force

Step 3, 
Section 3.2

Steps 3 -5,
Section 3.2

Steps 6–8,
Section 3.2DMEM

30 min, 
various g,

36 °C

Fig. 1 Schematic of the centrifugation method to displace nuclei illustrating how a wounded monolayer is 
oriented within the adaptor and centrifuge tube. The rotor diagram was adapted from Beckman booklet PN 
L5-TB-069PE. Redrawn from ref. [26] 
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additionally serum-starved cells to reduce levels of filamentous 
actin. With this method, nuclei can be displaced by centrifugal 
force in a wide variety of adherent cultured cells, including mouse 
NIH3T3 fibroblasts and C2C12 myoblasts and human HeLa car-
cinoma cells and HT1080 fibrosarcoma cells [26]. Additionally, if 
wounded monolayers of cells are centrifuged with the force 
orthogonal to the wound, nuclei are displaced toward the rear of 
the cells on one side of the wound and toward the leading edge on 
the other (Fig. 2). The displacement of the nucleus can be con-
trolled by varying the centrifugal force (or time), and at least at 
5000 × g, displacement of other organelles is minimal [26].

It is important to note that the nuclei displaced by centrifuga-
tion do not remain at their new location, but instead return to their 
original position over the course of 1–2 h. Thus, centrifugation 

Fig. 2 Centrifugal force displaces nuclei in wounded monolayers of NIH3T3 
fibroblasts. Monolayers were centrifuged at 5000 × g for 30 min and then fixed 
and stained for nuclei (DAPI) shown in blue and cell-cell junctions (β-catenin) 
and centrosomes (pericentrin) shown in green. Cells from both sides of the 
wound are shown. The nuclei are displaced toward the direction of centrifugal 
force indicated by the arrow. Note that the nuclei are toward the rear of the cell 
on one side of the wound and toward the front on the other (based on the direc-
tion of migration into the wound). Bar: 10 μm
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revealed mechanisms of homeostatic nuclear positioning, which 
were found to depend on different LINC complexes and cytoskel-
etal elements depending on the confluency of the cells, and in 
wound edge cells, on the position of the nucleus relative to the 
front-back axis of the cell [26]. As pretreating the cells with lyso-
phosphatidic acid, a serum-derived factor that triggers nuclear 
movement via activating Cdc42-dependent pathways [27], or 
expressing dominant negative LINC complex proteins, altered the 
extent of displacement by centrifugation [26], this method can also 
be used as an analytical tool to study the mechanisms of nuclear 
anchoring. Here we will describe the detailed methods for using 
centrifugation to artificially displace nuclei in adherent cells.

2 Materials

All solutions should be prepared with ddH2O.

 1. Adherent tissue cultured cells (e.g., NIH3T3 fibroblasts or 
other adherent cells).

 2. Growth medium: DMEM, 10 mM Na-HEPES, pH 7.4, and 
10% calf serum (see Note 1).

 3. Serum-free medium: DMEM, 10 mM Na-HEPES; 0.1% fatty 
acid-free BSA.

 4. 1 M Na-HEPES, pH 7.4 stock: 1 M HEPES (4-(2-hydroxy-
ethyl)piperazine-1-ethanesulfonic acid) is dissolved in ddH2O 
and the pH adjusted to 7.4 with NaOH, sterile filtered, and 
stored at 4 °C. The 1 M Na-HEPES stock is diluted 1:100 in 
DMEM to give a final concentration of 10 mM.

 5. Conditioned medium: Serum-free medium harvested from 
100 mm dishes of cells (see Subheading 3.1 below).

 6. Acid washed coverslips: 22 mm2 or 10 × 12 mm No. 1.5 glass 
coverslips are placed in porcelain coverslip racks (Thomas 
Scientific); washed in 1 N HCl for 10 min; rinsed for 10 min 
with running water, followed by two rinses each in ddH2O and 
95% ethanol; and then dried in a covered beaker and stored 
sterile (see Note 2).

 7. Forceps for handling glass coverslips.
 8. Tissue culture plates: 6-well plate for 22 mm2 coverslips; 

12-well plate for 10 × 12 mm coverslips.

 1. Centrifuge tube adaptors: 22 mm (fitted for 22 mm2 cover-
slips) or 10 mm (fitted for 10 × 12 mm coverslips) adaptors 
made of polysulfone (Fig. 3).

 2. Centrifuge tubes: ultraclear centrifuge tubes (Beckman No. 
344058) for 22 mm adaptor or polyallomer centrifuge tubes 
(Beckman No. 326819) for 10 mm adaptor.

2.1 Preparation 
of Cells 
for Centrifugation

2.2 Centrifugation 
of Cells
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 3. Swinging bucket rotor: We use Beckman model SW28 
(for 22 mm adaptor) or SW55 (for 10 mm adaptor) rotors.

 4. Ultracentrifuge.
 5. Forceps.

 1. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4. Adjust pH to 
7.4.

 2. 4% paraformaldehyde (PFA) fixation buffer: 32% PFA aqueous 
solution (EM Grade, Purified, Electron Microscopy Sciences 
No. 15714) is diluted with PBS to a final concentration of 4%.

 3. Methanol.
 4. Blocking buffer: PBS, 0.3% Triton-100, 5% BSA.
 5. 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI).
 6. Rhodamine phalloidin (A12379, Thermo Fisher Scientific).
 7. Mounting media: Fluoromount-G (Southern Biotech. Cat # 

0100-01).
 8. Glass microscope slides.
 9. Imaging chamber: Chamber for replaceable 22 mm2 square 

coverslips (Bioscience Tools, Cat # CSC-22x22).
 10. Widefield epifluorescence microscope equipped with a digital 

camera and imaging software.

2.3 Fixation 
and Immunofluore
scence Staining

Fig. 3 Image of adaptors for holding coverslips during centrifugation. The large 
adaptor holds 22 mm2 coverslips; the small adaptor holds 10 × 12 mm cover-
slips. The original design was by Vladimir Rodionov, University of Connecticut
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3 Methods

 1. Passage NIH3T3 fibroblasts onto an acid-washed coverslips in 
a 6-well dish and grow until ~80% confluent.

 2. Serum starve NIH3T3 fibroblasts. Wash the coverslips with 
the cells with sterile PBS and then remove the coverslips with 
a sterile forceps, and dip them sequentially into 4 × 60 mm 
dishes containing 10 mL serum-free medium before putting 
them into a new 6-well dish containing 2 mL serum-free 
medium in each well. Incubate cells in serum-free medium for 
48–72 h in a 37 °C incubator.

 3. Prepare conditioned medium. While the cells on coverslips are 
being serum starved, starve one or more 100 mm dish(es) of 
near confluent NIH3T3 fibroblasts by changing the medium 
from serum containing to serum-free medium. Wash cells with 
PBS once followed by three washes with serum-free medium. 
Add 8 mL of serum-free medium to each dish. After 48 h, col-
lect serum-free medium from the dish(es) and filter through a 
0.22 μm sterile filter to remove debris in the medium. 
Conditioned medium can be stored for several weeks at 4 °C.

 1. Cells for centrifugation can be sparse or confluent. For 
wounded monolayers, gently scrape one or more wounds 
across the monolayer with a sterile 200 μL pipette tip (Fig. 1). 
The wounds should be aligned parallel with the coverslip edge. 
Allow wounded monolayers to recover for at least 1 h in a 
37 °C incubator.

 2. Prewarm the ultracentrifuge and the rotor to 36 °C (see Note 3).
 3. Assemble the centrifuge tube with the coverslip (Fig. 1). Place 

the coverslip in the adaptor with the cell side facing up. For 
wounded monolayers, orient the wound so that it will be 
orthogonal to the centrifugal force (see Fig. 1). Make sure the 
coverslip is well seated in the adaptor by gently pressing the 
coverslip against the adaptor. This will help prevent the cover-
slip from floating. Before centrifuging, it is useful to break one 
corner of the coverslip that is closer to the opening of the 
adaptor to mark the centripetal side.

 4. Fill the centrifugal tube with conditioned medium (see Notes 
4 and 5).

 5. Use forceps to hold the adaptor from the cleft as well as the 
hole drilled in the top surface to accommodate a screw (the 
dotted box shown in Fig. 1), and put the adaptor into the cen-
trifugal tube. When the adaptor is at the bottom of the tube, 
make sure the cell side of the coverslip is not touching the 
adaptor.

 6. Assemble the centrifuge tube into the bucket (Fig. 1). Make 
sure the adaptor is aligned such that the cells face upward 

3.1 Preparation 
of Cells

3.2 Centrifugation 
of Cells
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during centrifugation; if using wounded monolayers, align the 
adaptor and coverslip so that centrifugal force will be orthogo-
nal to the wound (see Note 6).

 7. Balance centrifuge tubes by adding conditioned medium as 
necessary.

 8. Centrifuge the samples at desired speed (e.g., 5000 × g) for 
30 min at 36 °C (see Notes 7 and 8).

 9. After the centrifugation is complete, remove the adaptor with 
the coverslip from the centrifuge tube using a pair of forceps. 
Remove the coverslip from the adaptor for either fixation or 
live recording (see Note 9).

 1. Place the centrifuged coverslip into a 35 mm dish containing 
~2 mL PBS.

 2. For PFA fixation: Aspirate the PBS from the dish and add 1 mL 
4% PFA. Fix the sample for 10 min at room temperature.

 3. For methanol fixation: Plunge the coverslip into methanol 
pre-chilled to −20 °C and fix for 5 min. The coverslip can either 
be placed into a porcelain coverslip rack in a beaker containing 
the pre-chilled methanol (−20 °C) or any glass dish or plate 
that will hold a 22 mm coverslip. Fix for 5 min (see Note 10).

 4. Wash the PFA or methanol-fixed coverslip three times with 
PBS (5 min each rinse) at room temperature.

 5. Incubate the coverslip with blocking buffer in room tempera-
ture for 1 h.

 6. Wash the coverslip briefly and then incubate the coverslip with 
the primary antibody diluted in blocking buffer for 1 h at 
room temperature.

 7. Wash the coverslip three times with PBS, 5 min each time at 
room temperature.

 8. Incubate the coverslip with secondary antibody diluted in 
blocking buffer containing 1:1000 DAPI (to stain the nucleus) 
and/or 1:200 rhodamine phalloidin (to label F-actin to show 
cell contour if cell periphery is not depicted by primary anti-
body) for 1 h at room temperature.

 9. Wash the coverslip three times with PBS, 5 min each time at 
room temperature.

 10. Mount the coverslip by placing a drop of mounting media 
onto a clean glass slide. Seal the coverslip with nail polish 
after the mounting media is solidified to avoid unnecessary 
movement of the coverslip. Store slides at 4 °C in the dark.

 11. Take fluorescence images of the cells with a widefield epifluo-
rescence microscope, and construct an overlay image showing 
the nucleus (DAPI stain) and the cell contours (actin) using 
imaging software.

3.3 Analysis 
of Nuclear Position by 
Immunofluorescence
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 12. Analyze position of the nucleus by using image analysis 
software to calculate the centroid of the cells and the centroid 
of the nucleus. For wounded monolayers the position of the 
nucleus can also be plotted with respect to the front and the 
back of the cells (see Note 11).

4 Notes

 1. This media is optimal for growth of NIH3T3 fibroblasts. 
Other cell lines may require different media or serum for 
optimal growth.

 2. The 22 mm2 coverslips are used for the large (22 mm) centri-
fuge adaptor. For the smaller (10 mm) centrifuge adaptor, 
22 × 60 mm No. 1.5 coverslips are cut with a diamond pen 
into 10 × 12 mm coverslips.

 3. Depending on the specific model of the ultracentrifuge, it 
usually takes about 1–2 h for the machine and the rotor to 
equilibrate to 36 °C. Previous studies of enucleation found 
that when the temperature is below 25 °C, enucleation effi-
ciency decreased dramatically [28], suggesting that the appro-
priate temperature is important for centrifugal force to displace 
the nucleus.

 4. Conditioned media is used when starved cells are used. If 
serum is not deprived from the cell culture, Subheading 3.1, 
steps 2 and 3 can be omitted.

 5. 10 mL conditioned media is put into 22 mm adaptor tube, 
while 2 mL conditioned media is put into 10 mm adaptor tube 
in order to make sure the coverslip and adaptor are fully 
immersed in the media during centrifugation.

 6. The centrifuge tubes may need to be trimmed with a pair of 
scissor to avoid friction-induced rotation by the bucket lid 
when closing and opening the bucket.

 7. The centrifugal force and time of centrifugation can be 
adjusted to obtain different degrees of nuclear displacement. 
With NIH3T3 fibroblasts, forces between 1000 and 
20,000 × g for 30 min yielded a linear increase in nuclear dis-
placement. We also found that other cell types may require 
higher g forces [26].

 8. The ultracentrifuge is set to 36 °C to avoid overheating the 
sample. Note that the chamber temperature will increase dur-
ing de-vacuum.

 9. Centrifuged cells can also be used for real-time live cell imag-
ing. Place the centrifuged coverslip in a 35 mm dish filled with 
prewarmed PBS (37 °C), and then assemble it into an imaging 
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slide or dish for live cell recording. During the assembly of 
imaging device for live cell imaging, remember to mark the 
device so that the orientation of the centrifugal force relative 
to the cells is known.

 10. The choice between PFA and methanol fixation depends on 
the proteins being stained by immunofluorescence. For 
example, PFA fixation must be used for staining F-actin with 
rhodamine phalloidin, whereas methanol fixation is optimal 
for staining microtubules with antibodies.

 11. It is useful to develop an automated method to measure the 
position of nuclei in cells. We use in-house developed software 
called Cell Plot that is available online at http://www.colum-
bia.edu/~wc2383/software.html. This software automatically 
recognizes the nucleus by the DAPI signal. The cell contour is 
manually drawn and then used to calculate the cell centroid. 
The position of the nucleus determined by the DAPI signal is 
then used to calculate the distance relative to the cell centroid. 
For cells at the wound edge, the position of the nucleus is 
reported as the distance along the front-back axis of the cell. 
For all measurements, the position of the nucleus is calculated 
as a value relative to the cell size to allow cells of different size 
to be compared and included in the analysis [29].
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Chapter 10

Assembly and Use of a Microfluidic Device to Study Cell 
Migration in Confined Environments

Jeremy Keys, Aaron Windsor, and Jan Lammerding

Abstract

Cells migrating in tissues must often pass through physical barriers in their surroundings in the form of 
fibrous extracellular matrix or other cells. To improve our understanding of how cells move in such con-
fined microenvironments, we have designed a microfluidic device in which cells migrate through a series 
of three-dimensional polydimethylsiloxane (PDMS) constrictions with precisely controlled geometries 
that mimic physiological pore sizes. The migration device offers an experimental platform that combines a 
well-defined three-dimensional (3D) environment with a setup well suited for imaging confined cell migra-
tion at high spatial and temporal resolution. In this protocol, we describe the fabrication and use of these 
devices using standard soft lithography techniques and light microscopy. Analysis of live-cell time-lapse 
series of cells with fluorescently labeled nuclear and/or cytoskeletal structures migrating in the devices can 
reveal new insights into the molecular processes required for confined migration, including the role of the 
linker of nucleoskeleton and cytoskeleton (LINC) complex, which has been implicated in 3D migration.

Key words Cell migration, Confined environments, Microfluidics, Nucleus, LINC complex, 
Microscopy, Live-cell imaging

1 Introduction

Cell migration represents a crucial step in a variety of biological 
processes, including cancer metastasis, inflammation, and wound 
healing. In the in vivo tissue environment, interstitial spaces, extra-
cellular matrix networks, and other cells constitute a confined envi-
ronment for migrating cells. Dense fibrous tissue matrix and layers 
of endothelial cells form narrow constrictions, which measure 0.1–
30 μm in diameter [1, 2]. To move through such tight spaces, cells 
must produce significant intracellular forces to compress their 
nucleus, as it is typically the largest and stiffest organelle [3–5]. 
Prior work has suggested that the linker of nucleus and cytoskele-
ton (LINC) complex facilitates the transmission of forces from 
contractile actomyosin fibers to the nucleus during confined migra-
tion [6–10]. Consequently, depletion of LINC complex proteins 
such as Nesprin-2 and Nesprin-3 reduces migration speed through 
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confining environments and impairs the cell’s ability to deform its 
nucleus [6–9]. Since the dimensionality of the cell environment 
modulates migratory behavior, the study of cell migration in vitro 
requires model systems that faithfully reproduce the 3D confine-
ments of biological tissue (Fig. 1A, B) [11]. Additionally, to eluci-
date the dynamic nuclear and cytoskeletal processes that mediate 
nuclear translocation in confined spaces, these model systems must 
also enable the detailed observation of cells by time-lapse micros-
copy by confocal or wide-field microscopy.

Many tools have been developed for the study of confined migra-
tion in vitro [12, 13]. One popular group of devices are transwell 
invasion assays, such as the Boyden chamber. However, these systems 
have a limited ability to directly observe cells during migration, as 
cells in these chambers migrate perpendicular to the imaging plane. 
Another approach for studying confined migration are extracellular 
matrix scaffolds (e.g., collagen or Matrigel). These scaffolds are 
generated through random self-assembly of matrix fibers, which 
produces an environment that closely mimics biological tissue but 
provides only limited control over the size of individual pores. In 
recent years, microfluidic devices have been developed using soft 

Fig. 1 Overview of the migration device. (A) Top-down view of migration device, with food coloring added to 
enhance details. Cell culture media is added into the media reservoirs (i). Cells are seeded into the devices 
through seeding ports (ii) that lead to the 5-μm-tall area with the constrictions (iii). Larger bypass channels (iv) 
allow rapid equilibration of media reservoir levels to prevent flow through constrictions, facilitating formation 
of a chemotactic gradient by diffusion if serum or growth factors are added to one of the reservoirs. (B) Image of the 
5-μm-tall area of the device with 2-μm-wide constrictions without cells present. Scale bar 25 μm. (C, D) 
Images of constriction area containing MDA-MB-231 breast cancer cells expressing an mCherry-actin chro-
mobody and an mNeonGreen- H2B histone label. Panel (C) depicts a cell as it starts to pass through a constriction. 
Scale bar 25 μm
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lithography techniques to reproduce the physical confinements of the 
in vivo tissue environment [12, 14, 15]. These devices feature chan-
nels of defined geometries through which the cells must migrate, 
either spontaneously or following a chemotactic gradient. These 
microfluidic platforms are quite versatile as they provide the user with 
flexibility in the design and layout of constrictions.

In this protocol, we describe the design and use of a polydimeth-
ylsiloxane (PDMS) microfluidic device with a series of tight con-
strictions located between two larger chambers (Fig. 1B, C) [14]. 
Cells are seeded in one of the chambers and then migrate through 
a section 5 μm in height containing constrictions between 1 and 
2 μm in width, formed by 30 μm wide circular pillars  (Fig. 1). 
Additionally, there is a set of 15-μm-wide constrictions, which cells 
can migrate through without deforming their nucleus and which 
serve as an important control to assess effects independent of 
nuclear confinement. Unlike other microfluidic devices, in which 
cells often move through long, continuously confining channels, 
the confinement in the device described here is limited to a very 
short segment, i.e., cells move through a single, tight constriction, 
enter a less confined region, and then encounter the next constric-
tion. This design seeks to reproduce the varied, discontinuous 
sequence of pores and confinement which cells are subjected to 
during in vivo migration, such as matrix fibers or endothelial cell 
layers [1, 16]. These devices have already aided in our initial stud-
ies of dynamic processes that occur during confined migration, 
such as the rupture of the cell nucleus and the essential role of 
perinuclear myosin IIB in moving the nucleus through narrow 
constrictions [7, 17].

To produce these devices, SU-8 microfluidic features are formed 
onto a silicon wafer through photolithography. Next, a PDMS replica 
is cast from the SU-8 features; the PDMS is cut into individual devices, 
bound to a glass slide, functionalized with extracellular matrix (ECM) 
solution, and seeded with cells. Following a period of incubation to 
allow cells to enter the constrictions, analysis of cell migration can be 
performed by live-cell imaging or standard immunofluorescence tech-
niques. This protocol will outline the procedures necessary for both 
producing these devices and using them for the study of confined 
migration (Fig. 2). The protocol assumes basic familiarity with SU-8 
and PDMS soft lithography. For users new to soft lithography, we 
recommend Qin et al. as a good starting point [18].

2 Materials

 1. CZ silicon wafer, 4 in. diameter, type N, 525 μm thick, <1-0- 
0> orientation (Silicon Quest International).

 2. Chrome photomask on a quartz substrate, 5″ × 5″ × 0.090″ 
(Telic, Valencia, CA).

2.1 Photolithography
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 3. Heidelberg DWL 2000 mask writer (Heidelberg Instruments, 
Heidelberg, Germany).

 4. Long-pass filter for near-UV light (PL-360LP from Omega 
Optical or equivalent).

 5. AutoCAD software (Autodesk, Mill Valley, CA) or equivalent.
 6. Mask aligner system (ABM, San Jose, CA).
 7. Molecular vapor deposition system (SPTS Technologies, 

Newport, RI).
 8. Kapton polyimide film (DuPont, Wilmington, DE).
 9. Oven suitable for temperatures up to 150 °C.
 10. CEE Model 100 spin coater, or equivalent (Brewer Sciences, 

Rolla, MO).
 11. SU-8 2005 photoresist (MicroChem, Newton, MA).
 12. SU-8100 photoresist (MicroChem, Newton, MA).
 13. SU-8 developer (MicroChem, Newton, MA).
 14. Semiconductor grade acetone.

Fig. 2 Overview of migration device fabrication. (i) SU-8 microfluidic features are developed onto a silicon 
wafer through photolithography. (ii) A PDMS replicate of these features is formed using a two-part elastomer 
curing-base mixture. (iii) Optionally (but recommended), a secondary plastic mold can be cast from the initial 
PDMS replicate, which will be used to form additional PDMS devices. (iv) Using a similar process to step ii, a 
PDMS replicate is formed from the secondary plastic mold. (v) The PDMS replicate is cut into 12 device 
“chips.” Each “chip” contains two independent microfluidic devices, each with the features shown in Fig. 1. 
(vi) Media reservoirs (labeled i in Fig. 1A) and seeding ports (labeled ii in Fig. 1A) are cut out using biopsy 
punches. (vii) Devices are cleaned with IPA and DI water, treated using a plasma cleaner, and then covalently 
bound to glass slides. (viii) Devices are functionalized with extracellular matrix proteins prior to adding cells 
through the seeding ports (labeled ii in Fig. 1A) and filling reservoirs with cell media. At this point, devices may 
be incubated until ready for analysis using live-cell imaging or immunofluorescence
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 15. Cleanroom swab (Texwipe TX761 Alpha Swab with long han-
dle, or equivalent).

 16. CMOS grade isopropyl alcohol (IPA).
 17. Deionized (DI) water.
 18. >95% (1H,1H,2H,2H-perfluorooctyl)trichlorosilane (FOTS) 

(Gelest Inc., Morrisville, PA).

 1. 150 mm petri dish.
 2. Sylgard 184 silicone elastomer base and curing agent (Dow 

Corning, Midland, MI).
 3. Stirring rod for mixing elastomer base and curing components.
 4. Vacuum pump (Oerlikon Trivac D2.5E).
 5. Vacuum desiccator (Catalog# Fisher 08-594-16C).
 6. Oven suitable for temperatures of 65 °C (e.g., VWR Gravity 

Convection Oven, Catalog# 414005-108, or equivalent).

 1. Biopsy punches (1.2 and 5 mm).
 2. 24  mm  ×  60  mm Number 1.5 Micro Cover Glass (VWR, 

Radnor, PA, Catalog# 48393-251) stored overnight in 0.2 M 
hydrochloric acid.

 3. Isopropyl alcohol (IPA).
 4. DI water.
 5. 70% ethanol.
 6. Oxygen plasma cleaner (Harrick Plasma, Catalog# PDC-001).
 7. Type I collagen (50 μg/mL in 0.02 M glacial acetic acid) or 

fibronectin (5 μg/mL in PBS) solution.
 8. Dulbecco’s phosphate-buffered saline (DPBS), no calcium, no 

magnesium (Thermo Fisher, Waltham, MA, Catalog# 14200- 
075 or equivalent).

 9. Cells of interest (see Note 1).
 10. Cell culture media appropriate for cells of interest.
 11. Pipettes and tips for loading devices (20 and 200 μL pipettes 

work well).

 1. Inverted fluorescence microscope. Microscope should have 
objective with 20× magnification and fluorescence excitation/
emission filters for GFP and/or other fluorophores of interest.

 2. Stage-top incubation chamber for microscope to maintain 
temperature at 37 °C. Humidity control is optional, as micro-
fluidic devices can be sealed.

 3. Microscope-mounted CCD or CMOS camera for image 
acquisition.

2.2 Casting 
of Migration Devices 
in PDMS

2.3 Mounting 
and Seeding 
of Devices

2.4 Microscopy 
and Analysis
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 4. Image acquisition software, such as ZEN BLUE (Zeiss), 
Micromanager, or others.

 5. ImageJ, FIJI, MATLAB, or other software for image analysis.

3 Methods

All photolithography steps should be performed in a dedicated 
clean-room facility under standard clean-room conditions, with 
protective equipment and sufficient ventilation underneath a fume 
hood. The development of SU-8 microfluidic features onto a sili-
con wafer is described below:

 1. Generate a design for the mask using CAD software and the 
downloaded CAD files. The device design and geometry are 
described in detail in Davidson et al. [14]. The CAD files for 
the device can be downloaded at http://lammerding.wicmb.
cornell.edu/.

 2. Using a Heidelberg DWL 2000 Mask Writer, develop the 
chrome photomask based on the CAD design layout. This 
photomask will be used to expose the design features in SU-8 
photoresist onto the silicon wafer using near-ultraviolet (UV) 
light.

 3. Clean silicon wafer using standard metal oxide semiconductor 
(MOS) cleaning procedures (see Note 2), and bake overnight 
at 90 °C to dehydrate.

 4. Coat wafer with ~2 mL of SU-8 2005 (MicroChem), and spin 
down using a spin coater (CEE Model 100 spin coater, or 
equivalent) at 3000 RPM for 30  s (see Note 3) to obtain a 
5-μm-thick layer, which will be used for the design of the first 
layer with the 5-μm-tall features.

 5. Allow the SU-8 to relax for 10 min at room temperature (RT). 
Then remove 5 mm of excess SU-8 from the edge of the wafer 
perimeter using a clean-room swab soaked in acetone.

 6. Bake the wafer on a hot plate from RT to 65 °C at a rate of 
2.0  °C/min, hold at 65  °C for 10  min, then remove from 
plate, and allow to cool back to RT (see Note 4).

 7. Expose the wafer to near-UV light at 365 nm using an ABM 
contact aligner with a long-pass filter for 40 s (see Note 5).

 8. An hour after exposure, bake the wafer on a hot plate from RT 
to 95 °C at a rate of 2.0 °C/min, hold at 95 °C for 1 min, and 
then leave to cool back to RT.

 9. Place wafer in SU-8 developer overnight to remove unexposed 
SU-8.

3.1 Photolithography
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 10. Rinse wafer with fresh SU-8 developer, then rinse with isopro-
pyl alcohol and deionized water two times each to clean.

 11. Bake wafer in an oven from RT to 150 °C for 20 min. Then 
shut off oven, and allow wafer to cool to RT. This step is a 
“hard-bake” step, which solidifies the first SU-8 layer and pre-
vents unwanted merging with the second layer.

 12. Dehydrate wafer overnight by baking at 90 °C.
 13. Cover the alignment marks on the wafer for the 5 μm layer 

using Kapton tape (see Note 6).
 14. For a thickness of 200 μm, coat wafer with ~2 mL SU-8100, 

and spin at 1500 RPM for 60 s (see Note 7).
 15. Allow the SU-8 to relax for 10 min, and then remove 5 mm of 

excess SU-8 from the edge of the wafer perimeter using a 
clean-room swab soaked in acetone.

 16. Bake the wafer on a hot plate with a lid (any cover is sufficient; 
we use a Pyrex petri dish cover) from RT to 55 °C at a rate of 
2.0 °C/min for 14 h, then increase to 60 °C at a rate of 2.0 °C/
min for 14 h, and then leave to cool back to RT.

 17. Score the edges of the Kapton tape with a razor and gently 
remove from the wafer.

 18. Expose the wafer on the contact aligner with a long-pass filter 
for 1 min, six times with 1 min of rest in between (see Note 8).

 19. Twenty minutes after exposure, bake the wafer on a hot plate 
with a lid. Increase the temperature from RT to 95 °C at a rate 
of 1.5 °C/min, hold at 95 °C for 1 min, and then leave to cool 
back to RT.

 20. Leave wafers in SU-8 developer overnight.
 21. Rinse wafer with fresh SU-8 developer, followed by a wash 

with isopropyl alcohol and deionized water, two times each.
 22. Bake wafers from RT to 60 °C for 2 h in an oven on an alumi-

num plate to remove moisture, and leave to cool in the oven to 
RT.

 23. Coat wafers with FOTS using a molecular vapor deposition 
(MVD) tool.

 24. Wafers can now be removed from the clean room and used for 
casting into PDMS (Fig. 2ii, iv).

From this point on, all components should be handled with nitrile 
gloves to minimize the risk of contamination of devices. All steps 
may be performed on a lab bench, until devices are assembled, 
sprayed with ethanol, and moved into a cell culture hood.

 1. Place the silicon wafer with SU-8 features facing upward into a 
150 mm petri dish (or use secondary plastic mold; see Note 9).

3.2 Casting 
of Migration Devices 
in PDMS
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 2. Add PDMS base and curing agents into a standard plastic cup 
at a 10:1 ratio (typically 50 g of base and 5 g of curing agent is 
sufficient for a set of 12 device chips), and stir vigorously for 
5 min to fully combine. The stirring of these components will 
cause many air bubbles to form in the mixture, and these must 
be removed through degassing prior to curing of the PDMS.

 3. Place PDMS mixture into a vacuum desiccator at 30 psi for 
20 min to eliminate bubbles and accelerate degassing of the 
polymer.

 4. Pour PDMS mixture over wafer (or secondary device mold), 
and allow 5–10 min to set at room temperature.

 5. Using a very light stream of pressurized air, blow directly over 
the surface of the PDMS in order to eliminate all remaining 
bubbles. After this step, PDMS should be completely clear.

 6. Preheat an oven to 65 °C, and then bake PDMS mixture in 
oven for at least 2 h (see Note 10).

 7. Remove mold from oven and allow PDMS to cool to room 
temperature (see Note 11).

 8. Using a razor, cut around edges of PDMS mold, ensuring that 
there is sufficient space in between the cut-edge and device 
features.

 9. Carefully peel PDMS out of the mold, ensuring that PDMS 
does not tear during removal. The molded PDMS will contain 
12 device “chips,” each of which contains 2 migration devices 
(Fig. 1A).

 10. Using a razor, cut PDMS into 12 device chip segments 
(Fig. 2v).

 11. Place PDMS devices onto clean packing tape, feature-side 
down, to protect devices from dust during storage.

 12. Store devices at room temperature, or proceed immediately to 
mounting onto glass slides for use with cells.

 1. Prior to mounting, store glass slides overnight in 0.2 M hydro-
chloric acid (see Note 12).

 2. Remove a device chip from packing tape and immediately pre-
pare for cleaning.

 3. Cut out holes for seeding ports and media reservoir into PDMS 
using biopsy punches (Fig. 1A, i and ii). Location of holes is 
marked on PDMS as part of the mask design. Media reservoirs 
are cut out using a 5 mm punch, while the seeding inlets should 
be cut out with a 1.2 mm punch (see Note 13).

 4. Hold device with forceps, and rinse with isopropyl alcohol 
(IPA), followed by deionized water. Repeat once (see Note 14).

3.3 Mounting 
and Seeding 
of Devices
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 5. Using pressurized air, dry device thoroughly, and then place 
inside of plasma cleaner, feature-side up.

 6. Repeat washing and drying steps on cover glass slides, and 
place inside of plasma cleaner alongside device (see Note 15).

 7. Close plasma cleaner and turn on pump and power switches. 
Wait a few minutes to allow the plasma cleaner to warm up, 
and then turn on the RF level (which regulates the intensity of 
plasma within the chamber) to high.

 8. Plasma treat the PDMS devices and glass cover slides for 5 min, 
adjusting the air intake in order to keep the plasma active (a 
bright pink color) throughout the treatment procedure (see 
Note 16).

 9. Turn off the plasma cleaner and release the air pressure very 
slowly.

 10. Remove the treated glass slide and PDMS device from the 
plasma cleaner, and place the device onto the glass slide, 
feature- side down (see Note 17).

 11. Using your thumb, press the device down firmly onto the glass 
slide. Press around the device to ensure that the whole device 
is firmly bonded to the glass cover slide (see Note 18).

 12. To improve adhesion of the PDMS to the glass, place the bonded 
device onto a hot plate at 95 °C for 5 min (see Note 19).

 13. Remove the device from the hot plate, and allow the device to 
cool for a few minutes, before spraying the outside of the 
device completely with ethanol and moving the device into a 
cell culture hood.

 14. Fill the media reservoirs with ethanol, and allow the device to 
incubate for 10 min at RT for sterilization.

 15. Remove ethanol from the device, and rinse the media reser-
voirs three times with PBS for 5 min each. Each device will 
hold between 150 and 200 μL of fluid.

 16. At this stage, the inside surfaces of the device can be function-
alized with various biologically relevant coating, depending on 
the cell line to be used and the experimental goals. We use 
fibronectin or collagen coatings for most cell lines. To func-
tionalize the inside of the device, fill devices with protein solu-
tion through seeding ports (Fig. 1A, ii), and allow the coatings 
several hours to set to the device surface (see Note 20, Table 1).

 17. Remove coating solution, and rinse the inside of the device three 
times using 180 μL of cell culture media applied to one of the 
reservoirs, allowing 5 min of incubation between each rinse.

 18. Prepare cells for seeding into devices (see Note 21, Table 1).
 19. Completely aspirate all media from devices, ensuring that 

bypass channels and device features are clear.
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 20. Pipette 6 μL of cell suspension into the seeding port on the 
same side of the device as the bypass channel (Fig. 1A). Seed 
cells into the right port on left device and left port on right 
device (see Note 22).

 21. Check seeding of the cells underneath a bright-field micro-
scope. The cells should be distributed evenly across the front 
of the device constriction channels (Fig. 3A). If the cells are 
biased toward one end of the constrictions (Fig. 3B), aspirate 
cells from the device, and repeat seeding process.

 22. Slowly add 180 μL of cell culture media into the media reser-
voir at the end of the device opposite from where cells were 
seeded (Fig. 1A, into top reservoirs). When media is added to 
one reservoir, it will flow through the constrictions and bypass 
channels to fill the reservoir on the opposite side. By adding 
media on the reservoir on the end of the device opposite the 
seeding channels, this prevents the inflow of media from pull-
ing cells off of the glass and potentially pushing them prema-
turely into the constrictions.

 23. Check cell seeding under microscope after this step to ensure 
that addition of media did not move cells from their original, 
uniformly seeded position.

 24. Place the device with cells into a 37 °C cell culture incubator, 
and incubate until ready to image.

Table 1 
Optimal cell seeding densities and concentrations of ECM coating to prepare migration devices

Cell line
Cells seeded per 
device ECM coating ECM incubation

HT1080 80,000 cells seeded 
minimum 2 h before 
imaging

50 μg/mL corning 354,236 rat 
tail collagen type I diluted in 
0.02 M acetic acid

4 °C overnight or 
longer

MDA-MB-231 on 
collagen

50,000 seeded 
minimum 2 h before 
imaging

50 μg/mL corning 354,236 rat 
tail collagen type I diluted in 
0.02 M acetic acid

4 °C overnight or 
longer

MDA-MB-231 on 
fibronectin

30,000 seeded 24 h 
before imaging

5 μg/mL Millipore FC010 
human plasma fibronectin 
diluted in PBS

4 °C overnight or 
longer, or 4 h at 
37 °C

Human fibroblasts 30,000 seeded 24 h 
before imaging

3 μg/mL Millipore FC010 
human plasma fibronectin 
diluted in PBS

4 °C overnight
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Time-lapse imaging of cells requires a microscope with an incuba-
tion chamber to maintain optimal cell culture conditions (i.e., ade-
quate temperature, CO2 concentration, humidity) throughout the 
imaging process (see Note 23). When using fluorescence micros-
copy, the experiments may require some troubleshooting to deter-
mine suitable excitation intensity, imaging intervals, exposure 
times, and imaging duration to avoid phototoxicity caused by 
repeated imaging throughout the experiment. Here, we will briefly 
outline our analysis protocol for studying nuclear transit in  confined 
migration, after a time series of migrating cells within these devices 
has been collected. Alternatively, cells can also be fixed within 
migration devices and processed with standard immunofluores-
cence staining techniques for further analysis of nuclear and cyto-
skeletal elements involved in nuclear translocation (see Note 24):
 1. Place the migration device in the microscope incubation cham-

ber, and bring the cells into focus. We find that a single region 
of constrictions is best visualized under 20× magnification to 
measure transit times, but higher magnification may be required 
to capture subcellular dynamics.

 2. Let the microscope with mounted migration device thermally 
equilibrate for 15–30 min to avoid drift of focus.

 3. Set up image acquisition software to capture region of interest 
within the device at regular time intervals (minimum of one frame 

3.4 Time-Lapse 
Imaging and Analysis 
of Cell Migration

Fig. 3 Recognizing potential issues with device loading and bonding. (A) Properly loaded cells with even dis-
tribution across the device. Scale bar 200 μm. (B) Uneven loading of cells in front of constrictions; bottom 
constriction section has no cells at entrance (arrow). Scale bar 200 μm. (C) Air bubbles in cell media formed 
within the device, blocking entry into the constriction channels. Scale bar 200 μm. (D) Cells migrating under-
neath constriction pillars (arrows), indicating insufficient bonding of PDMS pillars to glass. Scale bar 25 μm
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every 10 min, more frequent imaging may be necessary for faster 
migrating cells). Each device has six regions to capture, represent-
ing areas with different constriction sizes (three with 1 × 5 μm2 
constrictions, two with 2  ×  5 μm2 constrictions, and one with 
15 × 5 μm2 constrictions), and each chip contains two devices.

 4. Acquire time-lapse image series of all regions of interest over-
night (see Note 25).

 5. Using ImageJ, or an equivalent image analysis software, define 
the nuclear perimeter of each cell throughout the time series of 
images. If using cells modified to express fluorescently labeled 
proteins within the nucleus, you may define the nuclear perim-
eter using an intensity threshold (see Fig. 4). For cells express-
ing fluorescent nuclear markers, such as histone H2B-GFP, we 
have developed a MATLAB automated image analysis program 
for cell tracking and transit time analysis [19].

 6. For each cell attempting to pass through a constriction, define 
the time point at which the cell has “committed” to enter the 
constriction. This can be done by noting when the front of the 
nucleus crosses an imaginary line parallel to the center of the 
constriction (see Fig.  4, Note 26). Similarly, define the time 
point at which the nucleus has exited the constriction, either 
when the rear of the nucleus crosses a second imaginary line 
toward the rear of the constriction (successful pass; see Fig. 4) or 
when the nucleus backs out of the constriction, i.e., the front of 

Fig. 4 Analysis of nuclear transit time through constriction. Nuclear transit time is defined as the time for a cell 
to completely translocate its nucleus through a single constriction. The most robust metric for this measure-
ment is the time from when the nucleus “commits” to enter a constriction (i.e., crossing an imaginary dashed 
line, located 7 μm outside the constriction center, top dashed line) and begins to deform, to when it has fully 
passed the constriction (i.e., the trailing edge of the nucleus has passed an imaginary line 7 μm past the con-
striction center, bottom dashed line). This analysis can be performed manually or using automated particle 
tracking programs. The example shows an MDA-MB-231 breast cancer cell expressing an mCherry-actin 
chromobody and an mNeonGreen-H2B histone label. Scale bar 10 μm
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the nucleus is no longer inside the region between the imaginary 
lines (unsuccessful attempt). For successful passes, the “transit 
time” is defined as the time between the entry and exit point.

 7. Repeat this process for cells in the 15-μm-wide channels. This 
measurement is crucial when comparing different cell lines or 
treatment conditions, which may affect the overall motility of 
cells, regardless of nuclear confinement (see Note 27).

 8. Normalize the transit time of cells moving through the 1- and 
2-μm-wide constrictions to the average transit time of cells 
under the same condition (genotype, treatment) moving 
through the 15-μm-wide channels. This is considered the 
“normalized transit time” and describes the effect of the 
nuclear confinement on the migration efficiency.

 9. Compare normalized transit times between different constric-
tion sizes (e.g., 1 μm vs. 2-μm-wide constrictions), genotype, 
and treatment (e.g., LINC complex disruption vs. mock con-
trol) for analysis of migration times throughout the device.

4 Notes

 1. Most migratory cell lines should work well in these devices. We 
have had success with HT1080 fibrosarcoma cells, mouse 
embryonic fibroblasts, differentiated HL60 neutrophil-like 
cells, MDA-MB-231 metastatic breast cancer cells, and a vari-
ety of other invasive breast cancer cell lines.

 2. MOS cleaning is a 10 min base dip in one part NH4OH, one 
part H2O2, and six parts water for 10 min, DI water rinse, and 
an acid dip in one part HCl, one part H2O2, and six parts water 
for another 10 min with a final DI water rinse.

 3. It is important to slowly ramp up and ramp down from the 
3000 RPM top speed to ensure even spreading of the SU-8. 
The spin protocol we have found to be successful is ramped up 
to 500 RPM at 100 RPM/s for 10 s, increaseed to 3000 RPM 
at 300 RPM/s for 30 s, and then ramped down to 100 RPM 
at 100 RPM/s for 30 s before stopping.

 4. This preexposure baking step removes excess solvents, improves 
the photoresistive profile of the SU-8, and prevents adhesion 
to the contact mask.

 5. ABM Contact Aligner dose with long-pass filter: 8.8 mW/cm2 
at 365 nm wavelength and 12.9 mW/cm2 at 405 nm wave-
length. Long-pass filter is a PL-360LP from Omega Optical or 
equivalent.

 6. Tape may be forgone by using a clean-room wipe with acetone 
to remove the freshly spun SU-8 from the alignment marks.
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 7. Same as in Note 2: ramp up to 500 RPM at 100 RPM/s for 
10 s, increase to 1500 RPM at 300 RPM/s for 30 s, and ramp 
down to 100 RPM at 100 RPM/s for 15 s before stopping.

 8. It may be possible to use shorter exposure times, but 1 min expo-
sure is typically sufficient to achieve good SU-8 feature sizes. The 
UV lamp intensity can decrease over its lifetime, and therefore the 
optimal exposure time for this step may vary. Over- or underexpo-
sure will affect the dimensions of the SU-8 features and of the 
final PDMS device. Thus, constriction dimensions should be vali-
dated for new devices. This can be done by imaging the SU-8 
features, or by filling the assembled PDMS devices with fluores-
cently labeled dextran or other fluorescent solution and acquiring 
confocal image stacks of the constriction channels.

 9. In order to protect the silicon wafer and delicate SU-8 features 
from damage during regular device production, we recom-
mend that the first set of PDMS cast migration devices is used 
to produce a secondary plastic mold. This plastic mold should 
then be used for subsequent reproduction of migration devices. 
Detailed notes on producing a secondary plastic mold can be 
found in Desai et al. [20].

 10. Ensure that the mold sits completely flat in the oven to prevent 
PDMS from tilting during curing. Tilted devices can still be 
used; however the devices will vary in thickness and therefore 
will not be able to hold the same volume of cell media.

 11. When using a secondary plastic mold to make devices, the 
PDMS can be immediately removed following baking. When 
using the silicon wafer as your device mold, be sure to allow 
the device to cool completely before proceeding to avoid dam-
aging SU-8 features.

 12. 0.2 M hydrochloric acid (HCl) solution should be replaced on 
a weekly basis. Over time, HCl will evaporate, and devices will 
not properly adhere to glass slides.

 13. During this step, be very careful with the placement of the 
punch-outs. The 1.2 mm punch sits between the bypass chan-
nel and the constrictions; interference with either will likely 
affect your results. It is also advised that you punch through 
the PDMS with the feature-side up to prevent poorly located 
cutouts.

 14. When rinsing device, hold device upward, above your hands, 
and pour IPA and water downward onto device. Otherwise, 
runoff of material from gloves may fall onto the device and 
prevent adhesion between PDMS and the glass slide.

 15. During drying of cover glass with pressurized air, hold glass 
firmly, and slowly increase air pressure, blowing parallel to the 
length of the glass to prevent bending and breaking of the glass.
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 16. This will activate the surface of the PDMS, allowing better 
adhesion between the device features and the glass slide. Pay 
close attention, and adjust air intake to keep plasma bright pink 
throughout cleaning, as we have found that poor device adhe-
sion often results from poor plasma cleaning technique.

 17. At this stage, ensure that you do not touch the surface of the 
glass slide nor the device-side surface of the PDMS. Additionally, 
check orientation of the device constrictions, and place very 
carefully, as you will not be able to adjust the orientation after 
it contacts the glass. Orientation of devices is entirely up to the 
user, but if mounting multiple devices on a single glass slide, 
analysis is generally easier if all cells are migrating in the same 
direction. Generally, we align the devices so that the cells will 
migrate “upward” (i.e., in the y-direction) while observing 
under a microscope.

 18. This step may take some trial and error; if the PDMS device is 
not pressed sufficiently firmly against the glass, some device 
features may not fully adhere to the glass. In this case, cells can 
migrate underneath the PDMS pillars (Fig. 3D). If the PDMS 
device is pressed too hard against the glass, the features may 
collapse, preventing cells from migrating through the device. 
We have found that gently pressing around the device perim-
eter, evenly rolling one finger across the whole device with very 
light pressure, works best.

 19. At this step, the device can be inspected underneath a bright- 
field microscope to see if the PDMS features are fully adhered. 
There will be a notably different color coming through regions 
of the device that are not bonded to the glass.

 20. When coating, check the inside of the device for pockets of air 
bubbles, which may form during addition of protein solutions 
into the device. These air bubbles can form around constric-
tions, which can prevent the protein from coating these fea-
tures. To eliminate the bubbles, vigorously pipette protein 
solution through the device. Optimal seeding densities of cells 
and concentrations of ECM solutions that we have determined 
are found in Table 1.

 21. The exact number of cells to be seeded will be dependent on 
the specific cell line and may require optimization depending 
on what cell density is desired for the experiments. We have 
found that seeding 30,000 MDA-MB-231 cells per device 
works well for live-imaging experiments. In order to concen-
trate this number of cells into 6 μL of cell suspension, cells 
should be suspended in media at a concentration of 5 million 
cells per mL.

 22. Cells must be seeded slowly and steadily with the pipette. 
Pushing the cells into the device too quickly may lead to the 

Assembly and Use of a Microfluidic Device to Study Cell Migration in Confined…



116

cells spreading unevenly across the device (Fig.  3B). 
Additionally, when seeding cells, do not dispense the pipette 
past the first point of resistance; injection of air behind the cells 
results in the formation of bubbles within the device and can 
hinder cell migration (Fig. 3C).

 23. If necessary, HEPES or other buffers may be added to cell 
culture media to maintain pH balance, particularly for longer 
duration studies. To prevent evaporation of cell media, devices 
should be sealed with cover glass laid across the media reser-
voirs before moving to microscope. In experiments that run 
longer than 12 h, it may be necessary to change cell culture 
media on a regular basis (typically every 24 h).

 24. Fixation and staining of cells can be performed using standard 
immunofluorescence protocols; however it is recommended 
that longer times are used for each incubation and washing step 
to ensure that reagents have sufficient time to distribute com-
pletely throughout the microfluidic device. For immunofluo-
rescence studies, cells should be seeded at lower densities, as 
large numbers of cells can block up the entry to the constriction 
channels, preventing staining reagents from reaching some cells 
within the devices. Alternatively, experiments can be performed 
with devices without covalently attaching the PDMS to the 
glass slides (i.e., without plasma treatment). In this case, the 
PDMS can be removed after fixing the cells inside the devices, 
and staining can be performed on cells adhering to the glass 
slide. The fixation step may require some  optimization to iden-
tify conditions that promote cells to preferentially adhere to the 
glass cover slide and not the PDMS features.

 25. Total imaging time is up to the user and depends on the cell 
line being used. For most cell lines, imaging overnight (12–
14  h) is sufficient to yield a good number of cells passing 
through constrictions (10–30 cells per region of interest). For 
longer studies, it may be necessary to periodically replace cell 
media to keep cells healthy.

 26. We have found that the most consistent measurement for a 
“point of commitment,” i.e., when a cell is attempting to pass 
through a constriction, is an imaginary line drawn 7 μm away 
from the centerline of the constrictions, toward the entry side 
(Fig. 4). Another imaginary line can be drawn on the opposite 
side center line to define when the nucleus has fully passed 
through the constriction. It is also necessary to check image 
sequences for signs of potential issues with the constrictions, 
which would result in exclusion of the affected cells. For exam-
ple, if it appears that some part of the nucleus or the cell body 
passes underneath the device pillars during migration, instead 
of in between the pillars that form the constriction, this indi-
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cates that the PDMS pillars were not sufficiently bonded to the 
glass and the nucleus is not fully confined.

 27. As in Note 26, it is also important to establish criteria for 
exclusion of particular cells migrating through the 15  μm 
channels. For example, when determining the migration speed 
or nuclear transit time of cells in the 15-μm-wide channels, it 
may be necessary to exclude cells that spontaneously switch 
their migration direction, as this would affect the results.
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Chapter 11

Investigating LINC Complex Protein Homo-oligomerization 
in the Nuclear Envelopes of Living Cells Using 
Fluorescence Fluctuation Spectroscopy

Jared Hennen, Isaac Angert, Kwang-Ho Hur, G. W. Gant Luxton, 
and Joachim D. Mueller

Abstract

Linkers of nucleoskeleton and cytoskeleton (LINC) complexes are conserved nuclear envelope (NE) span-
ning molecular bridges which mechanically integrate the nucleus with the cytoskeleton and mediate force 
transmission into the nucleoplasm. Despite their critical roles in fundamental cellular processes such as 
meiotic chromosome and nuclear positioning, the mechanism of LINC complex assembly in cells remains 
unclear. To begin to address this deficit, we recently developed z-scan fluorescence fluctuation spectroscopy 
(FFS) and brightness analysis as a method for quantifying the oligomeric states of fluorescent protein- 
tagged NE proteins including nesprins and SUN proteins. Since the homo-oligomerization of SUN2 is 
critical for its ability to interact with nesprins within the perinuclear space, the knowledge obtained through 
quantitative brightness experiments reveals important insights into the in vivo mechanisms of LINC 
complex assembly. Here we describe the procedure we use to determine the brightness of proteins in the 
NE of living cells. In addition to the measurement procedure, we discuss the instrumentation requirements 
and present the results of applying this procedure to measure the brightness of nesprin-2 and SUN2.

Key words Brightness, FFS, KASH, LINC complex, Nesprin, Nuclear envelope, Perinuclear space, 
SUN protein

Abbreviations

b Normalized brightness
KASH Klarsicht, ANC-1, SYNE homology
LINC Linker of nucleoskeleton and cytoskeleton
N Number concentration
NE Nuclear envelope
SUN Sad1/UNC-84
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1 Introduction

LINC complexes span the NE and physically couple chromatin 
and the nucleoskeleton with the cytoskeleton [1]. These conserved 
mechanosensitive molecular bridges are essential for the transmis-
sion of mechanical stimuli from the extracellular matrix through 
the cytoskeleton and into the nuclear interior [2, 3]. Consequently, 
LINC complex-mediated mechanotransmission is required for sev-
eral fundamental cellular processes such as meiotic chromosome 
pairing, mechanotransduction, and nuclear positioning [4, 5]. 
Further highlighting their central importance in cellular mechano-
biology is a growing list of genetic mutations in LINC complex 
proteins that are associated with a myriad of human diseases includ-
ing cancer, hearing loss, and muscular dystrophy [4, 6].

LINC complexes consist of the outer and inner nuclear mem-
brane Klarsicht/ANC-1/SYNE homology (KASH) and 
Sad1/UNC-84 (SUN) proteins, respectively [7]. KASH proteins 
are identified by their conserved C-terminal KASH domain, which 
contains a transmembrane domain followed by the luminal ~10–
32 residue KASH peptide [8]. The divergent spectrin repeat- 
containing N-termini of KASH proteins project away from the 
nucleus into the cytoplasm where they interact with the cytoskele-
ton [4]. SUN proteins directly interact with KASH peptides within 
the perinuclear space via their conserved and eponymous C-terminal 
SUN domain [9, 10]. Within the nucleoplasm, the divergent 
N-termini of SUN proteins engage A-type lamins, chromatin, and 
other inner nuclear membrane proteins [11]. Mammals encode six 
KASH proteins (nesprins-1 to nesprins-4, lymphocyte-restricted 
membrane protein (LRMP), and KASH5) and five SUN proteins 
(SUN1to SUN5) [5].

Several recent in vitro studies have provided invaluable struc-
tural insights into the SUN-KASH interaction and the ability of 
LINC complexes to transmit mechanical forces. Specifically, SUN2 
homo-trimerization was demonstrated to be a prerequisite for 
KASH-binding, and an intermolecular disulfide bond was shown 
to exist between conserved cysteine residues in the SUN domain 
and KASH peptides of nesprin-1 and nesprin-2 [12–14]. 
Notwithstanding these significant advances, key questions remain. 
For example, do SUN2 homo-trimers exist in the NE of living 
cells? Do all SUN proteins homo-trimerize in order to interact 
with KASH proteins? How is the SUN-KASH interaction 
regulated?

To begin to address these questions, we recently extended the 
application of FFS to quantify protein-protein interactions in the 
NE in living cells [15–17]. The procedure outlined here can be 
used to measure the number concentration and brightness of 
LINC complex components, as well as other NE proteins, within 
their native environment. The brightness λ recovered from an FFS 
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measurement represents the mean photon count rate of a fluores-
cently labeled protein complex and is proportional to its average 
oligomeric state [18]. To highlight this we determine the normal-
ized brightness b where a monomeric protein would have b = 1, 
while a trimeric protein would have b = 3. Here, we demonstrate 
how this approach has been used to determine the oligomeric state 
of the KASH peptide of nesprin-2 and the luminal domain of 
SUN2 in the NE of living U2OS cells.

2 Materials

FFS experiments can be performed in cells using a research-grade 
confocal or multiphoton inverted microscope that is equipped 
with sensitive photon-counting detectors (quantum efficiency 
>40% in the wavelength region of interest). While many commer-
cial microscope systems are suitable for FFS experiments, we will 
briefly describe our home-built two-photon (2P) microscope that 
we use for collecting FFS data from cells (see Note 1). This descrip-
tion of our custom 2P microscope should provide a useful resource 
for those investigators considering employing FFS in their research. 
A schematic of our instrumental setup is provided in Fig. 1:

 1. Zeiss Axiovert 200 microscope (Carl Zeiss AG, Jena, Germany) 
which is mounted on a research-grade optical table (RS2000, 
Newport, Irvine, CA) supported by pneumatic isolators 
(S-2000A, Newport, Irvine, CA) for vibration isolation.

 2. Mode-locked Ti/sapphire laser (Tsunami, Spectra Physics, 
Mountain View, CA) for 2P excitation. We prefer to use exci-
tation wavelengths in the range of 900–1000 nm for measur-
ing EGFP in living cells; here we chose a wavelength of 
1000 nm.

 3. Beam expander to achieve overfilling of the back aperture of 
the objective (see Note 2).

2.1 FFS 
Instrumentation

Fig. 1 The FFS experimental setup used in this work
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 4. Two steering mirrors (10Q20UF.35S, Newport, Irvine, CA) 
to align the laser beam into the beam expander (see Note 3).

 5. Multiphoton short-pass dichroic beam splitter (675DCSXR, 
Chroma Technology, Bellows Falls, VT) to separate the excita-
tion light from the emitted fluorescence.

 6. Short-pass barrier filter (FF01-750/SP-25, Semrock, 
Rochester, NY) to remove any residual scattered laser light.

 7. Zeiss 63× C-Apochromat water immersion objective with 
NA = 1.2 (see Note 4) to focus the excitation light into the 
sample.

 8. PZ-2000 XYZ series automated stage with a piezo z-axis top 
plate (ASI, Eugene, OR) fitted on the microscope stage for 
performing z-scan measurements in cells.

 9. 30 MHz 33522A Function/Arbitrary waveform generator 
(Agilent Technologies, Santa Clara, CA) to drive the z-axis 
piezo controller via an external analog input.

 10. SPCM-AQ-141 single-photon counting module (Perkin- 
Elmer, Dumberry, Quebec) which is mounted on an XYZ lin-
ear translation stage (562-XYZ, Newport, Irvine, CA) for 
alignment and produces transistor-transistor logic (TTL) 
pulses that are recorded by a Flex04-12D data acquisition card 
(correlator.com, Bridgewater, NJ) and stored in computer 
memory for subsequent analysis.

 1. 24-well glass-bottom slide with #1.5H cover glass (In Vitro 
Scientific, Sunnyvale, CA) (see Note 5).

 2. The 24-well should contain the following in separate wells but 
on the same 24-well plate (see Note 6):
(a) Texas Red at 200 nM or other standard fluorescent dye 

solution.
(b) U2OS cells transiently transfected with EGFP (see Note 

7).
(c) U2OS cells transiently transfected with tandem dimeric 

EGFP (EGFP2).
(d) U2OS cells transiently transfected with SS-EGFP.
(e) U2OS cells transiently transfected with other EGFP- 

tagged NE proteins of interest.

3 Methods

 1. Focus the excitation beam ~40 μm above the glass-solution 
interface in the dye solution.

 2. Record photon counts for ~60 s at a sampling rate of 100 kHz 
for dye measurements.

2.2 Samples 
and Microscope Slide

3.1 Optimize Collar 
Position of Objective

Jared Hennen et al.
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 3. Analyze the photon counts using a standard algorithm [19] to 
obtain the brightness λ in units of counts per second.

 4. Systematically adjust the collar, and measure the brightness of 
the dye to determine the collar position that maximizes the 
brightness (Fig. 2A). The resulting resolution in collar position 
is typically ±2 μm.

 5. If the measured brightness of the dye solution is independent 
of focal depth (Fig. 2B), the position of the correction collar 
has been successfully verified.

 1. Identify an EGFP-expressing cell that has a uniform distribu-
tion of cytoplasmic fluorescence using epifluorescence.

 2. Use bright-field illumination to identify an area of the cyto-
plasm in the cell identified in step 1 that lacks obvious large 
organelles.

 3. Aim and focus the laser in the cytoplasmic area identified in 
step 2 so as to maximize the intensity of the detected fluores-
cence signal.

 4. Collect photon counts for ~10 s to determine the mean 
intensity.

 5. Adjust the laser power and repeat step 4.
 6. Plot fluorescence intensity vs. the squared power. There should 

be a linear increase at low powers with deviation from linearity 
at higher powers due to photobleaching and excitation satura-
tion (Fig. 3A) (see Note 8).

 7. Brightness measurements must be taken in the regime where 
intensity scales linearly with the squared power (solid red line, 

3.2 Select 
an Appropriate 
Excitation Power

Fig. 2 Calibration and verification of objective correction collar position. (A) 
Brightness of Texas Red vs. water-immersion objective correction collar position. 
(B) Brightness of Texas Red vs. focal depth measured with a calibrated correction 
collar
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Fig. 3A). Typically, we conservatively set the excitation power 
to ~1/5th of the maximum power of the linear regime for 
brightness experiments.

 8. The limiting excitation power should be experimentally deter-
mined for every fluorescently labeled protein to verify that the 
chosen power is still in the linear power regime. Once the exci-
tation power is chosen, it must be kept constant throughout all 
subsequent experiments to ensure a fixed brightness value of 
EGFP.

 1. Choose a cell and then position and focus the laser as in 
Subheading 3.2, steps 1–3.

 2. Collect FFS data from the focused beam at this cytoplasmic 
location for ~60 s with a 20 kHz acquisition rate.

 3. Perform a z-scan (Fig. 3B) through the cell at this cytoplasmic 
location at a rate of ~5 μm/s with a peak-to-peak amplitude of 
~20 μm:
(a) The z-scan intensity data (Fig. 3C) along with the data 

collected in step 4 are analyzed as previously described to 
determine the brightness λ and the number concentration 
N of the sample [20].

(b) N represents the average number of EGFP monomers 
within the point-spread function (PSF) and is calculated 
by dividing the mean intensity 〈F〉 by the reference bright-
ness, N = 〈F〉/λEGFP. If the PSF volume is known, the num-
ber concentration can be converted to a molar 
concentration as described elsewhere [17].

3.3 Measure 
the Reference 
Brightness of EGFP 
in Living Cells

Fig. 3 Power calibration and brightness measurements of EGFP and EGFP2 in the cytoplasm of living cells. (A) 
Average fluorescence intensity vs. squared excitation power for EGFP expressed in U2OS cells. The solid red 
line is a linear fit to the data below 1.5 mW2, which is extended beyond the linear regime with the dashed red 
line. (B) Illustration of a z-scan through the cytoplasm of a cell expressing EGFP. (C) Intensity trace (black) and 
fit (white) of a z-scan through the cytoplasm of an EGFP expressing cell. (D) Plot of b vs. N for EGFP and EGFP2 
expressed in U2OS cells. The blue dashed line denotes the reference brightness λEGFP, while the red line 
denotes the value expected for a dimer
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 4. Repeat steps 1–3 for a minimum of ten cells with varied 
expression levels of EGFP:
(a) The resulting brightness values should be concentration 

independent to within a relative standard deviation ≤10% 
(Fig. 3D).

(b) The mean value defines the reference brightness λEGFP.
 5. Repeat steps 1–4 for cells expressing EGFP2:

(a) The resulting brightness should be twice the average 
brightness of EGFP (Fig. 3D).

(b) To emphasize the relationship between brightness and 
oligomeric state, we define the normalized brightness b as 
b = λ/λEGFP [21]. Measurements of EGFP2 should have an 
average b within ~10% of b = 2 (see Note 9).

The procedure we use for measuring brightness in the NE is similar 
to the one used to measure brightness in the cytoplasm. However, 
we have found the NE to be much more challenging experimen-
tally. Consequently, brightness measurements in the NE require 
additional precautions as we describe below. The following experi-
mental procedure demonstrates how to measure the brightness of 
EGFP that is targeted to the endoplasmic reticulum lumen and the 
contiguous perinuclear space of the NE by fusing the signal 
sequence (SS) of the luminal protein torsinA to the N-terminus of 
EGFP (SS-EGFP) [17, 22]. Measurements of EGFP in the NE 
serve as a control, and a result of b = 1 establishes the fidelity of 
brightness analysis in the NE:

 1. Use epifluorescence to identify an SS-EGFP-expressing cell 
that displays a clear and distinct ring of fluorescence around 
the nucleus (Fig. 4A).

 2. Switch to bright-field illumination, and identify a location 
within the center of the nucleus from the cell identified in step 
1 that is devoid of visible structures (i.e., nucleoli) (Fig. 4A) 
(see Note 10).

 3. Perform a z-scan at the location identified in step 2 (Fig. 4B).
 4. Fit the z-scan intensity data generated in step 3 using the pro-

cedure described in Smith et al. [23]:
(a) The fit identifies the fluorescence contributions from the 

ventral and dorsal NEs as well as the background signal 
originating from sources outside the NE (Fig. 4C).

(b) Analysis further determines the intensity fraction of the flu-
orescence contributions from each NE. Only cells with an 
NE intensity fraction ≥0.9 are selected for brightness mea-
surements. This criterion ensures that contributions from 
the background signal are at most 10%, which represents a 

3.4 Brightness 
Measurement of EGFP 
in the NE
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negligible amount for brightness analysis [17]. The remain-
ing steps are performed only with cells that satisfy this 
criterion.

 5. Focus the PSF on the ventral NE by maximizing the collected 
fluorescence intensity.

 6. Collect ~60 s of data with a 20 kHz data acquisition rate 
(Fig. 4D):
(a) Plot the intensity averaged over 1 s vs. time (Fig. 5).
(b) Data showing no significant change in the average inten-

sity (Fig. 5A) can be used for further analysis. Data con-
taining a peak-to-peak difference exceeding 20% of the 
mean in the averaged intensity (Fig. 5B) should be dis-
carded and retaken (see Note 11).

(c) If it is difficult to obtain data without sudden changes in 
intensity, we have found that moving to a different loca-
tion within the cell tends to result in stable data.

 7. Determine the brightness of SS-EGFP from the data taken in 
step 6 using the analysis procedure described in Hennen et al. 
[17].

 8. Repeat steps 5–7 in the dorsal NE.
 9. Collect a final z-scan:

(a) The intensity traces of the initial and final z-scan are com-
pared to ensure that no detectable changes occurred dur-
ing the measurement process. Focus drift of the instrument 
or motion of the cell would lead to a mismatch between 

Fig. 4 Performing brightness measurements in the NE of living cells. (A) Illustration of a cell viewed via bright- 
field illumination. The NE is highlighted in green and nucleoli are shown in black. The red focus denotes a typi-
cal measurement position in the example cell. (B) Illustration of a z-scan with the excitation volume moving 
axially through the cell passing through the ventral and dorsal NE. (C) Intensity trace (black) of a z-scan through 
the nucleus of a SS-EGFP expressing cell with fit (solid white line). The fit is deconvolved to identify the contri-
butions from the ventral NE (red squares), nucleoplasm (solid blue line), and dorsal NE (dashed green line). This 
analysis returned intensity fractions of 0.96 and 0.95 for the ventral and dorsal NE, respectively. (D) A 10-ms 
window of photon count data from a stationary measurement of SS-EGFP in the NE at full time resolution. The 
fluctuations encode information about the concentration and stoichiometry of labeled proteins
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the z-scan intensity profiles. If a mismatch is detected, the 
data are discarded.

 10. Repeat steps 1–9 for at least ten cells;
(a) Select cells that vary in expression level to obtain the 

brightness over a wide range of concentrations. A plot of 
the normalized brightness of SS-EGFP vs. number concen-
tration is shown in Fig. 6. The experimental brightness is 
independent of concentration and has an average value of 
0.99 ± 0.06. This result is consistent with SS-EGFP being 
a monomer, as expected. It is important to check that 
SS-EGFP can be accurately measured as a monomer before 
attempting to measure functional proteins in the NE.

Fig. 5 Intensity traces of SS-EGFP vs. time in the NE. Intensity data were aver-
aged over 1 s intervals. (A) Example of a stable intensity trace with no significant 
changes in the average intensity. (B) Example of an intensity trace containing a 
spike in the average intensity. This trace is not suitable for further analysis

Fig. 6 Brightness of SS-EGFP in the NE. Plot of b vs. N of SS-EGFP in the NE
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The procedure described above in Subheading 3.4 can also be used 
to measure the brightness of EGFP-tagged proteins in the NE; 
therefore, in the following section, we will demonstrate its applica-
tion to the study of the molecular mechanisms underlying LINC 
complex assembly. To do this, we will describe how to measure the 
brightness of EGFP-tagged mouse nesprin-2 and SUN2 in the NE:

 1. The technique described here requires the proteins being mea-
sured to diffuse in order to observe intensity fluctuations. Since 
both EGFP-tagged mini-nesprin-2G, a functional nesprin-2G 
construct [24], and full-length SUN2 are highly immobile in 
the NE [25], they are rapidly photobleached by 2P excitation 
and therefore unsuitable for standard quantitative brightness 
experiments. For this reason, we limit our analyses here to the 
luminal domain of each protein, which is targeted to the peri-
nuclear space of the NE by an N-terminal SS-EGFP fusion 
(SS- EGFP- KASH2 and SS-EGFP-SUN2261–731) [15, 17].

 2. Perform the same procedure described in Subheading 3.2 for 
each protein being measured. While mobile, functional pro-
teins such as SS-EGFP-SUN2261–731 may have lower mobility 
than the calibration proteins discussed in previous sections 
[17]. Proper excitation power should be determined prior to 
measuring the reference brightness.

 3. Measure the b of the proteins of interest following the proce-
dure described above in Subheading 3.4:
(a) Measurements of SS-EGFP-KASH2 showed no change in 

b over the range of measured N, with an average of 
b = 1.05 ± 0.1 consistent with a monomer (Fig. 7A).

(b) Measurements of SS-EGFP-SUN2261–731 showed b 
increased in an N-dependent manner and approached a 
limiting value of b = 3 (Fig. 7B).

 4. The brightness curve for SS-EGFP-SUN2261–731 shown in 
Fig. 7B represents a binding titration. These measurements are 
performed in the presence of endogenous non-labeled SUN2, 
which may complicate the interpretation of this curve (see 
Note 12). Nevertheless, the effect of endogenous binding 
competition becomes negligible once the concentration of the 
 exogenous labeled protein significantly exceeds that of the 
endogenous protein. In this regime, the b curve should asymp-
totically approach a limiting value which corresponds to the 
limiting oligomeric state of the protein. Consequently, the 
saturating brightness value of b = 3 reached at high concentra-
tions of SS- EGFP- SUN2261–731 reflects the limiting oligomeric 
state of the protein.

 5. Repeat brightness experiments over several days on new cell 
preparations to ensure that the results obtained are both robust 

3.5 Measuring 
the Oligomerization 
of LINC Complex 
Constituents in the NE
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and reproducible. In addition to ensuring the reproducibility 
of the results, this generates a sufficient number of data points 
so that a reasonably dense b curve can be constructed. A single 
experiment will typically consist of b measurements performed 
in 15 cells after accounting for the calibrations, reference mea-
surements, and analysis criteria described above. The data 
shown in Fig. 7A, B represent two and six separate experi-
ments, respectively.

4 Notes

 1. We prefer 2P excitation to one-photon confocal microscopy 
for FFS because it reduces the levels of out-of-focus photo-
bleaching and phototoxicity experienced in living cells [26, 
27]. In addition, the absence of the confocal pinhole in a 2P 
microscope results in a less complicated optical system, which 
facilitates instrument alignment and simplifies ongoing main-
tenance. Moreover, 2P excitation generates an excitation vol-
ume, or PSF, that can be accurately described by heuristic 
analytical functions such as the modified Gaussian-Lorentzian 
model [20]. Such knowledge regarding the nature of the PSF 
is essential for the successful execution of the quantitative FFS 
method described here.

 2. A typical value for the excitation beam overfill factor is 
2ω0/D~2, where ω0 and D are the radial beam waist and the 
pupil diameter of the objective, respectively. Before initiating a 
quantitative FFS experiment, it is essential that the excitation 
beam be properly aligned such that it passes through the cen-
ter of the objective and the detector. Stable experimental set-
ups will require minimal beam alignment adjustments from 

Fig. 7 b vs. N for LINC complex proteins in the NE. Plots for (A) SS-EGFP-KASH2 
and (B) SS-EGFP-SUN2261–731. Previously published in Biophysical Journal [17]
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day to day. Established, instrument-specific procedures should 
be followed to ensure that the beam is correctly aligned.

 3. While inexpensive dielectric mirrors offer excellent reflectivity, 
only metallic mirrors or dielectric mirrors specially designed 
for femtosecond pulsed lasers should be used. This choice will 
minimize the reduction of the peak power of the laser due to 
group velocity dispersion [28].

 4. The choice of objective is of utmost importance when design-
ing an FFS system, as the signal-to-noise ratio of FFS experi-
ments is highly dependent upon the efficient collection of 
fluorescence from individual molecules. Since the 2P excita-
tion efficiency is proportional to the fourth power of the NA 
of the objective, FFS experiments performed in cells require 
the use of high NA objectives (NA > 1) [26]. We find 
C- Apochromat water-immersion objectives with a correction 
collar to compensate for variations in coverslip thickness to be 
the most suitable for collecting FFS data from cells. We dis-
courage the use of oil-immersion objects because they intro-
duce spherical aberrations, which complicate the interpretation 
of FFS experiments [29].

 5. While the nominal thickness of standard #1.5 cover glass is 
0.17 mm, actual thicknesses may vary between 0.16 and 
0.19 mm. These deviations in thickness are a major source of 
spherical aberrations for high NA objectives. Such aberrations 
alter the size and shape of the focused excitation beam as a 
function of focal depth and lead to biased FFS data [30]. 
Therefore, the use of a high NA water-immersion objective 
equipped with a correction collar designed to compensate for 
the actual cover glass thickness is imperative for quantitative 
FFS experiments. Although we use a micrometer to directly 
measure the thickness of our cover glasses, we find that in 
practice the optimal collar position for FFS differs from the 
values printed on the objective collar by a constant offset, 
which is unique to each objective. Whenever possible, we rec-
ommend the use of #1.5H cover glass, which has a tighter 
tolerance (0.170 ± 0.005 mm) than regular #1.5 slides. The 
consistency in cover glass thickness minimizes the range of 
collar positions that must be tested when changing slides.

 6. All of the experiments must be done in the same 24-well glass 
bottom slide in order to take advantage of the procedure 
described in Subheading 3.1. This procedure must be repeated 
for every new 24-well glass bottom slide used.

 7. For the experiments described here, we used the human osteo-
sarcoma U2OS cell line grown in Dulbecco’s modified Eagle’s 
medium supplemented with 10% fetal bovine serum. The cells 
are plated in wells and transiently transfected with the relevant 
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cDNA constructs. Finally, the cell growth media is exchanged 
for phosphate-buffered saline immediately before the start of 
measurement.

 8. Quantitative b measurements in cells necessitate the selection 
of an appropriate excitation power to minimize photobleach-
ing and excitation saturation [31]. The presence of either pho-
tobleaching or excitation saturation biases the interpretation 
of FFS data, which further complicates the analysis [32, 33].

 9. Measurements of EGFP2 are required in order to validate that 
the system is behaving as expected. Brightness values signifi-
cantly above or below b = 2 are indicative of issues that com-
plicate the interpretation of FFS measurements of the proteins 
of interest.

 10. We avoid performing measurements near the edge of the nucleus 
as these areas of the NE may have significant curvature.

 11. All fluorescence fluctuation methods implicitly assume a sta-
tionary signal that remains constant throughout the measure-
ment period [34]. While the intensity is typically stable for 
measurements performed in the cytoplasm, we have found a 
higher fraction of measurements in the NE with unstable 
intensities. Data containing large changes in the average inten-
sity are not conducive to our analysis.

 12. An approximate measure of the effective dissociation coeffi-
cient is given by N where the brightness is halfway between its 
minimum and maximum value. However, since the data were 
taken in the presence of endogenous SUN2, binding competi-
tion between endogenous protein and SS-EGFP-SUN2261–731 
could lead to complexes containing a mixture of labeled and 
unlabeled protein, which reduce the observed b. The net effect 
of this competition is a shift of the brightness curve to higher 
N. Thus, the estimated dissociation coefficient provides an 
upper limit of the true value. Depleting the endogenous pro-
tein using methods such as RNA interference or genetic 
knockout will remove endogenous competition, thereby 
allowing measurement of the true binding affinity. While we 
recently demonstrated that the presence of endogenous SUN 
proteins had a negligible impact on the reported b of  constructs 
encoding the EGFP-tagged luminal domains of SUN1 or 
SUN2 [15], we recommend testing the effect of unlabeled 
endogenous protein on all FFS-generated b measurements.
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Chapter 12

Functional Analysis of the Yeast LINC Complex Using 
Fluctuation Spectroscopy and Super-Resolution Imaging

Jay R. Unruh, Brian D. Slaughter, and Sue L. Jaspersen

Abstract

The Saccharomyces cerevisiae and Schizosaccharomyces pombe genomes encode a single SUN domain- containing 
protein, Mps3 and Sad1, respectively. Both localize to the yeast centrosome (known as the spindle pole body, 
SPB) and are essential for bipolar spindle formation. In addition, Mps3 and Sad1 play roles in chromosome 
organization in both mitotic and meiotic cells that are independent of their SPB function. To dissect the 
function of Mps3 at the nuclear envelope (NE) and SPB, we employed cell imaging methods such as 
scanning fluorescence cross-correlation spectroscopy (SFCCS) and single particle averaging with structured 
illumination microscopy (SPA-SIM) to determine the strength, nature, and location of protein-protein 
interactions in vivo. We describe how these same techniques can also be used in fission yeast to analyze 
Sad1, providing evidence of their applicability to other NE proteins and systems.

Key words Mps3/Sad1, Mps2/Kms1/Kms2, Line scanning, Fluorescence cross-correlation 
spectroscopy, Single particle averaging, Fluorescence resonance energy transfer, Super-resolution 
microscopy, Fluctuation spectroscopy

1 Introduction

In contrast to higher eukaryotes and plants, the genomes of fungi 
such as Saccharomyces cerevisiae and Schizosaccharomyces pombe 
encode for a single SUN domain-containing protein, Mps3 and 
Sad1, respectively. Both proteins were originally identified as 
membrane components of the spindle pole body (SPB), the yeast 
centrosome- equivalent organelle, that is embedded in the nuclear 
envelope (NE) during all or part of cell division [1–3]. At the SPB, 
the SUN domain of Mps3 interacts with the short C-terminal 
region of the membrane protein Mps2 in the lumenal space [4], an 
interaction reminiscent of the LINC complex, although Mps2 
bears little homology to other KASH domain-containing proteins. 
Genetic and biochemical data suggests that Sad1 interacts with the 
KASH protein Kms2 at the SPB [5], although this interaction has 
not been directly verified in vivo at the SPB.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8691-0_12&domain=pdf
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In addition to roles at the SPB, both Mps3 and Sad1 are 
important for positioning chromosomes within nuclei. First shown 
in budding yeast, Mps3 and other SUN proteins are important for 
the repair of certain types of double-stranded DNA breaks, pre-
sumably by sequestering them at the NE [6, 7]. Both Mps3 and 
Sad1 also tether other chromosomal regions at the nuclear periph-
ery during mitosis, including extra TFIIIC sites, telomeres, and 
centromeres [8–11]. The role of SUN proteins in DNA damage 
repair and chromosome organization is not restricted to fungi, as 
shown by emerging data in other eukaryotes (reviewed in ref. 12). 
During meiosis in fission yeast, telomeric binding proteins recruit 
Sad1 to chromosome ends to form the meiotic bouquet. 
Chromosome movement within the nucleus is stimulated by 
dynein, which interacts with the outer nuclear membrane (ONM) 
KASH protein Kms1 which in turn transmits force to the nucleus 
via Sad1 [13]. Although aspects of the bouquet differ between 
organisms (e.g., budding yeast uses actin to stimulate movement 
through a Csm4 (KASH)-Mps3-Ndj1 (telomere) linkage [14–
17]), the role of the LINC complex seems to be important for 
meiotic chromosome dynamics.

Here, we describe methods used to dissect the function of 
Mps3 at the SPB and the NE. As with any protein, it is necessary 
to understand protein-protein interactions that occur at both loca-
tions as well as to determine how Mps3 is distributed between the 
SPB and NE. Affinity purification/proteomics, in vitro binding 
assays, and yeast two-hybrid analysis lack the spatial resolution 
needed to demonstrate if the interaction under investigation occurs 
at the SPB, NE, or both. These conventional methods also do not 
report on temporal changes in protein binding that might occur 
during the cell cycle or as cells switch from a mitotic to meiotic 
program. Although fluorescence resonance energy transfer (FRET) 
in theory could be used to query interactions with SUN proteins, 
the constraints needed for FRET (~10 nm between donor and 
acceptor fluorophores) are difficult to satisfy given the topology of 
Mps3 in the membrane. The low abundance of Mps3, particularly 
at the NE, combined with its rapid diffusion on the membrane 
further complicates FRET analysis (see ref. 18).

We employ two complimentary methods to query putative 
Mps3 binding partners at the NE and SPB in yeast cells using fluo-
rescently labeled proteins (FPs): scanning fluorescence cross- 
correlation spectroscopy (SFCCS) and single particle averaging 
with structured illumination microscopy (SPA-SIM). In SFCCS, 
the intensity fluctuations of two fluorescently labeled proteins are 
assayed over time at a defined location within the cell, such as the 
NE or even the inner nuclear membrane (INM). Using correlation 
analysis, it is possible to determine if the two proteins under study 
transit through the focal volume together, which would suggest 
they are part of a protein complex. Using SFCCS, we showed that 
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a novel interaction between Mps3 and Ndc1 (a shared component 
of SPBs and nuclear pore complexes (NPCs)) [19] occurs on the 
NE at sites distinct from the SPB and NPCs [18]. Based on the 
correlation analysis, we could extract quantitative information 
about the Mps3-Ndc1 complex, including the fraction of Mps3 
and Ndc1 within the mobile NE complex, their relative affinity, 
and when/where binding occurs. Two limitations of SFCCS are 
that it is only able to query homo- and heterotypic binding interac-
tions on mobile (not immobile) molecules and it does not demon-
strate direct binding between proteins. Thus, the utility of SFCCS 
to interrogate large structures such as the SPB (an ~1 GDa com-
plex) is limited. Therefore, we developed SPA-SIM to study the 
spatial organization of proteins within S. cerevisiae and S. pombe 
SPBs, including the position and organization of Mps3 and Sad1 
[20, 21]. Although SIM has the poorest x–y resolution of all the 
super-resolution techniques, we have found it to be most compat-
ible with yeast since we can examine cells containing commonly 
used FPs directly. Because the construction of yeast strains contain-
ing endogenously expressed FP fusions is straightforward, this 
eliminates the need for extensive sample preparation and concerns 
over antibody labeling effects, which are required for other types of 
super-resolution imaging. Using computational and imaging pro-
cessing methods derived in part from single particle averaging in 
electron microscopy (EM), we can align dual color SIM images to 
provide relative spatial information at a resolution between 10 and 
30 nm, effectively bridging a gap between FRET and traditional 
SIM imaging [20, 21]. Below, we discuss how SPA-SIM can be 
used to provide an overall map of large protein complexes in bud-
ding yeast and serve as a guide for targeted protein-protein interac-
tion studies using FRET and yeast two-hybrid, in vitro binding, 
and genetic analyses. We also discuss how FRET and SPA-SIM can 
be extended to studies of the LINC complex in fission yeast with 
only minor modifications.

2 Materials

One of the strengths of yeast as a system for studying LINC com-
plex function is the ability to analyze endogenously expressed wild- 
type and mutant proteins in both wild-type and mutant 
backgrounds. Efficient homologous recombination in yeast means 
that genes can be fused to the coding sequence for FPs. Because 
the fusion is made in the genomic context as the sole copy of 
Mps3 in the cell, the tagged gene is subject to native regulation, so 
gene function, localization, and regulation can be studied without 
lingering concerns over artifacts associated with expression levels, 
functionality, or competing untagged protein. The most important 

LINC Complex in Yeast



140

steps in setting up SFCCS and SPA-SIM experiments involve the 
design, the construction and growth of yeast strains (Fig. 1), and 
the selection of the appropriate imaging system.

 1. S. cerevisiae strains: Methods for creating N- or C-terminal 
fusions to FPs have been previously described [22]. We create 
FP fusions in diploid strains to mitigate possible growth issues 
associated with loss of gene function due to the protein tags. 
Once positive transformants are obtained, strains can be sporu-
lated, dissected, and analyzed to obtain isogenic double and 
single FP strains and the wild-type control using conventional 

2.1 Yeast Strains 
and Media for Cell 
Culture

Mps3-GFP
W303 ade2-

imaging media

Mps3-GFP
W303 ade2-

imaging media + 5x adenine

Mps3-GFP
W303 ADE2+
imaging media

Mps3-GFP
S288c ADE2+
imaging media

5 µm

Fig. 1 Effect of strain background on Mps3-GFP. Confocal images showing the 
distribution of Mps3-GFP to the NE and SPB in the W303 and BY strain back-
grounds. All strains are tagged with an identical MPS3-GFP-HIS3MX fusion at the 
endogenous locus and were grown to mid-log phase in imaging media. The top 
images are W303 strains containing the ade2-1 mutation. One was grown in 
media supplemented with five times the normal amount of adenine. On the 
bottom, the lesion in the W303 strain was repaired so that the strain was ADE2. 
The BY strain was also ADE2. Bar, 5 μm
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methods of yeast analysis (see Notes 1 and 2). These strains 
should be frozen as a glycerol stock by growing cells overnight 
in liquid culture to an OD600 of ~1.0 and then mixing 50:50 
with 30% sterile glycerol. Frozen glycerol stocks can be kept 
indefinitely at −80 °C.

 2. Media for YPD plates for S. cerevisiae: For 1 L, which makes 
~40 plates, mix 10 g bacto-yeast extract, 20 g bacto-peptone, 
20 g bacto-agar, and 950 mL ddH2O. Autoclave. Add 50 mL 
40% (w/v) sterile glucose after autoclaving. Pour into sterile 
100 mm petri plates once liquid has cooled to ~55 °C, and let 
harden at room temperature. Imaging media: For 1 L, 6.7 g 
yeast nitrogen base with ammonium sulfate without amino 
acids, 5 g casamino acids, 16.6 mg uracil, and 950 mL 
ddH2O. After autoclaving, add 4 mL 4 mg/mL adenine, 2 mL 
4 mg/mL tryptophan, and 50 mL 40% (w/v) sterile glucose. 
Keep media in closed cabinet or wrapped in foil as light 
exposure over long periods will result in the formation of a 
precipitate that increases autofluorescence (see Notes 1 and 3). 
Amino acid stocks of adenine and tryptophan should be filter 
sterilized and stored in foil-wrapped containers at 4 °C.

 3. Adaptions for S. pombe: Fission yeast strains containing endog-
enously tagged FPs can also be constructed using PCR-based 
methods as described elsewhere [23–25]. We typically gener-
ate clones directly in haploid yeast since it is difficult to propa-
gate S. pombe for long periods in the diploid form. Once we 
have obtained the correct transformant, we generate doubly 
tagged strains through crosses. In doing this, we obtain iso-
genic single and doubly tagged strains as well as the untagged 
control. A glycerol stock of these cells is created by concentrat-
ing a 5 mL liquid culture grown overnight to an OD600 of 
~1.0 in YES to 1 mL and then mixing it 50:50 with 50% sterile 
glycerol. Frozen glycerol stocks can be kept indefinitely at 
−80 °C. Although fission yeast can grow in the same media 
that support growth of budding yeast, we find that cell growth 
is increased and autofluorescence is decreased by the use of 
media optimized for S. pombe. YES plates: for 1 L which 
makes ~40 plates, mix 10 g bacto-yeast extract; 20 g bacto-
agar; 30 g glucose; 0.225 g of each adenine, histidine, leucine, 
lysine, and uracil; and 1000 mL ddH2O. Autoclave. Pour onto 
sterile 100 mm petri plates once liquid has cooled to ~55 °C. Let 
harden at room temperature. YES media: for 1 L, as above 
except omit bacto-agar. EMM5S media: for 1 L, 3 g potassium 
hydrogen phthalate; 2.2 g sodium phosphate dibasic; 20 g glu-
cose; 5 g ammonium chloride; 0.225 g of each adenine, histi-
dine, leucine, lysine, and uracil; 20 mL salt stock (52.5 g 
magnesium chloride, 0.735 g calcium chloride, 50 g potassium 
chloride, 2 g sodium sulfate, and 1000 mL ddH2O; filter sterilize 
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and store at 4 °C); 1 mL vitamin stock (1 g pantothenic acid, 
10 g nicotinic acid, 10 g inositol, 0.01 g biotin, and 1000 mL 
ddH2O; filter sterilize and store at 4 °C); 100 μL mineral stock 
(5 g boric acid, 4 g manganese sulfate, 4 g zinc sulfate, 1 g iron 
chloride, 0.4 g molybdic acid, 1 g potassium iodide, 0.4 g 
copper sulfate, 10 g citric acid, and 1000 mL ddH2O; filter 
sterilize and store at 4 °C); and 970 mL ddH2O. Autoclave 
media. Keep in closed cabinet or wrapped in foil as light expo-
sure over long periods will result in the formation of a precipi-
tate that increases autofluorescence (see Notes 3 and 4).

No sample preparation is required for SFCS or SFCCS since these 
methods require living yeast cells.

 1. 22 × 22 mm number 1.5 coverslips: Fluorescence intensity is 
affected by the thickness of the coverslip. Because SFCS and 
SFCCS are quantitative methods, it is important to verify that 
all coverslips measure within 0.001 mm of each other using a 
caliper tool. Both coverslips and glass slides should be cleaned 
using 70% ethanol and allowed to dry on a lint-free surface 
such as lens paper (see Notes 5 and 6).

 2. Microscope: Most commercial and homebuilt confocal micro-
scopes can be used for SFCS and SFCCS. Microscope require-
ments for SFCS and SFCCS are:

 (a)  Confocality. As with any fluorescence fluctuation method-
ology, information is obtained as molecules diffuse in and 
out of a focal volume. The ability to detect fluctuations 
from individual molecules requires a small volume—on 
the order of femtoliters. In addition, for quantification of 
fluctuation data, it is necessary to have a well-defined shape 
and size of focal volume, which are best achieved through 
a pinhole, which comes with a confocal (but not a wide-
field) system.

 (b)  Multicolor. While SFCS data can be achieved with a single 
laser and single detector, SFCCS data is two channel by 
definition. Excitation of two FPs with a single two-photon 
laser is possible in principle; however, we find it much sim-
pler to obtain SFCCS data with two, single-photon laser 
lines. Standard argon or krypton lasers have more than 
enough power for SFCCS. As we will detail below, in 
SFCCS it is highly recommended to scan in alternating 
excitation (also called multi- track) mode to avoid spectral 
cross talk and to collect blue and yellow, for example, 
emission onto two identical detectors. Most, if not all, 
commercial confocal microscopes have these features.

 (c)  Sensitivity. The principle of SFCS and SFCCS does not 
necessitate single-photon counting detectors. However, 

2.2 Microscope 
and Supplies for SFCS 
and SFCCS
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we find that with endogenously expressed FPs in both 
budding and fission yeast, expression levels are sufficiently 
low that data is improved and photobleaching limited, 
with the use of lower laser powers (~10 μW at the sample) 
and single-photon counting detectors. Microscopes 
employing avalanche photodiode detectors (APDs) or gal-
lium arsenide phosphide (GaAsP) detectors are sufficiently 
sensitive. The importance of eliminating photobleaching 
cannot be overstated. Even small amounts of photobleach-
ing can make data analysis very difficult.

 (d)  Scanning. SFCS and SFCCS require the ability to select a 
line, or circle, and repeatedly scan this region. Most com-
mercial microscopes have this function.

 (e)  Speed. Rapid scanning is not required, provided SFCS is 
being used for examining membrane diffusion, as will be 
discussed in this article. In fact, the line scanning itself 
allows us to examine slow diffusion while limiting photo-
bleaching. The system needs to be able to image lines cov-
ering 256–1024 pixels, with individual pixel dwell times 
on the order of 3–10 μs.

 (f)  Software. Most commercial acquisition software packages 
are not equipped to align, calculate correlation, and fit 
correlation curves for SFCS data. This is in contrast to 
single-point FCS and FCCS software packages. It is best to 
acquire the line scanning data as an image, and then extract 
the intensity trace, and fit it with custom-built software. 
One option is to use ImageJ (NIH). Our custom ImageJ 
plug-ins are available at http://research.stowers.org/
imagejplugins. The easiest way to download the software is 
by following the Stowers Fiji update site (https://imagej.
net/Following_an_update_site).

 1. Four percent paraformaldehyde solution: 20 mL 16% parafor-
maldehyde (EM grade, methanol free), 2.7 g sucrose, and 
60 mL ddH2O. To remove particulates that may interfere with 
imaging, pass through a 0.2 μm filter. Store at 4 °C in a con-
tainer shielded from light (see Note 7).

 2. PBS: 8 g sodium chloride, 0.2 g potassium chloride, 1.42 g 
disodium phosphate, 0.24 g monopotassium phosphate, and 
1000 mL ddH2O. Adjust the pH to 7.4. Filter to remove 
particulates.

 3. Dako fluorescence mounting media: (Agilent Technologies, 
S302389-2) (see Note 8).

 4. 22 × 22 mm number 1.5 coverslips: SIM is less dramatically 
affected by coverslip thickness than SFCCS. Nevertheless, it 
is important to use number 1.5 coverslips. Both coverslips 

2.3 Microscope 
and Materials 
for SPA-SIM
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and glass slides should be cleaned using 70% ethanol and 
allowed to dry on a lint-free surface such as lens paper (see 
Notes 5 and 6).

 5. Microscope: The choice of a microscope for SIM is like choices 
for other kinds of high-resolution and high-sensitivity 
microscopes.

 (a)  Resolution. Clearly, it is important to have the resolution 
necessary to resolve heterogeneity in the protein complex 
under study. SIM achieves ~100 nm resolution with typi-
cal GFP-labeled structures [26]. Switching to blue fluoro-
phores can increase the resolution, though often with the 
trade-off of lower signal and faster photobleaching (see 
Note 2). We use an OMX BLAZE (GE Healthcare, 
Issaquah, WA) microscope for our SIM protocol. Note 
that for the specimens studied here, any microscope capa-
ble of resolving the major sub- components of the yeast 
SPB should be sufficient. This includes other commercially 
available SIM systems, as well as the recently developed 
Airyscan microscope (Carl Zeiss, Jena, Germany) and lat-
tice light sheet [27] modalities, which have slightly reduced 
resolution relative to 3D SIM. Axial (z) resolution is less 
important in our work in that we can simply acquire more 
images that are oriented in a similar manner in the lateral 
(x–y) plane. However, the difference in axial resolution 
compared to lateral is still a crucial component to consider 
when realigning SPBs. Finally, it is important that cells are 
maintained less than 10 μm from the coverslip surface.

 (b)  Multicolor. The alignment methodologies described here 
require a fiducial marker for alignment. The logical choice 
for this is a well-defined structural component labeled with 
a different color. Many super-resolution methodologies 
require unique combinations of labels and/or immuno-
fluorescence for high-sensitivity multicolor labeling.

 (c)  High sensitivity. Most super-resolution methodologies 
require more signal than a high-sensitivity wide-field or 
confocal microscope. This is, at the minimum, simply a 
result of needing more photons per unit resolved area 
given the higher resolution [28]. Obviously, sensitivity is 
going to be a function of the fluorophores used (see Note 2). 
The chosen modality should employ low noise but high-
sensitivity detectors. For the SIM modality, the sCMOS 
cameras seem to work best.

 (d)  High speed. There are two major reasons for high speed 
acquisition. The first is sample drift. Although we gener-
ally fix and mount cells prior to imaging, we must be 
cautious to preserve fluorophore integrity, so fixation is 
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not always ideal, and occasionally there is a slight amount 
of drift. Keeping the acquisition per channel under 30 s 
helps with this issue. Secondly, a large sample size is desir-
able for single particle  averaging as described here. The 
faster samples can be acquired, the greater the accuracy of 
reconstruction and the throughput of characterization for 
a large multi-subunit structure.

 (e)  Software. The software shipped with most microscopes is 
sufficient for good reconstruction. It is nice to have the 
flexibility to change reconstruction frequency filters (e.g., 
the Wiener filter for SIM). Given enough signal, the 
Wiener filter can be decreased to produce noisier data with 
slightly higher resolution. Particle discovery, realignment, 
averaging, and analysis must be done with custom ImageJ 
plug-ins available at http://research.stowers.org/imagej-
plugins. The easiest way to download the software is by 
following the Stowers Fiji update site (https://imagej.
net/Following_an_update_site).

3 Methods

 1. Use a sterile toothpick to streak for single colonies from S. 
cerevisiae glycerol stocks on a YPD plate. Grow cells for 
2–3 days at 23–30 °C until isolated single colonies are visible. 
Use a single colony to inoculate a liquid culture for imaging 
experiments. Plates containing yeast can be stored at 4 °C for 
up to 10 days; however, long-term storage is not recommended 
as it is associated with poor growth, increased photobleaching, 
and autofluorescence.

 2. Grow budding yeast cells for 12–18 h at 23–30 °C in imaging 
media until the OD600 is between 0.5 and 0.8. If the OD600 is 
above 0.8, dilute cells back to an OD600 of 0.3 and grow out 
3–5 h. If OD600 is below 0.1, continue growing cells until 
culture reaches an OD600 of at least 0.3.

 3. When performing experiments in S. pombe, use a sterile tooth-
pick to streak for single colonies from the glycerol stock on a 
YES plate. Grow cells for 2–3 days at 30 °C until isolated single 
colonies are visible. Use a single colony to inoculate a liquid 
culture for imaging experiments. Plates containing fission yeast 
can be stored at 23 °C for up to 7 days; however, long-term 
storage is not recommended as it is associated with poor 
growth, increased photobleaching, and autofluorescence.

 4. Grow fission yeast cells for ~24 h at 25 °C in YES with back 
dilutions to ensure that the cell OD600 remains between 0.5 
and 0.8. Pellet cells, resuspend in an equivalent volume of 
EMM5S, and grow for ~4 h at 25–30 °C before imaging.

3.1 Yeast Growth 
and Culture

LINC Complex in Yeast

http://research.stowers.org/imagejplugins
http://research.stowers.org/imagejplugins
https://imagej.net/Following_an_update_site
https://imagej.net/Following_an_update_site


146

SFCS and SFCCS are extensions of single-point fluctuation spec-
troscopy, the theory and methods of which have been described in 
detail previously [29–31]. As members of the fluctuation 
 spectroscopy family, they require a measure of intensity fluctua-
tions over time. Single-point FCS and FCCS methods have been 
used to study protein dynamics throughout the cell. These single-
point fluctuation methods hold the focal volume fixed at one loca-
tion; however, such an approach does not suffice on membranes 
such as the NE. This is because membrane diffusion is slow relative 
to cytosolic diffusion, and continuous excitation at a single point 
will bleach molecules prior to them diffusing through the focal 
volume, leading to artifacts in the correlation decay. Furthermore, 
even with the most rigid immobilization, drift can occur, and 
membranes may shift due to their natural movements within cells 
during the time of measurements (typically 3–5 min). A shift in the 
membrane will cause a large fluctuation in the intensity profile, 
which again will lead to artifacts in the correlation decay. These 
two challenges are solved, for the most part, by scanning a line 
(Fig. 2A).

In SFCS, the diffusion rate and number of mobile molecules 
can be determined for any fluorescently labeled protein. Because 
endogenous loci can be fused to FPs with relative ease in yeast, this 
method is easily applied to the NE pool of Mps3 and other NE 
proteins. SFCCS is a powerful and surprisingly simple method to 
study protein complexes in their most native form. It is an exten-
sion of SFCS in that the co-diffusion of two fluorescently labeled 
molecules is investigated; SFCCS is best thought of as a combina-
tion of three things, two of which are collected—the autocorrela-
tion of two distinct individual channels—and a third thing that is 
only calculated, the cross-correlation between the individual chan-
nels. Below, we describe how to perform SFCS on an individual 
fluorescently labeled protein. We then discuss how to extend this 
method to SFCCS. A detailed data analysis tutorial and sample 
data can be found here: http://research.stowers.org/imagejpl-
ugins/sfccs.html.

 1. Yeast sample preparation. Fluctuation methods only work on 
live cells. For SFCS, only one protein needs to be fused to a 
FP; for SFCCS, two proteins need to be fused to compatible 
FPs (see Note 2).

 (a)  After cultures have reached the desired OD600, pellet 
1–2 mL of cells by spinning for 1 min at 12,000 × g in an 
Eppendorf centrifuge.

 (b)  Aspirate off media and resuspend cells in 100 μL of imag-
ing media or PBS by vortexing briefly (see Note 10).

 (c)  Place 2.5 μL cells onto a clean 22 × 22 mm number 1.5 
coverslip.

3.2 SFCS and SFCCS 
in Budding Yeast

Jay R. Unruh et al.
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Fig. 2 SFCS and SFCCS of Mps3. (A) Image of budding yeast cell containing Mps3-YFP (yellow) and Ndc1- 
mTurquoise2 (magenta). The cell outline is shown with dashed lines. The line profile for SFCS and SFCCS is 
shown. Bar, 2 μm. (B) Line scans can be visualized as a kymograph, which shows the fluctuations of molecules 
as they traverse the NE at the two points chosen in (A). For fluctuation analysis, the intensity along a segment 
of the kymograph is measured. (C) Schematic demonstrating the principle of SFCS. Simulated data and sub-
sequent correlation curves for diffusing molecules through the focal volume of samples with increased con-
centration, decreased diffusion rate, or both. The amplitude of the correlation is inversely proportional to the 
number of diffusing molecules (N), and the slope (τD) is related to the diffusion rate. (D) SFCS of Mps3-GFP and 
Mps3-GFP1–10 in a strain containing the nuclear marker Pus1-mCherry-GFP11. (E) Principle of SFCCS is 
illustrated for randomly diffusing magenta and yellow particles and co-diffusing particles using simulated 
data. The cross-correlation curve is shown in black
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 (d)  Gently invert cleaned glass slide on top of coverslip, press-
ing out excess liquid. Care must be taken to not press too 
hard, as this will cause the cells to burst.

 2. Image acquisition. As fluctuation methods, SFCS and SFFCS 
are governed by the basic principle of determining correlation, 
G(τ), as a function of time shift, τ, by examination of fluctua-
tion traces of fluorescence intensity I(t) over time.
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   Therefore, the steps of acquisition are centered around obtaining 
an intensity trace of molecules at a region of the membrane.

   For one color acquisition in SFCS, any laser line that sufficiently 
excites the FP can be used. An emission dichroic and emission 
filter should be chosen that allows good throughput for the given 
FP. For mTurquoise2, we use excitation at 440 nm and emission 
from 470 to 495 nm. For YFP we use excitation at 514 nm and 
emission from 530 to 575 nm. For GFP we use excitation at 
488 nm and emission 505–540 nm, and for mCherry we use 
excitation at 561 nm and emission past 580 nm.

   After an overview image is acquired, a line should be selected 
that is drawn perpendicular to the nuclear periphery, crossing 
the nucleus either in one or two locations (Fig. 2A; see Note 
11). Although the exact conditions can be varied, in the past 
we have used a line with 512 pixels, and a pixel size of 22 nm, 
for a total line size of 11.3 μm. The pixel dwell time was 6.4 μs, 
resulting in a total line time of 7.65 ms. Generally, acquisition 
traces are for 3–5 min. The result of the line scan is a kymo-
graph (an image where the y-axis is time) (Fig. 2B). Measuring 
the intensity across the kymograph, as shown, is the basis for 
fluctuation analysis.

 3. Analysis.
 (a)  Line selection. The first step in analysis is to determine what 

region on the kymograph to use to generate an intensity 
trace. Raw data (we will call kymograph 1) is first binned 
by a factor of 2 in time (y) for a total time per line of 
15.3 ms and by 4 in x for a total pixel size of 88 nm 
(Plugins>Stowers>Jay_Unruh>Image_Tools>bin image 
jru v1). Binning is employed to reduce noise in the subse-
quent analysis. This second binned kymograph (kymo-
graph 2) will be used to generate the intensity trace; 
however, it is necessary to further bin kymograph 2 in time 
in order to best see what region should be selected for 
analysis (a highly binned image best shows the times the 
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membrane shifted, which are avoided during analysis). 
The data is binned by another 20× in time (y) to generate 
kymograph 3. A region is selected on kymograph 3 using 
the simple segmented line tool and mapped back to kymo-
graph 2 using Plugins>Stowers>Jay_Unruh>Carpet 
Tools>get line traj jru v1.

 (b)  Detrending. Even with line scanning with low laser power 
and sensitive detectors, photobleaching can be a problem. 
In our hands, it is best to detrend the intensity traces by 
dividing the data into segments and subtracting a linear fit 
from each part. This and subsequent steps will be per-
formed with the plug-in, Plugins>Stowers>Jay_
Unruh>Trajectory Tools>analysis auto corr v2. The 
program will ask how many segments the data should be 
divided into for detrending and what shape of focal vol-
ume should be used. We recommend 3–4 segments for 
detrending. Each selected segment should be at least 20 s.

 (c)  Correlation and fitting. With our corrected intensity trace, 
we calculate G(τ) using Eq. (1) and then fit it to determine 
a transit time (τD) and concentration (N) using Eq. (2). 
The correlation fitting function for SFCS is unique from 
normal FCS because of the restricted motion of the mole-
cules along the membrane in a vertical (x–z) direction [32]:
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   Here τD is the transit time of the molecule through the focal 
volume, S is the structure parameter of the focal volume 
S = z0/w0, and w0 and z0 are the radial and axial “waists” of the 
focal volume, which double the Gaussian standard deviation in 
each dimension [32]. S is typically assumed to be five for a 
confocal microscope [33]. Importantly, N represents the aver-
age number of diffusing entities in the focal volume over the 
length of the measurement, proportional to concentration 
(Fig. 2C) (see Note 12).

 (d) Once τD is extracted from the fit, the diffusion coefficient 
can be calculated as follows:
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 (e) Note that SFCS using GFP at the NE cannot distinguish 
between protein located at the INM or the ONM since the 
separation between these two NE compartments falls below 
the resolution limit of all confocal systems and most super- 
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resolution methods. One way to compare mobility or 
 concentration of proteins at the INM and ONM is to use 
split GFP, as recently demonstrated for Asi1 and other pro-
teins [34] and shown in Fig. 2D for Mps3 (see Note 13).

 4. SFCCS. A major challenge and limitation for single-point FCCS 
are cross talk between channels. However, membrane diffusion, 
assayed with SFCCS, is often sufficiently slow such that alternat-
ing excitation (multi-track) mode is both possible and highly 
recommended. In some cases, the use of multi-track mode 
nearly eliminates the possibility of cross talk. We have had the 
best success using the mTurquoise2 (a vastly improved isoform 
of CFP; [35]) and YFP for SFCCS experiments on the yeast NE 
[18, 34]. We excite mTurquoise2 with a 440 or 458 nm line and 
YFP with a 514 nm line, in alternating excitation mode. 
Importantly, mTurquoise2 is collected with a narrow band-pass 
(BP) filter, such as BP 470–495 nm. Even though the 440 or 
458 nm line will excite YFP, little or no emission from YFP will 
be collected through this narrow filter. YFP can be collected 
with a 530–575 nm filter, and 514 nm excitation does not 
appreciably excite mTurquoise2. With alternating excitation and 
narrow emission filters, this combination, imaged in this way, is 
free from cross talk (see Note 2).

To perform SFCCS:
 (a) Steps 1–4. These steps are identical to above, with one 

exception—maintaining a pixel dwell time of 6.4 μs with 
two channels and alternating excitation results in a total 
line time of 15.3 ms (7.65 ms for each channel). The 
detrending and subsequent steps are performed with the 
plug-in, Plugins>Stowers>Jay_Unruh>Trajectory 
Tools>analysis cross corr v2.

 (b) Calculation of the cross-correlation. Correlation curves of 
the individual channels are calculated exactly as described 
above (Eq. 1). The cross-correlation is then calculated 
based on fluctuations between the channels (Fig. 2E).
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 (c) Calculation of Nbound. Once G(τ) values are known for indi-
vidual channels, and thus the number of blue (NB) and 
number of yellow (NY) are known from individualcurves, 

calculate G(τCC) and then “Ncc.” N
GCC
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.

 (d) Finally, the number of bound particles is as follows:
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There are several methods of determining ultrastructure of protein 
complexes like the yeast SPB in situ. Transmission electron micros-
copy (EM) has been of considerable importance in understanding 
the overall structure and duplication intermediates of yeast SPBs in 
wild-type and mutant cells, including the contribution of SUN and 
KASH components to this structure (reviewed in refs. 36, 37). 
Using immunoEM, both Mps3 and Sad1 were shown to localize 
to specific subregions of the SPB; as shown in Fig. 3A, Mps3 is 
found on the INM region of the bridge [1, 2]. FRET in combina-
tion with modeling has also played an important role in under-
standing the organization of proteins within the budding yeast 
SPB core [38]. While SPA-SIM provides lower spatial resolution 
than EM or FRET (reviewed elsewhere [39]), it is relatively high 
throughput, allowing for rapid characterization of position and 
dynamics of proteins within a large complex like the SPB or cen-
trosome [20, 21, 40]. A tutorial on the alignment and averaging 
procedures with sample data is available at http://research.stow-
ers.org/imagejplugins/spasim.html.

 1. Yeast fixation and mounting.
 (a)  After cultures have reached the desired OD600, pellet 

1–5 mL of cells by spinning for 3 min at 3000 × g in a 
table top centrifuge.

 (b)  Pour off media, and resuspend cell pellets in 1 mL of 4% 
paraformaldehyde solution.

 (c) Transfer to an Eppendorf tube.
 (d) Fix for 15 min at room temperature in a rotating tube rack.
 (e)  Pellet cells by spinning for 1 min at 12,000 × g in Eppendorf 

centrifuge.
 (f)  Aspirate off the fixative and wash two times with 1 mL of 

PBS.
 (g) After last wash, aspirate off all remaining PBS.
 (h)  Add 10–20 μL Dako fluorescence mounting media to 

each, and vortex for 1 min at highest setting (see Note 8).
 (i)  Pipet 5 μL onto a premeasured 22 × 22 coverslip, using 

pipet tip to spread cells over surface.
 (j)  Overlay with a clean glass slide, pressing extremely hard to 

ensure that the cells form a single monolayer between the 
two glass surfaces.

 (k)  Place with the coverslip facing down in a dark humidified 
chamber (see Note 9).

 (l) Incubate for at least 12–18 h at room temperature.
 2. Image acquisition. Refractive index matching can be crucial to 

good structured illumination reconstruction. Some microscopes 
utilize an objective correction collar for such adjustments. 

3.3 SPA-SIM 
in Budding Yeast
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Our OMX microscope utilizes a series of increasing refractive 
index immersion oils. Every experiment is a trade-off between 
exposure time, laser power, and image stack depth. Intensity 
levels above 5000 are crucial for good reconstruction, but sat-
uration will cause the reconstruction to fail. The order of image 
acquisition is important to avoid photobleaching; because red 
fluorophores will bleach when excited in blue wavelengths, we 
acquire mCherry, then GFP images or YFP, and then mTur-
quoise2 images. We often use an image stack depth of eight 

Fig. 3 SPA-SIM of Mps3. (A) Schematic of S. cerevisiae SPB undergoing duplication. Based on immunoEM, 
Spc42 (yellow) is found within the core of the mother SPB and at the distal cytoplasmic tip of the newly forming 
SPB, known as the satellite [60]. Mps3 localizes to the inner nuclear membrane region of the bridge that 
extends between the mother SPB and the satellite [2]. (B) Cells containing Mps3-YFP (magenta) and Spc42- 
mTurquoise2 (yellow) were arrested in G1 to enrich for the duplication intermediate depicted in (A) and were 
imaged by SIM. Shown are 16 randomly oriented SPBs. (C, D) Realignment of the 16 SPBs from (B) allowed for 
reorientation of images such that the mother SPB is positioned to the left and the daughter SPB to the right. 
The SPBs were also reoriented with Mps3-YFP shifted toward the nucleoplasm, which was previously 
determined relative to Spc42 by immunoEM. (E) Projection of realigned images. (F) Contour map showing the 
distribution of fluorescent intensity. (G) Normalized fluorescence intensity of both proteins along the mother 
satellite and the pole axis is plotted. Bars, 100 nm
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slices using the default setting of 125 nm per z slice. This covers 
most of the nucleus in both S. cerevisiae and S. pombe and 
results in a good reconstruction. We use the 60× 1.42 NA oil 
objective for our SIM measurements, resulting in a 40 nm 
pixel size.

 3. Reconstruction. We essentially follow the recommended recon-
struction procedures from GE Healthcare for reconstruction. 
We do however occasionally change the Wiener filter from its 
typical value of 0.001 in the attempt to achieve higher resolu-
tion for low-noise data sets or lower resolution for high-noise 
data sets. Lateral (x–y) color alignment is performed using the 
reference slide provided by GE Healthcare and is calibrated 
within a week of data acquisition. Axial (z) alignment is per-
formed monthly with TetraSpeck microspheres from Thermo 
Fisher (Madison, WI). Realignment is particularly important 
when switching between fluorophore pairs.

 4. Projection and selection and duplication of centrosomes. Image 
realignment is performed on reconstructed 3D images, but it 
is easier to select individual SPBs from a sum projected image 
created in ImageJ. Individual SPBs are then selected with 
square regions of interest in the ImageJ RoiManager. These 
are then duplicated out of the original image. SPBs with their 
maximum intensity in the first or last slice or without an obvi-
ous satellite structure in the fiducial reference channel (Spc42-
YFP for S. cerevisiae and Ppc89-mCherry for S. pombe) are 
eliminated. This process can be automated somewhat by 
using a peak finder plug-in. It is useful to save the list of chosen 
selections for future reference, especially if cell cycle analysis is 
desired in an asynchronous population. Sixteen examples from 
cells containing Mps3-YFP (magenta) and Spc42-mTurquoise2 
(yellow) are shown in Fig. 3B.

 5. Selection of mother and daughter centrosomes. While it may be 
possible to automate the discovery and duplication of SPB 
images, it is quite difficult to identify the mother and daughter 
(known as the satellite) spots reliably. We typically perform this 
operation by hand selecting the brighter SPB first and the 
dimmer 1 s with point selections in the RoiManager. We 
pre- verified that the brighter spot is the mother SPB by colo-
calization with a late duplicating SPB component (Spc110 for 
S. cerevisiae and Kms2 for S. pombe) [20, 21].

 6. Multi-Gaussian fitting and realignment. Once mother and 
daughter spots are identified, these positions are used to fit the 
two spots to three-dimensional Gaussian functions with non-
linear least squares (Plugins>Stowers>Jay_Unruh>Image_
Tools>fit 3D multi gaussian jru v1). The resulting center 
positions are used to reslice the image in three dimensions so 
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that the midpoint between the mother and satellite is in the 
center of the resulting image and both centers are in the result-
ing image plane (see Fig. 3C, D) (Plugins>Stowers>Jay_
Unruh>Segmentation_Tools>thick 3D polyline profile jru v1).

 7. Image merging, flipping, averaging, and scaling. Next, all 
realigned images are opened together and merged into a false 
time stack. Realigned profiles can vary in length, but the plug-
 in enlarges the merged stack and maintains the center of each 
image at the center of the final stack (Plugins>Stowers>Jay_
Unruh>Image_Tools>merge all stacks jru v1). Note that the 
Gaussian fitting does not assign a right or left side to the image. 
As a result, some of the images will have to be flipped manu-
ally, taking into account positional information obtained from 
immunoEM [20] or imaging relative to a reference protein 
[21]. This can be done by hand before merging or afterward 
by selecting one side of the SPB (not in the fiducial reference 
channel) and running Plugins>Stowers>Jay_Unruh>Misc 
Tools>flip roi mirror right jru v1. This tool compares the 
intensity between a ROI and its mirror image on the right-
hand side. If the right- hand intensity is higher, the image is 
flipped. This is a good time to inspect the quality of your 
realignments by creating a montage with Stowers Fiji as shown 
in Fig. 3D. Next, the images are averaged by creating a time 
projection of the entire image stack (Plugins>Stowers>Jay_
Unruh>Image Tools>bin image jru v1). Finally, averaged pro-
files are scaled using bilinear interpolation with the built-in 
ImageJ scaling tool (Image>Scale) to generate the merged 
image in Fig. 3E.

 8. Contour creation. While the averaged images represent a raw 
form of the data (fitting was only utilized for image align-
ment), they can be hard to compare. For that, we can either 
create contours or represent the data as intensity peaks. We 
typically report contours at 75% of the maximum intensity for 
each visible peak. Because mother and daughter intensities can 
differ dramatically in intensity, we contour them separately. We 
also typically scale the image (with bilinear interpolation) four-
fold more than for direct viewing, resulting in an image that is 
scaled 32-fold compared to the original averaged image. 
Contouring is performed by selecting the desired peak and 
running Plugins>Stowers>Jay_Unruh>Misc Tools>contour 
selection jru v1. The contour is added to the RoiManager. The 
displayed image along with RoiManager rois can be exported 
to vector graphics using Plugins>Stowers>Jay_Unruh>File 
Tools>export emf image rois jru v1. These images can be 
edited for publication in vector graphics and layout editing 
programs. An example of Mps3-mTurquoise2 (magenta) rela-
tive to Spc42-YFP (yellow) is shown in Fig. 3F.

Jay R. Unruh et al.



155

 9. Profile creation and fitting. While contours offer a way to com-
pare the qualitative shapes of SPA-SIM peaks, they do not pro-
vide a quantitative method for comparison of peak positions 
and sizes. For this we measure average intensity profiles 
(Plugins>Stowers>Jay_Unruh>Image_Tools>avg profile jru 
v1) and fit them to single or double Gaussian functions 
(Plugins>Stowers>Jay_Unruh>Trajectory_Tools>fit traj dou-
ble gaus jru v1). This plug-in also provides Monte Carlo error 
analysis on the fits for downstream hypothesis testing. The 
position of Mps3-mTurquoise2 (magenta) relative to Spc42-
YFP (yellow) along the axis from mother to satellite and along 
the pole axis is shown in Fig. 3G.

4 Notes

 1. The choice of yeast strain is often historical, selected based on 
the lab or the field. However, for imaging experiments it is 
important to consider that mutations of the ADE1 or ADE2 
genes found in many commonly used laboratory yeast (e.g., 
W303, A364a) result in the formation of red pigmented colo-
nies due to the accumulation of a biosynthetic intermediate 
during purine biosynthesis. This is also linked to high levels of 
autofluorescence. Addition of extra adenine to the media is 
not sufficient to reverse the genetic defect (see Fig. 1), which 
also impinges on the production and utilization of other 
amino acids [41]. Thus, for optimal imaging, strains should be 
made prototrophic for adenine, or an upstream mutation such 
as ade3Δ or ade8Δ should be introduced to block accumula-
tion of the red pigment.

 2. The performance of most FPs in yeast is often difficult to eval-
uate based on published literature since new FPs are typically 
characterized in vitro or in cultured cells. Yeast codon- 
optimized versions of FPs generally perform best in yeast 
imaging experiments and have been cloned into commonly 
used plasmids for PCR tagging (e.g., [23, 42–45]). The most 
popular are deposited in plasmid distribution repositories such 
as Addgene or Euroscarf. We have found that yeast codon- 
optimized mTurquoise2 and YFP are particularly well-suited 
to both SFCCS and SPA-SIM since their folding/maturation 
time is similar and their brightness is adequate for repeated 
imaging [18, 20, 34]. Although GFP and mCherry are also 
bright and able to withstand multiple imaging cycles, the 
altered folding kinetics of mCherry (or superfolder RFP) rela-
tive to GFP make experiments difficult to interpret since a 
population of the red protein is “dark” [46]. This problem is 
particularly acute in S. cerevisiae but does not occur to the 
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same extent in S. pombe. To evaluate if this is an issue, we swap 
the FP tags as well as analyze the behavior of a tandemly 
tagged protein. Although it is feasible to create strains con-
taining GFP and YFP, for example, this combination of fluoro-
phores is not suitable for SFCCS or SPA-SIM because of 
overlap in both excitation and emission spectra.

 3. Imaging media results in superior growth of S. cerevisiae com-
pared to synthetic complete (SC) media, so we use it when we 
do not need to maintain selection for plasmids. We typically 
do not culture cells in YPD liquid media since it produces high 
background levels of fluorescence. While it is possible to trans-
fer cells from YPD to imaging media/SC media, this results in 
a transient lag in cell growth as cells acclimate to the new 
growth media.

 4. In adapting these protocols for fission yeast, imaging is best if 
cells are grown overnight in YES and then transferred to 
EMM5S for at least 4 h prior to imaging.

 5. For SFCS and SFCCS, we adjust the correction collar on our 
objective to maximum intensity using a solution of dye on a 
premeasured coverslip. Typically, we use a 40× water and 
1.2 NA Plan Apochromat objective for SFCS or SFCCS 
experiments. Once this adjustment has been made, only 
coverslips of the same thickness are used throughout experi-
ments. It is also important to align the pinhole of the system 
using this same dye solution. Improper alignment of the 
pinhole will greatly reduce the observed intensity. 
Commercial confocal microscopes have a built-in automated 
alignment program.

 6. Because FCCS and SPA-SIM do not involve long-term imag-
ing (longer than ~15 min), we typically do not prepare agar 
or gelatin pads for imaging. However, some aspects of chro-
mosome organization are altered if cells are placed directly 
on glass surfaces, so agar pads should be used in these experi-
ments [47]. A description of the construction of pads suit-
able for imaging budding and fission yeast can be found in 
[48, 49].

 7. The long-chain polymers present in powdered paraformalde-
hyde will not adequately fix samples, so it is typically purchased 
in a soluble form as 37% formaldehyde (which contains meth-
anol) or a 16% paraformaldehyde (EM grade, in ampules from 
Ted Pella, Redding, CA). Because methanol leads to deterio-
ration of FP fluorophores, we use EM grade paraformalde-
hyde to fix our yeast. Over time, the paraformaldehyde in the 
fixation solution will break down due to exposure to air. 
Prepare this solution fresh every 1–2 months for optimal 
results.
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 8. Mounting media for SIM performs two functions: it ensures 
that cells lie in a single monolayer adjacent to the coverslip, 
and it protects against photobleaching during SIM image 
acquisition. The Dako mounting media used in our protocol 
is specifically protective for YFP [50]. For samples with other 
fluorophores, this step can be omitted, or other mounting 
media can be used.

 9. We create a humidified chamber by moistening a few paper 
towels and placing them at the bottom of a sealable plastic 
container that will hold the slides. The entire container can be 
placed in a drawer or cabinet overnight.

 10. Background effects are one of the largest sources of variability 
in analysis of endogenously expressed FPs in yeast. In addition 
to analyzing isogenic strains that have been grown under iden-
tical conditions, preparation of slides immediately before 
imaging helps eliminate artifacts.

 11. In the case of NE proteins that are also localized to the SPB or 
other punctate structures such as the nuclear-vacuolar junc-
tion or clustered NPCs, care should be taken to draw the line 
in such a way as to avoid the puncta. If, during data acquisi-
tion, the SPB moves into the path of the continuous line scan, 
that data set should be discontinued and a second attempt 
made with the line in a different location. To study protein 
movement from the NE into or out of these large puncta, 
techniques such as fluorescence recovery after photobleaching 
(FRAP) can be used.

 12. The correlation equation (Eq. 2) generally includes a factor 
known as γ to account for the shape of the focal volume. We 
often omit this since we do not measure the absolute concen-
tration of molecules, but rather compare the relative amounts 
of NE components. A discussion of γ can be found in [51].

 13. Split GFP, also known as bimolecular fluorescence comple-
mentation or BiFC, is a method that takes advantage of the 
propensity of GFP to fold together into a characteristic β-barrel 
structure, with the protected fluorophore folded inside. GFP, 
and other FPs, can be split into segments in various ways. The 
segments are nonfluorescent on their own yet will fold together 
and fluoresce upon coming into proximity (reviewed in refs. 
52, 53). One application is a FRET-type assay, where appear-
ance of fluorescence signal is taken as evidence that the two 
proteins carrying the split halves of GFP interacted (e.g., [54, 
55]). A second application takes advantage of the affinity 
between the two GFP halves. If split in a certain way, the affin-
ity between the segments can be quite strong [56, 57]. While 
this is not advantageous when searching for protein-protein 
interactions, it is a sensitive method to detect the presence of 
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proteins within the same subcellular compartment since the 
mere presence of both halves will lead to self-assembly and 
fluorescence.

We recently completed a large-scale study with this method-
ology to find novel INM proteins in budding yeast [34]. We 
expressed over 1000 putative membrane proteins with one half 
of split GFP (GFP1–10), while the other half of split GFP (GFP11) 
was fused to a nucleoplasmic protein. If the protein containing 
GFP1–10 localized to the INM and the tag was on the end of the 
protein exposed to the nucleoplasm, we observed GFP fluores-
cence at the NE surface. Thus, split GFP can specifically detect 
proteins such as Mps3 at the INM and determine protein 
topology. The appearance of GFP signal in a split GFP assay is 
qualitative. However, a main output of the SFCS fit is concen-
tration. Though it has reduced molecular brightness relative to 
GFP, the reconstituted split GFP is sufficiently bright for SFCS 
[34]. In the case of split GFP, the N from SFCS is the average 
number of INM particles in the focal volume. Comparison of 
this N to the NE concentration of the same protein tagged with 
GFP gives the percentage of the protein localized to the INM:

 
%INM

GFP
GFP

.SFCS

SFCS

= −N
N

1 10

 
(6)

   As a proof of principle, we compared split GFP and GFP con-
centrations of Asi1, a protein believed to be localized exclu-
sively to the INM [58]. As expected, amplitudes of the 
correlation curves were statistically identical. On the other 
hand, Sec62, which was found to have a small INM pool, has 
a dramatically increased amplitude of its correlation curve 
(reduced N) with split GFP relative to GFP. This demonstrates 
that only a small percentage of Sec62 is at the INM, perhaps 
explaining why it has not been appreciated as an INM protein 
previously [34, 59]. Data comparing the concentration of 
Mps3-GFP and Mps3-GFP1–10 confirms that, as expected, 
most of diffusing species of Mps3 are at the INM (Fig. 2D).
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Chapter 13

Genetic Analysis of Nuclear Migration and Anchorage 
to Study LINC Complexes During Development 
of Caenorhabditis elegans

Heidi N. Fridolfsson, Leslie A. Herrera, James N. Brandt, Natalie E. Cain, 
Greg J. Hermann, and Daniel A. Starr

Abstract

Studying nuclear positioning in developing tissues of the model nematode Caenorhabditis elegans greatly 
contributed to the discovery of SUN and KASH proteins and the formation of the LINC model. Such 
studies continue to make important contributions into both how LINC complexes are regulated and how 
defects in LINC components disrupt normal development. The methods described explain how to observe 
and quantify the following: nuclear migration in embryonic dorsal hypodermal cells, nuclear migration 
through constricted spaces in larval P cells, nuclear positioning in the embryonic intestinal primordia, and 
nuclear anchorage in syncytial hypodermal cells. These methods will allow others to employ nuclear 
positioning in C. elegans as a model to further explore LINC complex regulation and function.

Key words LINC, KASH, SUN, C. elegans, Nuclear migration, Nuclear anchorage, Nuclear 
envelope

1 Introduction

The normal development of most eukaryotes depends on actively 
moving and anchoring the nucleus to a specific location within the 
cell. Failures in nuclear positioning lead to a wide variety of defects 
and diseases [1, 2]. The connection between the cytoskeleton and 
the nuclear envelope is essential for these processes and is often 
mediated by a nuclear envelope bridge of Sad1p/UNC-84 (SUN) 
proteins at the inner nuclear membrane and Klarsicht/ANC-1/
Syne homology (KASH) proteins in the outer nuclear membrane. 
SUN and KASH proteins interact with each other in the perinu-
clear space, and together, they form LINC complexes to connect 
the nucleoskeleton to the cytoskeleton [3–5]. LINC complexes are 
found throughout eukaryotes and have been shown in a variety of 
systems to mediate nuclear migration and anchorage [1, 2].
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Caenorhabditis elegans played a central role in the discovery of 
SUN and KASH proteins and the development of the LINC com-
plex model [3]. C. elegans is a particularly well-suited system for 
studying LINC components and nuclear positioning because it 
combines powerful genetics with the ability to study nuclear posi-
tioning events by real-time imaging in the context of a developing 
organism. In the early 1980s, mutations in unc-83 and unc-84 that 
disrupted nuclear migration were isolated by Horvitz and Sulston 
[6], while mutations in anc-1 that disrupted nuclear anchorage 
were found by Hedgecock and Thomson [7]. Malone, Starr, and 
Han molecularly characterized UNC-84 (SUN), UNC-83 
(KASH), and ANC-1 (KASH), which led to the discovery of SUN 
and KASH domains at the nuclear envelope and the creation of 
the LINC model [8–11].

Here we discuss three tissues in C. elegans that serve as excel-
lent models for studying nuclear migration events and focus on the 
adult hypodermis to study nuclear anchorage. Together, these 
invariant and developmentally regulated nuclear positioning events 
have played huge roles in characterizing the mechanisms of LINC 
complexes. The goal of this methods paper is to make these experi-
mental models accessible to others interested in studying LINC 
complexes in C. elegans.

The first nuclear migration event described here occurs during 
embryogenesis, when left and right groups of dorsal epithelial cells 
intercalate, and their nuclei migrate contralaterally across the 
length of hyp7 precursor cells (Fig. 1A). These cells subsequently 
fuse, forming the dorsal hypodermal syncytium with laterally posi-
tioned nuclei [12–14]. Mutations in unc-83 or unc-84 completely 
disrupt hyp7 cell nuclear migration (Fig. 1B), resulting in nuclei 
that are mispositioned to the dorsal cord (Fig. 1C, D) [8, 10, 15]. 
Subheading 3.1 describes how nuclear migration is studied in hyp7 
precursors by scoring finalized nuclear positioning defects in lar-
vae, and Subheading 3.2 describes how to view the migration 
defect by live imaging in the embryo.

In the second discussed tissue, larval hypodermal cells, P-cell 
nuclei migrate from a lateral to a ventral position (Fig. 2A). These 
nuclear migration events are particularly interesting because nuclei 
must flatten to ~5% of their width to squeeze through a constricted 
space between muscles and the cuticle [16] (Fig. 2B, C). Thus, P 
cells are an excellent model for how nuclei squeeze through con-
stricted spaces in humans, such as leukocyte extravasation and 
some cancer metastases [17, 18]. After the completion of nuclear 
migration to the ventral cord, P cells divide and give rise to the 
vulva, hypodermal cells, and motor neurons. Failure in P-cell 
nuclear migration results in P-cell death and, in turn, Egl (egg- 
laying deficient) and Unc (uncoordinated) animals due to the lack 
of vulval cells and motor neurons, respectively. These phenotypes 
in unc-83 and unc-84 null animals are temperature sensitive; at the 
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Fig. 1 Nuclear migration in embryonic hyp7 precursors. (A, B) DIC images from a time-lapse series of images 
of nuclear migration in dorsal hyp7 precursors in wild-type (A) and unc-83(null) (B) embryos. The time that cell 
12 completed intercalation was defined as t = 0. Dorsal view, anterior is to the left. (A', B') Cell borders are 
outlined in black, nuclei migrating left to right are purple, and nuclei migrating right to left are green. Bar, 
10 μm. Reproduced from [15] with permission from The Journal of Cell Biology. (C, D) L1 larva showing hyp7 
nuclei mislocalized in the dorsal cord (arrowheads) in unc-83(null) (C) and unc-84(null) (D). In wild type, there 
would be no nuclei in the dorsal cord. Not all nuclei are seen in this focal plane. Lateral view; anterior is to the 
left, and dorsal is up. The four-cell germ line (g) and the anus (a) are marked to help with dorsal-ventral orien-
tation. Note that the anchorage phenotype shown in (D) is the most severe phenotype seen in unc-84(null) 
larvae 
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Fig. 2 Nuclear migration through constricted spaces in larval P cells. (A) Cartoon of P cells throughout L1 larval 
development; lateral view, ventral is down, anterior to the left. Shortly after hatching, P-cell cytoplasm (dark 
blue) covers the ventral surface of the larva, and there are six P-cell nuclei (red) on each lateral side. P cells 
narrow in early L1 and migrate during mid L1 to form a row of 12 P cells in the ventral cord by late L1. 
Migration usually initiates with the anterior-most pair of P cells. During nuclear migration, P-cell nuclei stretch 
from lateral to ventral. (B) A cross section of an L1 larva just before P-cell nuclear migration. In order for the 
P-cell nucleus (red) to migrate from the lateral to the ventral compartments of the P-cell cytoplasm (dark blue), 
it must squeeze through a narrow constriction between body wall muscles (tan) and the cuticle. Fibrous organ-
elles (yellow) form posts in this constricted space to attach muscles to the cuticle. (C) A mid-L1 larva express-
ing an RFP P-cell nuclear marker in an otherwise wild-type animal. Anterior is left, and ventral is down and on 
the outside of the curve. The anterior-most pair of P cells has completed migration to the ventral cord (arrow). 
The next P-cell nucleus is stretched between lateral and ventral compartments; the dark space within the 
nucleus is nucleoplasm within the constricted space under body wall muscles. P-cell nuclei more posterior 
have yet to enter the constricted space. Image kindly provided by Courtney Bone (BioMarin). (D–F) Adult ani-
mals expressing unc-47::gfp to mark GABA neurons. Tails (t) are left, and heads (h) are right. Lateral view; 
ventral is down. (D) An unc-84(null) animal expressing an unc-84(+) transgene (transgenic animals express a 
red marker in the head) with 18 GABA-positive neurons (arrowheads). (E) An unc-84(null) animal with only 13 
GABA-positive neurons (arrowheads) between the head and tail. (F) A cartoon showing all the GFP-marked 
GABA neurons in wild type. Reproduced from [34] with permission from Cell Press. We only count the 19 
D-type motor neurons in the ventral cord (light blue), 12 of which are derived from P cells. The DVB in the tail 
and neurons in the head is derived from other lineages

Heidi N. Fridolfsson et al.



167

restrictive temperature of 25 °C, about 50% of P-cell nuclei fail to 
migrate to the ventral cord, resulting in Egl and Unc phenotypes. 
However, at the permissive temperature of 15 °C, 90% of P-cell 
nuclei migrate normally to the ventral cord, and the animals have 
no obvious phenotype [6, 8, 10, 19]. In Subheading 3.3, we 
describe how to score P-cell nuclear migration by counting missing 
P-cell progeny using GABA neuron (Fig. 2D–F) or P-cell nuclear 
markers (Fig. 2C).

The third set of nuclear migration events occur in the embry-
onic intestinal primordium. These nuclei move toward the future 
apical surface where the intestinal lumen forms [20] (Fig. 3). unc- 
83 and unc-84 null animals have strong nuclear migration defects 
in the developing embryonic intestine as indicated by nuclei failing 
to position at the midline of the primordium at both 25 °C and 
15 °C [10] (Fig. 3). However, mutant embryos raised at 25 °C 
have slightly less severe defects than embryos raised at 15 °C, 
opposite the effect of temperature on P-cell nuclear migrations. In 
Subheading 3.4 we describe how to assay nuclear positioning in 
the intestinal primordium.

There are at least two other C. elegans tissues with interesting 
nuclear migration events mediated by LINC complexes. Pronuclear 
migration after fertilization, which is mediated by the SUN protein 
SUN-1 and the KASH protein ZYG-12, can be easily filmed in the 
one-cell embryo [21, 22]. The syncytial germ line of the C. elegans 
hermaphrodite also relies on SUN-1 and ZYG-12 to organize 
nuclei [23]. As they are both well-established systems used by 
many different labs, we will not discuss the methods for studying 
them here.

After nuclei migrate to a specific location, they are anchored in 
place. Defects in nuclear anchorage can be seen in many of the 
syncytia in C. elegans including binucleated intestinal cells, phar-
ynx isthmus muscle cells, seam cells, and the adult hyp7 syncytium 
[7, 9]. The phenotype is most dramatic in the adult hyp7 syncy-
tium, which contains 139 nuclei that are normally evenly spaced 
apart [24]. Mutations in either unc-84 or anc-1 have a nuclear 
anchorage defect that can be observed with DIC optics (Fig. 1D) 
but is best quantified when the hyp7 nuclei are marked with a 
nuclear GFP (Fig. 4). Subheading 3.5 describes how we quantify 
nuclear anchorage in the adult hyp7.

In order to enhance the study of nuclear positioning, we have 
developed fluorescent fusion proteins for live imaging in transgenic 
animals. We have taken advantage of three tissue-specific markers: 
the promoter of lbp-1 for expression of fluorescent proteins in 
embryonic hyp7 precursors [15, 25], the hlh-3 promoter for 
expression in larval P cells [19, 26], and the col-19 promoter for 
expression in the adult hyp7 syncytium [27]. Expression of 
 fluorescent fusion proteins only in the desired tissue improves 
imaging quality. Refer to the referenced papers to see how these 
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Fig. 3 Nuclear migration in the C. elegans intestinal primordium. Wild-type and unc-83(ku18) E16 stage 
embryos were stained with a cortical marker (anti-BGS-1, red) and a nuclear dye (DAPI, blue). (A, B) 
Representative single optical sections from a ventral view (anterior up) are shown with white arrowheads 
denoting the apical surfaces and black arrows denoting the basal surfaces of intestinal cells. The nuclear api-
cal membrane distance was determined by measuring the distance between the center of the nucleus and the 
apical membrane (insets). (C) Each circle represents the nuclear apical membrane distance of a single intes-
tinal cell. The mean distance is shown in red, and the error bars denote the 95% confidence interval

Fig. 4 Nuclear anchorage in the adult hyp7 and seam cell syncytia. Adult animals 
expressing nuclear-localized GFP in hypodermal cells under control of the col-19 
promoter are shown. (A) Wild-type animal with well spaced-out hypodermal 
nuclei. (B) anc-1(e1873) null animal with many clustered hypodermal nuclei. 
Heads are up

Heidi N. Fridolfsson et al.



169

plasmids were cloned and how they could be of use for you to 
clone your gene of interest to be expressed at the time of nuclear 
migration or anchorage.

2 Materials

 1. Dissecting microscope with epifluorescence.
 2. Wide field fluorescence (or confocal) microscope with 10× and 

63× or 100× objectives with DIC optics and epifluorescence 
(filters for GFP and RFP).

 3. Agarose pad made of 2% agarose in H2O on a glass microscope 
slide (see Note 1).

 4. Worm pick (see Note 2).
 5. 25 × 75 × 1 mm glass microscope slides.
 6. M9 buffer: 3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 mL 1 M 

MgSO4, and H2O up to 1 L. Autoclave to sterilize [28].
 7. 1 mM tetramisole, 25 mM sodium azide, or other paralytic in 

M9 buffer.
 8. 25 × 25 × 1 mm coverslips.

 1. 0.1% (w/v) poly-l-lysine.
 2. Custom epoxy-coated slides with three square 14 mm wells 

(30-2066A-Brown. Cell-Line/Thermo Fisher Scientific).
 3. 25 × 25 × 1 mm and 25 × 40 × 1 mm coverslips.
 4. Methanol or 4% buffered paraformaldehyde: 60 mM Pipes 

pH 6.8, 25 mM Hepes pH 6.8, 10 mM EGTA pH 6.8, 2 mM 
MgCl2, 0.1 mg/mL l-α-lysolecithin.

 5. 1× PBS-T: 1× PBS with 0.1% Tween-20.
 6. PBS-BSA: 1× PBS-T, 1% bovine serum albumin, 0.1% sodium 

azide.
 7. Rabbit anti-BGS-1 (diluted 1:900 in PBS-BSA) [29] and 

Donkey anti-Rabbit IgG-Rhodamine Red (Jackson 
ImmunoResearch; diluted 1:400 in PBS-BSA).

 8. 0.33 μM Alexa Fluor 488 phalloidin (Thermo Fisher Scientific; 
diluted in 1× PBS + 0.2% TX-100).

 9. PBS-DAPI: 1× PBS, 0.1 μg/mL DAPI.
 10. Mounting media: 80% glycerol, 0.223 M DABCO.
 11. Clear nail polish.
 12. ZEN software (Zeiss) or equivalent.

2.1 Microscopy

2.2 Staining Nuclei 
and the Cell Cortex 
of C. elegans Embryos
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3 Methods

 1. Culture C. elegans on NGM agar plates spotted with OP50 
E. coli.

 2. Prepare microscope slides with 2% agarose pad (see Note 1).
 3. Pipette ~5 μL of M9 buffer to the agarose pad. 1 mM tetrami-

sole or other paralytic can be optionally added to the M9.
 4. Using a dissecting microscope and worm pick (see Note 2), 

transfer a large number (at least 20) of L1 and L2 worms to 
the M9 buffer.

 5. Cover the agarose pad with a 25 × 25 × 1 mm coverslip.
 6. Use DIC optics and a 10× objective on a compound micro-

scope to locate an L1 or L2 worm.
 7. Switch to a higher objective (63× or 100×) using DIC optics 

to zoom in on the selected worm (see Note 3).
 8. Ensure that the larva is on its lateral side by identifying the 

four-cell germ line and anus on the ventral side (Fig. 1C, D). 
Identify the dorsal cord, which is opposite the developing 
germ line (see Note 4).

 9. Score “fried egg”-shaped nuclei in the dorsal cord posterior of 
the pharynx to the anus.

 10. Repeat steps 5–8 on additional L1 and L2 worms. Wild-type 
animals should have no hypodermal nuclei in the dorsal cord, 
whereas unc-83 or unc-84 null mutants have about 14 nuclei 
in the dorsal cord per L1 or L2 animal.

 1. Culture C. elegans on NGM agar plates spotted with OP50 
E. coli.

 2. Prepare microscope slides with 2% agarose pad (see Note 1).
 3. Pipette ~5 μL of M9 buffer to the agarose pad.
 4. Using a dissecting microscope and worm pick (see Note 2), 

transfer a large number of gravid adults and/or embryos to 
the M9 buffer. It is best to use a plate that has just starved, so 
the adults hold their embryos. These embryos will be at a later 
stage than normally found in the adult worm and will be close 
to the pre-comma stage needed for imaging. A newly starved 
plate will also have a lot of laid embryos close to the correct 
stage.

 5. Cover the agarose pad with a 25 × 25 × 1 mm coverslip. When 
the coverslip is placed on top of the gravid adults, apply gentle 
pressure, and embryos will squeeze out of the vulva.

 6. Use DIC optics and a 10× objective on a compound micro-
scope to locate a pre-comma stage embryo (see Note 5).

3.1 Counting 
Mispositioned hyp7 
Nuclei in the 
Dorsal Cord

3.2 Filming 
and Analysis of hyp7 
Nuclear Migration
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 7. Switch to a higher objective (63× or 100×) using DIC optics 
to zoom in on the selected embryo (see Note 3).

 8. Capture images at one frame every 15 s, for at least 40 min (see 
Note 6).

 9. Export the images as an AVI at 15 frames per second without 
compression.

 10. Import the video into ImageJ [30], and crop embryo to 
640 × 480 pixels for analysis.

 11. Analyze nuclear movement in each cell individually by desig-
nating the center of the nucleus and the forward border of the 
hyp7 precursor using the Manual Tracking plugin for ImageJ 
(see Note 7).

 12. Track the center of a single nucleus at each time point of the 
movie and then repeat with the forward border of the same 
hyp7 precursor (see Note 8).

 13. Import the x/y coordinates for both the center of the nucleus 
and the forward border of the cell into Microsoft Excel to 
calculate the distance and time of migration (see Note 9).

 14. Migration is completed when the nucleus reaches the opposite 
side of the cell (or when the nucleus/opposite border cannot 
be seen anymore due to the embryo rolling).

 15. Make measurement for distance traveled from center of 
nucleus to the hyp7 boundary that the nucleus migrates 
toward (see Note 10).

 16. Repeat steps 12–15 to analyze additional hyp7 nuclear migra-
tions in the embryo. Only analyze nuclei 11–16 as designated 
in [14].

 1. Culture C. elegans on NGM agar plates spotted with OP50 E. 
coli at the required temperature (see Note 11 about tempera-
ture and Note 12 about the strain with the GFP marker for 
the assay).

 2. Using a dissecting microscope with an RFP filter (see Note 
12) and a worm pick (see Note 2), transfer an equal number 
of young adult animals with and without the red rescuing con-
struct onto a fresh NGM plate.

 3. Prepare microscope slides with 2% agarose pad (see Note 1).
 4. Pipette ~5 μL of M9 with 1 mM tetramisole or other paralytic 

on the center of the agarose pad.
 5. With a worm pick, transfer all of the young adult animals from 

step 2 into the drop of paralytic and gently swirl pick tip with-
out damaging the agarose pad.

 6. Cover the agarose pad with a 25 × 25 × 1 mm coverslip.

3.3 Counting Missing 
P-Cell Progeny Using 
GABA Neuron or P-Cell 
Nuclear Markers

Nuclear Positioning in C. elegans



172

 7. Place slide on the stage of an epifluorescence compound 
microscope equipped with GFP and RFP fluorescence filters.

 8. Use DIC optics and a 10× objective on a compound micro-
scope to locate a young adult animal.

 9. Switch to a higher objective (63× or 100×) to zoom in on the 
selected young adult (see Note 3). Once an animal is in focus, 
make sure the anus and pharynx are in the same focal plane. If 
not, the specimen should not be counted. If so, switch to epi-
fluorescence in the GFP channel.

 10. Score the number of GABA neurons. Count green fluorescent 
cell bodies along the ventral side of the worm. Take care not 
to count autofluorescent gut granules, which are less bright 
and a slightly more yellow shade of green and in a different 
plane of focus. Record the number of GABA neuron cell bod-
ies identified in the ventral cord of the animal (see Note 13).

 11. Switch to the RFP fluorescence, and check for the presence of 
the ycEx60 rescuing array as marked by bright red neurons in 
the head of the animal. Record the presence or absence of the 
ycEx60 array with the respective GABA neuron cell body 
count.

 12. Alternatively, score P-cell nuclear migration in late L1 larvae 
using a P-cell-specific nuclear red fluorescent marker (see 
Note 14).

 1. Culture C. elegans on NGM agar plates spotted with OP50 E. 
coli at the required temperature (see Note 11).

 2. Wash hatched animals off of NGM plates by gently adding and 
removing successive rounds of H2O being careful not to 
detach embryos from the agar surface.

 3. Aspirate embryos by briskly pipetting H2O until the force of 
the water releases the embryos from the agar surface. Pipette 
the dislodged embryos into a microfuge tube.

 4. Pellet the embryos by centrifuging for 10 s at maximum speed 
in a benchtop microfuge.

 5. Remove the bacteria containing supernatant, and resuspend 
the embryos in 1 mL H2O.

 6. Repeat steps 4 and 5 until the supernatant is clear and free of 
bacterial contamination.

 7. Remove the supernatant, leaving approximately 100 μL above 
the embryo pellet.

 8. Resuspend the embryos in the remaining supernatant, and 
pipette onto the center well of a poly-l-lysine-coated slide 
(see Note 15).

3.4 Scoring Nuclear 
Migration 
in the Embryonic 
Intestinal Primordium
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 9. After 1–2 min, remove excess H2O by dabbing the corner of 
the embryo-containing well with a Kimwipe. Move briskly to 
step 10 to avoid embryos drying out.

 10. To stain the intestinal cell cortex with (1) antibodies, such as 
anti-BGS-1, permeabilize, and fix with −20 °C MeOH or (2) 
fluorescent phalloidin, permeabilize and fix with 3–4% para-
formaldehyde as described [20].

 11. After blocking and staining, rinse one time with PBS-DAPI 
and one time with PBS, 10 min each.

 12. Remove excess PBS from the slide as described in step 9. Then 
place 5 μL of mounting media and a coverslip on the embryos. 
Seal the slide with nail polish. Place slides at 4 °C or view 
immediately.

 13. Use wide-field or confocal microscopy to capture two-channel 
fluorescence Z stacks through E16 bean stage embryos of the 
correct orientation (see Note 16).

 14. Open the stack with ZEN or other image analysis software. 
Identify a focal plane where the nucleus, apical, and basal sur-
faces of a single intestinal cell are in focus (Fig. 3A, B).

 15. For each nucleus in the intestinal primordium, measure the dis-
tance from the center of the nucleus to the apical membrane.

 1. Create a line of C. elegans with the genetic mutation of interest 
in a background expressing a GFP nuclear marker in the hypo-
dermis (see Note 17).

 2. Culture C. elegans to young adults on NGM agar plates spot-
ted with OP50 E. coli.

 3. Prepare microscope slides with 2% agarose pad (see Note 1).
 4. Pipette ~5 μL of M9 with 1 mM tetramisole or other paralytic 

on the center of the agarose pad.
 5. Using a dissecting microscope and worm pick (see Note 2), 

transfer a large number (~20) of young adults to the M9 
buffer.

 6. Cover the agarose pad with a 25 × 25 × 1 mm coverslip.
 7. Place slide on the stage of an epifluorescence compound 

microscope equipped with GFP fluorescence filters.
 8. Use DIC optics and a 10× objective on a compound micro-

scope to locate an adult animal.
 9. Switch to a higher objective (63× or 100×) to zoom in on the 

selected adult (see Note 3). Once an animal is in focus, make 
sure the anus and pharynx are in close to the same focal plane. 
If not, the specimen should not be counted. If so, switch to 
epifluorescence in the GFP channel.

 10. Assay nuclear anchorage by counting the number of GFP- 
positive hypodermal nuclei that are clustered (see Note 18).

3.5 Quantifying 
Nuclear Anchorage 
Defects in the Adult 
hyp7 Syncytium
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4 Notes

 1. Preparing 2% agarose pads. Layer two pieces of lab tape along 
the length of a 25 × 75 × 1 mm slide. Repeat this on an addi-
tional slide. Flank each long side of a 25 × 75 × 1 mm slide 
with a taped slide (Fig. 5A). The layered tape on the flanking 
slides ensures proper thickness of the agarose pad. Melt 2% 
agarose in water in the microwave. Drop a spot of molten aga-
rose (~100 μL) in the center of the middle slide (Fig. 5B). 
Immediately drop another slide, face down, on the molten 
drop perpendicular to the middle slide. Gently press the top 
slide where it is overlapping the tape, and apply gentle pres-
sure until the agarose solidifies (Fig. 5C). Finally, gently sepa-
rate the top slide to expose the agarose pad to be used for 
microscopy. Try to limit the number of bubbles in the agarose 
pad, as this will disrupt the DIC visualization of the animals. 
Move quickly to prevent desiccation of your pad and sample.

 2. Worm picks. We typically use 30 gauge platinum wire to pick 
up and transfer worms between plates and to an agarose pad 
for imaging. About an inch of wire is attached by melting to 
the end of a glass pipette. The worm-picking end of the wire 
is flattened with a blunt instrument like the back of a scissor 
blade. Alternatively (recommended) we buy premade worm 
picks from www.wormstuff.com that are made of a stiffer alloy 
of 90% platinum/10% iridium and nicely flattened and feature 
an ergonomic design that is more comfortable than a glass 
pipette. Scrape a small amount of bacteria from a plate onto 
the tip of the worm pick to move worms/embryos to a new 

Fig. 5 Making agarose pads. (A) The base slide is placed between two other slides with two layers of tape (red) 
to act as spacers for the pad. (B) A drop of about 100 μL of molten 2% agarose is placed on the slide. (C) 
Immediately, another slide is placed on top of the molten agarose to create a pad of uniform thickness. See 
Note 1 for details

Heidi N. Fridolfsson et al.
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plate or agarose pad. Try to limit the amount of bacteria trans-
ferred to an agarose pad because it will hinder imaging.

 3. We use a Leica DM6000 compound microscope with DIC 
optics and a 63× Plan Apo 1.40 NA objective for imaging, but 
any high-quality setup with a 63× or 100× objective and DIC 
optics should suffice.

 4. Identifying dorsal vs. ventral in an L1 larva. Worms of all stages 
usually lay or crawl on either their left or right side. The easiest 
way to identify the ventral side is to spot the anus or the devel-
oping germ line (four large cells in an elliptical organ in L1), 
both of which reside on the ventral side (Fig. 1C, D). One 
trick to see nuclei in the dorsal cord is to get nuclei on the 
ventral side in focus. Hypodermal nuclei abnormally in the 
dorsal cord are more circular and slightly larger than body wall 
 muscle nuclei, which are right next to the dorsal cord and 
sometimes mistaken for hypodermal nuclei.

 5. To image nuclear migration in hyp7 precursors, embryos must 
be properly staged and oriented with the dorsal surface on top. 
A pre-comma stage embryo is rounded and fills up the eggshell. 
The intercalation of hyp7 precursors occurs between 250 and 
390 min after first cleavage and has a well-established order of 
intercalation [14]. As a general rule, hyp7 precursors intercalate 
in a posterior to anterior fashion [12]. The exception to this 
pattern is a pair of hyp7 precursors called pointer cells, which 
do not intercalate until the ventral hypodermal cells have 
migrated to the nascent ventral midline at 370–385 min post-
cleavage [12, 13]. At the posterior end, hyp7 precursors appear 
as wedge-shaped cells with the cellular boundaries creating 
depressions in the hypodermis. The nuclei are large and can be 
seen by the exclusion of cytoplasmic granules (for example of 
pointer cells, see nuclei 9 and 10 in Fig. 1A, B).

 6. We capture images with a Leica DC350 camera and Leica LAS 
AF software. Any imaging software that is able to take time- 
lapse images and export the images in the AVI format should 
suffice. The embryo is continuously moving during filming, 
and it is necessary to check the focal plane before each image 
is captured to ensure that the hyp7 nuclei are in focus. Small 
adjustments to the focus are required before almost every 
image. To image another embryo, a new slide will need to be 
prepared due to desiccation of the agarose pad and the lack of 
embryos at pre-comma stage.

 7. For the Manual Tracking plugin, set the x/y calibration to 
0.102 μm (for 640 × 480 image) and then 10 pixels = 1 μm for 
a Leica DC350 camera. These numbers will need adjustments 
for different cameras.

 8. When tracking a nucleus, align the marker with the center of the 
nucleus at each time point. To make measurements of distance 
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traveled, also track the hyp7 cell boundary opposite of where 
the nucleus being analyzed begins (not the edge of the cell 
itself) as a reference point. This will be approximately where the 
tip of the hyp7 cell touches when intercalation is complete.

 9. Intercalation is considered complete in the first frame that the 
tip of the cell can be seen touching the opposite hyp7 cell bor-
der. Define the completion of intercalation as time = 0 for each 
cell individually; this marks the beginning of migration for 
that nucleus. The distance between the nucleus and the for-
ward border is calculated using Pythagorean theorem and the 
x/y coordinates determined at each time point.

 10. Two quantitative traits have proven most useful for analyzing 
nuclear migration in hyp7 embryonic precursors [15, 31]. 
First is the distance a nucleus travels in the 10 min after its cell 
completes intercalation, and second is the time it takes for a 
nucleus to cross the dorsal midline of the embryo. A wild-type 
nucleus will migrate an average of 3.3 μm in 10 min and cross 
the midline at an average of 11.2 min after intercalation. An 
unc-83 or unc-84 null mutant nucleus will move an average of 
less than 0.1 μm in 10 min. More than half the mutant nuclei 
will never cross the midline, and those that do so, cross at an 
average of 36.4 min after intercalations are complete [15].

 11. Null mutations in unc-83 or unc-84 are temperature sensitive. 
About 50% of P-cell nuclei fail to migrate at 25 °C, while 
almost all P-cell nuclei complete their migrations when raised 
at 15 °C [8, 10]. The temperature-sensitive period is only dur-
ing P-cell nuclear migration when the animal is in the mid-L1 
larval stage. For embryonic intestinal cells, the temperature 
sensitivity is opposite. Nuclear localization in unc-83 or unc- 
84 mutant backgrounds is slightly more severe at 15 °C than 
at 25 °C, and the temperature-sensitive period is in the pre- 
comma stage embryo [10].

 12. We score P-cell nuclear migration defects blindly. We score a 
mixture of unc-84(null) and unc-84(null); ycEx60[odr-1::rfp; 
unc-84 (+)] rescued animals. The rescued animals express a 
red fluorescent marker in a few chemosensory neurons in the 
head of the animal off of an extrachromosomal array [19]. It 
is important to count the GFP GABA neurons before 
 determining if the animal you are counting is a null mutant or 
a rescued animal in order to reduce experimental bias.

 13. UD87 (unc-84(n369), oxIs[punc-47::gfp]) is an excellent control 
strain for counting GABA neurons; these transgenic animals 
are homozygous for the GABA neuron marker that is inte-
grated on the X chromosome at genetic position 2.8 [32, 33]. 
The oxIs12[punc-47::gfp] marker is expressed in 19 D-type motor 
GABA neurons in the ventral cord (Fig. 2D–F), a single neuron 
in the tail (DVB) and 6 neurons in the head (RMEL, RMED, 
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RMER, RMEV, AVL, RIS) of the adult [32]. Make sure not to 
count larvae, as it takes until early adulthood for all 19 GABA 
neurons to express the GFP marker. Twelve of these 19 D-type 
GABA neurons, named VD2 to VD13 [24], are derived from 
P cells. If there are no P-cell nuclear migration defects, 19 
GABA neurons are present in the ventral cord. Animals with 
P-cell nuclear migration defects have less than 19 GABA neu-
rons in the ventral cord. The single most posterior neuron and 
the six neurons around the head are excluded when counting 
because they are not derived from P cells and are also in the 
interior of the animal, out of the ventral cord [34].

 14. The transgene phlh-3::nls::tdTomato specifically labels P-cell 
nucleoplasm in L1 animals. This marker is integrated in strains 
UD381 (ycIs11[phlh-3::nls::tdTomato]) and UD59 (unc- 
84(n369); ycIs11[phlh-3::nls::tdTomato]) [19]. This marker is 
used to score P-cell nuclear migration in L1 larvae [19]. 
Transgenic animals can be synchronized by bleaching as 
described [35] and hatched into M9 without food. Arrested 
L1 larvae are then fed standard OP50 to release the arrest for 
16, 13, or 10 h at 15 °C, 20 °C, or 25 °C, respectively [19]. 
This will enrich for L1 larvae around the time of P-cell nuclear 
migration. Migrating P-cell nuclei flatten to move through the 
constricted space formed between the muscle and cuticle 
(Fig. 2). It takes 15–25 min for one nucleus to completely 
move through this constriction [16]. These migrations can be 
filmed live using protocols described in [16, 36]. tdTomato- 
labeled nuclei unable to complete the migration through this 
constriction remain on the lateral side of the late L1 animal 
and are classified as failed migration events [16, 19].

 15. Prepare poly-l-lysine slides. Hold a microscope slide so that 
the epoxy-coated side is facing up, and place a small drop of 
0.1% poly-l-lysine to the glass surface in the center well. Use 
the barrel of a long Pasteur pipette to quickly spread a thin 
layer of the solution over the entire well. Quickly flame the 
bottom of the slide until the liquid evaporates. Embryos can 
be placed on the slide once it has cooled.

 16. To measure the distance between the nucleus and intestinal 
cell apical surface, the embryos must be properly staged and 
oriented in a precise dorsal- or ventral-up position. The loca-
tion of the dorsally positioned hyp7 precursor cells can be 
used to easily determine if the embryo is properly oriented. At 
the early E16 stage, intestinal nuclei are centrally positioned 
and are not polarized along the apical-basal axis [20]. We 
therefore score nuclear position at the mid/late E16 stage 
when the nuclei have migrated and are apically polarized. To 
identify this stage, we observe hyp7 precursor intercalation as 
described in Note 5. The intestinal primordium is at the E16 
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(16 E descendants) stage between 262 and 408 min after first 
cleavage [13, 20]. Therefore, an embryo displaying intercala-
tion of all hyp7 precursors except for the pointer cells indicates 
that the embryo is at the mid/late E16 stage of intestinal 
development and properly staged to score the location of 
intestinal nuclei.

 17. A fluorescent marker to follow hypodermal nuclei was con-
structed by insertion of a 1 kb fragment upstream of the col-19 
gene, which is expressed in the hypodermal cells (including the 
dorsal and ventral hyp7 and lateral seam cells) of late larvae and 
adults [27], into pPD96.04 (from Andrew Fire, Addgene plas-
mid #1502) to create pcol-19::gfp-nls::lacZ (pSL779). N2 animals 
were injected with pSL779 at 40 ng/μL + 100 ng/μL of odr-
1::rfp to make strain UD522 [ycEx249]. This marker can be 
crossed into other strains using standard protocols [37].

 18. Nuclei were scored as clustered if within 10% nuclear diameter 
proximity to another nucleus in the same focal plane along the 
longitudinal axis of the worm, as determined by DIC micros-
copy. Contacts between nuclei on the perpendicular axis were 
not counted, as the marker could not distinguish seam cell 
nuclei in proximity to hyp7 nuclei from clusters of hyp7 nuclei 
[24]. Only nuclei situated between the pharynx and the anus 
were counted, as nuclei near the mouth and at the very end of 
the tail were observed to cluster in wild-type animals. For 
most strains, resolution of nuclei on the opposite lateral side of 
the worm is too poor to allow accurate counting, and there-
fore, clustering should only be counted on the top-facing lat-
eral side. In wild type, an average of 0.8 ± 0.4 (average ± 95% 
CI) GFP-positive nuclei per animal were clustered, while in an 
anc-1(e1873) null background, 52.5 ± 3.7 nuclei per animal 
were clustered. Thus, this assay is much more quantitative 
than previously published nuclear anchorage assays [8, 38].
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Chapter 14

High-Resolution Imaging Methods to Analyze LINC 
Complex Function During Drosophila Muscle Development

Alexander L. Auld, Mary Ann Collins, Torrey R. Mandigo, 
and Eric S. Folker

Abstract

Using Drosophila muscle development as a model system makes possible the identification of genetic path-
ways, temporal regulation of development, mechanisms of cellular development, and physiological impacts 
in a single system. Here we describe the basic techniques for the evaluation of the cellular development of 
muscle in Drosophila in both embryos and in larvae. These techniques are discussed within the context of 
how the LINC complex contributes to muscle development.

Key words LINC complex, Drosophila muscle, Myonuclear position, Muscle development, Myogenesis

1 Introduction

The LINC complex which is composed of SUN proteins that span 
the inner nuclear envelope and nesprin proteins that span the outer 
nuclear envelope has been implicated in a number of cellular func-
tions ranging from cytoskeletal organization to genome organiza-
tion [1–3]. These data have been acquired in disparate cell types 
including yeast, fibroblasts, neurons, and muscles [4–8]. Studying 
LINC complex function in muscle is particularly compelling 
because mutations in genes that encode for the LINC complex and 
many associated proteins have been linked to the disease Emery-
Dreifuss muscular dystrophy [2, 8–12].

There are several systems available for studying muscle cell 
biology and muscle development. In vitro cell culture systems [13, 
14] are optically clear and are therefore amenable to high-resolu-
tion microscopy that is necessary to identify molecular mechanisms 
that underlie muscle cell biology [13, 14]. However, these systems 
are artificial and therefore cannot be used to evaluate muscle func-
tion. Conversely, mouse models present an ideal system for the 
evaluation of muscle function [8, 15]. Furthermore, modern 
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technology has made it possible to investigate the subcellular 
structure of mammalian muscle [16]. But, the temporal resolution 
of this system is limited, and it is difficult to examine the changes 
that occur over developmental time.

Drosophila melanogaster combines genetic tractability, in vivo 
muscle function assays, and optical tractability making it an ideal 
model to investigate the role of LINC complex proteins in muscle 
function [7, 17–20]. Using Drosophila, we have identified roles for 
the LINC complex in the movement and the positioning of nuclei 
during the embryonic and larval stages of muscle development. 
Furthermore, the LINC complex is critical for the interaction 
between the nucleus and the sarcomere and contributes to the 
assembly and stability of the myofibril network [20]. All of these 
conclusions relied on high-resolution imaging of muscles at dis-
tinct developmental stages and time-lapse microscopy of develop-
ing embryos. Therefore, Drosophila was the ideal model system in 
which to complete these experiments.

Here we describe the basic techniques (Fig. 1) that we have 
used to evaluate and demonstrate LINC complex functions in 
Drosophila during specific developmental stages.

2 Materials

 1. Embryo collection basket.
 2. Bleach: 50% solution in water.
 3. Paintbrush (size 2).
 4. Agar plate covered with thin layer of wet yeast.
 5. 1.7 mL microcentrifuge tubes.
 6. Heptane.
 7. 10% Formalin buffered solution.
 8. Methanol.

 1. 600 μL microcentrifuge tubes.
 2. PBT-BSA (bovine serum albumin): phosphate-buffered saline 

(PBS) 1×, 0.1% BSA, 0.3% Triton X-100.
 3. PBT: PBS 1×, 0.3% Triton X-100.
 4. Rabbit anti-DsRed primary antibody.
 5. Rat anti-tropomyosin primary antibody.
 6. Mouse anti-GFP primary antibody.
 7. Alexa Fluor 555 donkey anti-rabbit IgG secondary antibody.
 8. Alexa Fluor 488 donkey anti-rat IgG secondary antibody.
 9. Alexa Fluor 647 donkey anti-mouse IgG secondary antibody.

2.1 Embryo Sample 
Collection and Fixation

2.2 Embryo 
Immunohisto
chemistry

Alexander L. Auld et al.
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 1. Microscope slides (3″ × 1″ × 1 mm).
 2. Glass coverslips (#1.5 thickness).
 3. Small coins.
 4. Scotch Magic tape (#810).
 5. Kimwipes.
 6. ProLong Gold Antifade reagent.

 1. Halocarbon oil.
 2. Wooden dowels.
 3. Microscope imaging disk.
 4. Glass coverslips (#1.5 thickness).
 5. Scotch Magic tape (#810).

2.3 Embryo 
Mounting

2.4 Live Embryo 
Imaging

sarcomere structure analysis (Method 3.6)

fixed larval imaging (Methods 3.7 – 3.10)

fixed embryo imaging (Methods 3.1 – 3.3)
& nuclear envelope analysis (Method 3.5)

live embryo imaging (Method 3.4)

Fig. 1 Workflow of techniques used to prepare Drosophila embryos and larvae for imaging. Overview of the 
different methods used to collect, prepare, and image Drosophila embryos and larvae to analyze the role of the 
LINC complex in nuclear positioning. Drosophila embryos are collected from agar plates, dechorionated, and 
fixed in formalin (red arrow). Once the vitelline membrane is removed by heptane and methanol, embryos are 
ready for standard immunohistochemistry and mounting. This fixation procedure is similar for nuclear- 
dependent sarcomere analysis. However, the heptane and methanol fixation devitellinization step is not 
required due to the analysis being carried out on the fluorescence of GFP and DsRed. Drosophila embryos can 
also be prepared for in vivo time-lapse imaging to observe nuclear positioning during muscle development 
(green arrow). Drosophila embryos can also be collected and staged to the third instar larval stage (blue 
arrow). At this stage, larvae are dissected and fixed in formalin. After fixation, larvae are stained and mounted 
for imaging. Additionally, first instar larvae can be selected directly from the agar plate for sarcomere structure 
analysis (purple arrow)

LINC Complex Function in Drosophila Muscle
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Materials needed are listed in Subheadings 2.1–2.3.

Materials needed are listed in Subheadings 2.1–2.3.

 1. Embryo collection basket.
 2. Bleach: 50% solution in water.
 3. Biology grade tweezers: Steel, nonmagnetic, 110 mm, #5.
 4. Agar plate covered with thin layer of wet yeast.

 1. Sucrose: 15% (weight/volume) solution in water.
 2. Microspatula.
 3. Paintbrush (size 2).
 4. Stereo microscope.
 5. Sylgard 182 plate.
 6. 0.1 mm minuten pins.
 7. McPherson-Vannas dissecting spring scissors: 8 cm, straight 

3 mm blades, 0.1 mm tip.
 8. 2 Biology grade tweezers: Steel, nonmagnetic, 110 mm, #5.
 9. PIPES dissection buffer: 100 mM PIPES-HCl pH 6.8, 

115 mM d-sucrose, 5 mM d-trehalose dehydrate, 10 mM 
sodium bicarbonate, 75 mM potassium chloride, 4 mm mag-
nesium chloride, 1 mM EGTA pH 7.5.

 10. 10% Formalin-buffered solution.
 11. PBS.
 12. 1.7 mL microcentrifuge tubes.
 13. PBT-BSA: PBS 1×, 0.1% BSA, 0.3% Triton X-100.

 1. 600 μL microcentrifuge tubes.
 2. PBT-BSA: PBS 1×, 0.1% BSA, 0.3% Triton X-100.
 3. PBT: PBS 1×, 0.3% Triton X-100.
 4. Mouse anti-α-tubulin primary antibody.
 5. Alexa Fluor 488 donkey anti-mouse IgG secondary antibody.

 1. Microscope slides (3″ × 1″ × 1 mm).
 2. Glass coverslips (#1.5 thickness).
 3. Small coins.
 4. Kimwipes.
 5. ProLong Gold Antifade reagent.

2.5 ZASP 
Recruitment to the 
Nuclear Envelope

2.6 Sarcomere 
Structure Analysis

2.7 Larval Sample 
Collection

2.8 Larval Dissection 
and Fixation

2.9 Larval 
Immunohisto 
chemistry

2.10 Larval 
Mounting
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3 Methods

 1. To set up an experiment, add males and virgin females of 
desired genotypes (Table 1) together in a laying pot. Cover an 
agar plate with wet yeast, and add it to the bottom of the lay-
ing pot. Allow embryos to lay for 20 h at 25 °C.

 2. Remove the old agar plate from the laying pot, and replace 
with a new plate covered with wet yeast.

 3. Assemble an embryo collection basket with a mesh filter for 
each genotype.

 4. Add 50% bleach to the agar plates to cover embryos for 
3–5 min (see Note 1).

 5. Gently brush embryos off the plate using a paintbrush and 
pour into the designated collection basket (see Note 2).

 6. Rinse embryos in ~1 mL of dH2O three times.
 7. Add 650 μL heptane to a 1.7 mL microcentrifuge tube for 

each genotype.
 8. Remove the mesh filter from collection baskets. Brush up 

embryos using a paintbrush, and place embryos in the correctly 
labeled microcentrifuge tube filled with heptane (see Note 3).

 9. Add 650 μL of the 10% formalin-buffered solution to each 
microcentrifuge tube (see Note 4).

 10. Tape the tubes to a shaker and shake for 20 min at 300 rpm.
 11. After 20 min, remove tubes from the shaker and remove the 

fixing liquid.
 12. Add a 1:1 mixture of heptane/methanol (650 μL of each).
 13. Vortex tubes for 1 min (see Note 5).
 14. Remove the heptane/methanol mixture (see Note 6).
 15. Wash embryos with ~1.5 mL of methanol.
 16. Add fresh methanol to embryos and store tubes at −20 °C (see 

Note 7).

 1. For each genotype, transfer the collected embryos from the 
1.7 mL microcentrifuge tube into a 600 μL microcentrifuge 
tube (see Note 8). Remove the methanol and add PBT-BSA.

 2. Rinse each tube three times with ~500 μL of PBT-BSA.
 3. Wash in PBT-BSA on rotator for 15 min to 1 h as time 

permits.
 4. During the washing step, prepare 400 μL aliquots of PBT- 

BSA for the primary antibody mixture. Dilute the rabbit anti- 
DsRed antibody 1:400 and the rat anti-tropomyosin antibody 
1:200 (see Note 9).

 5. After washing, remove remaining liquid and dispense 400 μL 
of the primary antibody mixture to each tube.

3.1 Embryo 
Collection and Fixation

3.2 Embryo 
Immunohisto
chemistry 
and Mounting

LINC Complex Function in Drosophila Muscle



186

Table 1 
Transgenic Drosophila lines used for LINC complex analysis

Genotype Description
Bloomington 
Stock #

 1. w*; twist-GAL4,apRed Expression of the GAL4 protein under twist enhancer 
control

[22]

 2.  IF/CyO; 
Dmef2-GAL4,apRed

Expression of the GAL4 protein GAL under Dmef2 
enhancer control

[22]

 3. w*; MHC-GAL4 Expression of the GAL4 protein GAL under MHC 
enhancer control

 4.  twist-GAL4,apRed; 
Zasp-GFP

GFP protein trap insertion for Z band alternatively 
spliced PDZ-motif protein 66 (Zasp66)

B6824

 5. y1,sc*,v1;; UAS-klar-TRiP Expresses dsRNA for RNAi of klarsicht under UAS 
control

B36721

 6.  y1,sc*,v1;; 
UAS-Msp300-TRiP

Expresses dsRNA for RNAi of muscle-specific 
protein-300 under UAS control

B32848

 7. y1,sc*,v1; UAS-koi-TRiP Expresses dsRNA for RNAi of klaroid under UAS 
control

B40924

 8. y1,v1; UAS-bocks-TRiP Expresses dsRNA for RNAi of bocksbeutel under UAS 
control

B38349

 9. y1,v1; UAS-Ote-TRiP Expresses dsRNA for RNAi of Otefin under  
UAS control

B39009

10. y1,v1;; UAS-LamC-TRiP Expresses dsRNA for RNAi of Lamin C under UAS 
control

B31621

11.  TG4,apRed; ru1klar1/
TM6DGY

Null allele of klarsicht; lacks the C-terminal 286 amino 
acids due to a point mutation causing premature 
termination

B3256

12. Msp300compl; MG4,apRed Null allele of muscle-specific protein-300; deletion  
of the complete Msp300 locus through FRT-bearing 
insertions

[7]

13.  koiHRko80.w/CyODGY; 
MG4,apRed

Null allele of klaroid; replacement of the entire  
koi locus with w+ marker

B25105

14.  TG4,apRed; bocksDP01391/
TM6DGY

A transgenic insertion derived by TE mobilization  
using a P-element construct within the 5′UTR

B21846

15.  OteB279/CyODGY; 
MG4,apRed

Null allele of Otefin; a transgenic insertion derived  
by TE mobilization using a P-element construct 
within the first exon

[23]

16.  LamCK11904/CyODGY: 
MG4,apRed

Null allele of Lamin C; a transgenic insertion  
derived by TE mobilization using a P-element 
construct

B11050

List of alleles and RNAi Drosophila lines used to disrupt LINC Complex expression and function
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 6. Stain embryos on rotator overnight at 4 °C.
 7. Remove the primary antibody mixture, 200 μL at a time as to 

not disturb embryos, and store the antibody mixture at 4 °C 
(see Note 10).

 8. Rinse three times in ~500 μL of PBT-BSA.
 9. Wash three times on rotator in ~500 μL of PBT-BSA for 

5–10 min each.
 10. During the last wash, prepare 400 μL aliquots of PBT-BSA for 

the secondary antibody mixture. Dilute both the anti-rabbit 
and anti-rat secondary antibodies 1:200 (see Note 11).

 11. After washing, remove remaining liquid, and dispense 400 μL 
of the secondary antibody mixture to each tube.

 12. Stain embryos on rotator for 1–2 h at room temperature, with 
limited exposure to light.

 13. Remove the secondary antibody mixture, 200 μL at a time as 
to not disturb embryos, and discard.

 14. Rinse three times in ~500 μL of PBT-BSA.
 15. Wash three times on a rotator in ~500 μL of PBT-BSA for 

5–10 min each (see Note 12).
 16. During the last wash, prepare 400 μL aliquots of PBT-BSA for 

the additional primary antibody mixture. Dilute the mouse 
anti-GFP antibody 1:50 (see Note 13).

 17. After washing, remove the remaining liquid, and dispense 
400 μL of the primary antibody mixture to each tube.

 18. Stain embryos on rotator for 1 h at room temperature or over-
night at 4 °C (see Note 14).

 19. Remove the primary antibody mixture, 200 μL at a time as to 
not disturb embryos, and store at 4 °C (see Note 10).

 20. Rinse three times in ~500 μL of PBT-BSA.
 21. Wash three times on rotator in ~500 μL of PBT-BSA for 

5–10 min each.
 22. During the last wash, prepare 400 μL aliquots of PBT-BSA 

for the additional secondary antibody mixture. Dilute the 
anti- mouse secondary antibody 1:200 (see Note 15).

 23. After washing, remove the remaining liquid, and dispense 
400 μL of the secondary antibody mixture to each tube.

 24. Stain embryos on rotator for 1–2 h at room temperature, with 
limited exposure to light.

 25. Remove the secondary antibody mixture, 200 μL at a time as 
to not disturb embryos, and discard.

 26. Rinse three times in ~500 μL of PBT-BSA.
 27. Wash three times on rotator in ~500 μL of PBT for 5–10 min 

each.

LINC Complex Function in Drosophila Muscle
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 28. During each washing step, prepare slides and coverslips for 
mounting (Fig. 2A).

 29. Label a slide denoting the appropriate genotype and anti-
bodies used. Place a coin in the middle of each slide.

 30. Make the tape bridge. Tape a coverslip to the workbench 
with two strips of tape on each end of the coverslip, leaving 
the middle section free of tape. Cut the tape surrounding the 
coverslip with a razor blade to release it from the bench top 
(see Note 16).

 31. Remove the PBT from embryos so that little liquid remains.
 32. Resuspend embryos and transfer them to the coverslip, 20 μL 

at a time (see Note 17).
 33. Once all embryos have been transferred, use a Kimwipe to 

remove excess liquid. When most of the liquid is removed, tilt 
the coverslip to get any remaining liquid.

 34. Add 65 μL of the mounting agent ProLong Gold and evenly 
spread over the embryos using a pipette tip (see Note 17).

 35. Add a second coverslip gradually on top of the embryos.
 36. Place the mounted coverslips on top of the coin on the labeled 

slide and store in slidebook overnight, with limited exposure 
(see Note 18).

Microscope slide

2nd coverslip

Embryos

ProLong Gold

Tape bridge

BA

1st coverslip

(labeled with the date, genotype, and antibodies used) 

1 hemisegment

Dorsal pole
distance

D

P

V

Ventral pole
distance

Muscle
length

A

LT1 LT2 LT3 LT4

(2 pieces of tape on
each side of the

1st coverslip) Date

Genotype

Antibodies1° 2°+

Fig. 2 Slide mounting and analysis for fixed Drosophila embryo imaging. (A) Cartoon depicting the standard 
setup used to mount fixed Drosophila embryos on a microscope slide. Embryos are placed onto a coverslip that 
has been prepared with a tape bridge and then the ProLong Gold mounting reagent is added to the embryos. 
Once the ProLong Gold has been spread evenly across the embryos, a second coverslip is placed on top. After 
the ProLong Gold has fully cured, the coverslip with the mounted embryos can be taped directly to the micro-
scope slide and imaged. (B) Analysis of nuclear position in fixed Drosophila embryos, with the muscles in 
magenta and the nuclei in green. Measurements are taken in the four lateral transverse (LT) muscles within 
each hemisegment. Embryos should be orientated such that the LT1 on the left and LT4 on the right are shifted 
upward. The three measurements analyzed are the dorsal pole distance (blue arrow), the ventral pole distance 
(red arrow), and the length of the muscle (yellow arrow). A total of four different hemisegments should be 
measured per image

Alexander L. Auld et al.
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 37. Remove the coin and tape coverslips directly to the micro-
scope slide before imaging.

 1. Fixed embryo imaging should be performed on a standard 
laser scanning confocal microscope.

 2. Select a stage 16 embryo to image based on the morphology 
of the gut (see Note 19).

 3. Check to make sure the embryo is in the correct orientation 
before imaging with the lateral transverse (LT) muscles posi-
tioned within the middle of the embryo (see Note 20).

 4. When imaging an embryo, ensure the zoom is adequate in 
order to visualize the LT muscles in four hemisegment (see 
Note 21).

 5. Set the z-stack while in the 488 nm channel so that the entire 
length of the LT muscles in all four hemisegments are visible 
(see Note 22).

 6. Check the 555 nm channel to see that the nuclei fall within the 
z-stack selected before imaging.

 7. All embryo analysis should be done in ImageJ or FIJI. Import 
image files into ImageJ and make each image a maximum 
projection (see Note 23).

 8. Rotate each image to the correct orientation (Fig. 2B) such 
that each hemisegments is positioned with the first lateral 
transverse muscle (LT1) on the left and LT4 on the right, 
shifted upward (see Note 24).

 9. Measure the length of each LT muscle using the segmented 
line tool and follow along the length while staying within the 
middle of the muscle (see Note 25).

 10. To measure the dorsal end distances for each LT muscle, use 
segmented line tool, and measure the distance between the 
dorsal end of the muscle and the nearest nucleus.

 11. Similarly, use the segmented line tool, and measure the distance 
between the ventral end of the muscle and the nearest nucleus 
to obtain ventral end distances for each LT muscle.

 12. For statistical analysis, first average the muscle length measure-
ments for all LT muscles present in each individual hemiseg-
ment. Then average the average length values for each 
hemisegment together to obtain an average length value for 
the entire embryo (see Note 26).

 13. Repeat step 12 for dorsal distance measurements and again 
for ventral distance measurements.

 14. Plot the average of the average values obtained in steps 12 
and 13.

3.3 Imaging 
and Analyzing Fixed 
Drosophila Embryos
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 1. Collect embryos as described in Subheading 3.1, steps 1–6.
 2. Float embryos by placing the collection basket in a petri dish 

top filled with water.
 3. Dip a wooden dowel in halocarbon oil, and gently swirl it 

around the collection basket to pick up embryos (see Note 27).
 4. Transfer the halocarbon oil/embryos onto an imaging disk 

(see Note 28).
 5. Place a coverslip over the embryos, and tape down the sides of 

the coverslip to the imaging disk. Gently press the plastic 
barrier of the imaging disk to the underside of the coverslip 
(Fig. 3A).

 6. Image embryos using a standard laser scanning confocal 
microscope.

 7. Select stage 15 embryos to image based on the morphology of 
the gut and the position of nuclei at this stage (see Note 19).

 8. Set the z-stack and zoom to adequately image the LT muscles 
in four hemisegment as described in Subheading 3.3, steps 
3–6 (see Note 29).

 9. Set the time-lapse to image every 2 min for at least 2 h.
 10. For live imaging analysis, import the movie into ImageJ or 

FIJI and orientate the image as described in Subheading 3.3, 
steps 7 and 8.

 11. To measure the separation speed between nuclear clusters, 
measure the shortest distance between the dorsal and ventral 
nuclear clusters at 0 min and at 60 min (Fig. 3B).

3.4 Live Imaging 
of Drosophila Embryos

Microscope imaging disk

coverslip

Embryo sample

Halocarbon oil

Stage 15BA Stage 16

(with plastic film in the center)
Clusters separate Nuclei reach

muscle ends

60 min

Fig. 3 Slide mounting and analysis for live Drosophila embryo imaging. (A) Cartoon depicting the standard 
setup used to mount Drosophila embryos for live-embryo time-lapse microscopy. Halocarbon is used to trans-
fer embryos onto the plastic film in the center of the imaging disk. A coverslip is then placed on top of the 
embryos and taped to the imaging disk. (B) Analysis of nuclear position in live Drosophila embryos, with the 
nuclei in green and muscle border outline in gray. Separation speed between nuclear clusters is determined by 
measuring the shortest distance between the dorsal and ventral clusters at 0 min and again at 60 min
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 1. Add virgin flies that have Twist-GAL4,apRed on the second 
chromosome and ZASP-GFP on the third chromosome to a 
laying pot along with males of the desired control or LINC 
complex UAS-RNAi (see Note 30), and allow embryos to lay 
for 18–20 h at 25 °C.

 2. To fix the embryos, follow steps 2–11 in Subheading 3.1.
 3. Add ~75–100 μL of water to the embryos (see Note 31).
 4. To mount, follow steps 32–35 in Subheading 3.2.
 5. Before imaging select appropriately aged embryos (see Note 

32).
 6. Check to make sure the embryo is in the correct orientation 

before imaging with the lateral transverse (LT) muscles posi-
tioned within the middle of the embryo (see Note 20).

 7. When imaging the embryos, ensure the zoom is adequate in 
order to visualize all LT muscles in a single hemisegment, and 
ensure that all the myonuclei are fully captured (see Note 33).

 8. Import images to ImageJ or FIJI, and crop individual nuclei 
using the rectangle tool. Then make a maximum projection 
(see Notes 23 and 34).

 9. In the cropped image, outline the nucleus, using the apRed 
signal as a guide, with the polygon tool.

 10. Proceed to take one mean fluorescent reading in the apRed 
channel and another reading in the ZASP-GFP channel 
across the exact same area of the single nucleus (Fig. 4A, see 
Note 35).

 1. Add virgin flies that have Twist-GAL4,apRed on the second 
chromosome and ZASP-GFP on the third chromosome to a 
laying pot along with males of the desired control or LINC 
complex UAS-RNAi (see Note 30), and allow embryos to lay 
for 18–20 h at 25 °C.

 2. Remove the old agar plate from the laying pot and replace with 
a new plate covered with wet yeast.

 3. Using a stereo microscope, pick first instar larvae (L1) from 
the agar plate with a fine-tipped paintbrush, and add the larvae 
directly onto a coverslip (see Note 36).

 4. Add another coverslip on top of the L1 larvae (see Note 37), 
and tape this to a microscope slide.

 5. Image the entire first ventral longitudinal (VL1) muscle 
(from top to bottom in the Z-plane) using the ZASP-GFP 
signal (see Note 38) at a step size of 0.5 μm.

 6. Import images to ImageJ or FIJI. To standardize the depth of 
each muscle for analysis, use the rectangle tool to draw a box 
around the VL1 muscle and crop the image to a depth of 

3.5 Analysis of ZASP 
Recruitment 
to the Nuclear 
Envelope

3.6 Sarcomere 
Structure Analysis
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2.5 μm from the top of the muscle, and then make a maximum 
projection (see Notes 23, 34, and 39).

 7. To analyze the structure of the sarcomere take a line scan across 
five Z-lines in the center of the muscle using the straight line 
tool (Fig. 4B). This will then plot the fluorescent intensity pro-
file over the distance of five Z-lines (see Note 40).

 8. Press the list button on the intensity profile plot to list the 
position on the line in microns and the corresponding 
 ZASP- GFP fluorescent intensity gray value for that position 
(see Note 41).

 1. Set up an experiment with males and virgin females of interest 
together in a laying pot, and collect embryos as described in 
Subheading 3.1, steps 1–6.

 2. Cover half of an agar plate with a thin layer of wet yeast (see 
Note 42).

3.7 Larval Sample 
Collection

crop a single nucleus and
make maximum project

accumulating on
the nuclear surface

G
re

y 
V

al
ue

Microns

(Green - Channel 1)

(Magenta - Channel 2)

LT Muscles

VL1 Muscle Z-line

width of Z-line

Linescan

Mean Grey Value of apRed

Mean Grey Value of ZAPSP-GFP

ZASP-GFP

A

B

Fig. 4 Analysis of nuclear dependent sarcomere assembly and sarcomere structure. (A) ZASP-GFP (magenta) 
accumulation on the nuclei (green) in LT muscles. As the nuclei move back into the middle of the muscle, the 
ZASP-GFP will begin to form puncta on the nuclear surface and deposit these ZASP-GFP accumulations in the 
muscle. To analyze ZASP-GFP recruitment to the nucleus, each nucleus is cropped, one at a time, from all four 
LT muscles within one hemisegment and made into a maximum projection. The mean gray values for the 
apRed channel and ZASP-GFP channel can then be taken. (B) Z-lines formed by ZASP-GFP (magenta) in the 
VL1 muscle of a first instar larva. After a straight line has been drawn over the desired Z-lines, an intensity 
profile reading of the ZASP-GFP channel is taken. This will produce a graph showing the intensity profile over 
the distance of the line. From this graph, the raw values can be extracted to determine the width of each Z-line
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 3. Remove the mesh filter from the collection basket and place 
under a stereo microscope.

 4. Use biology grade tweezers to pick stage 17 embryos and place 
in a line in the middle of the agar plate (see Note 43).

 5. Leave the plate with the picked embryos at room temperature 
overnight.

 6. The following day collect the hatched larvae with a paintbrush 
and transfer to a vial containing standard fly food.

 7. Place the vial of larvae at 25 °C for 4 days allowing them to age 
to the third instar larvae (see Note 44).

 1. Add room temperature 15% sucrose solution to the vial of 
larvae, and allow larvae to float to the surface (see Note 45).

 2. Pick larvae from the sucrose solution using a paintbrush and 
place on an agar plate.

 3. Place six minuten pins in a Sylgard 182 plate per dissection 
being conducted.

 4. Add a couple drops of ice-cold PIPES dissection buffer near 
the six minuten pins on the Sylgard plate.

 5. Using a paintbrush, remove a larva from the agar plate and place 
within the ice-cold PIPES dissection buffer (see Note 46).

 6. Position the larva dorsal side up, and place a pin between the 
trachea just posteriorly to the anterior spiracles (Fig. 5A).

 7. Place a second pin between the trachea just anteriorly to the 
posterior spiracles.

 8. Pin down the posterior of the larva such that the larva is 
stretched (see Note 47).

 9. Using the McPherson-Vannas Scissors, make a cut perpen-
dicular to the larval length posteriorly to the anterior pin, 
and make a second cut anteriorly to the posterior pin (Fig. 5A, 
see Note 48).

 10. Next make a cut along the length of the larva between the 
trachea extending from one perpendicular cut to the other (see 
Note 49).

 11. Using the tweezers, remove the intestines and adipose tissue 
without touching the musculature (see Note 50).

 12. Once most of the intestines and adipose tissue have been 
removed, place a pin within each of the corners created by 
the perpendicular and lengthwise cuts making sure to stretch 
the epidermis to ensure the musculature is flat (Fig. 5A, see 
Note 51).

 13. Remove the PIPES dissection buffer, and cover the larva with 
10% formalin buffered solution

3.8 Larval Dissection 
and Fixation
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 14. Allow the dissected larva to fix for 20 min.
 15. After 20 min remove the formalin and rinse the larva with PBS.
 16. Remove the pins and transfer the larva to a 1.7 mL microcen-

trifuge tube containing ice-cold PBT-BSA using biology grade 
tweezers (see Note 52).

 17. Repeat for a total of four larvae per genotype.
 18. Store at 4 °C (see Note 53).

 1. In a 600 μL microcentrifuge tube, prepare 300 μL of PBT- 
BSA for the primary antibody mixture. Dilute the mouse anti- 
α- tubulin antibody 1:200 (see Note 54).

 2. Transfer dissected larvae using biology grade tweezers to the 
600 μL microcentrifuge tube containing the primary antibody 
solution (see Note 53).

3.9 Larval 
Immunohisto
chemistry 
and Mounting

Measure Actual
Intermuclear

Distances

(labeled with the date, genotype, and antibodies used)

Trachea

Measure Area

Count Number
of Nuclei

Determining
Maximum Theroretical
Internucelar Distance

Area

Nuclear Count

VL3 Muscle

Microscope slide

A

B

C

Larvae
ProLong Gold

2nd coverslip

1st coverslip

Date

Genotype

Antibodies1° 2°+

Fig. 5 Dissection, slide mounting, and analysis for Drosophila larvae. (A) Cartoon depicting the dissection 
process for Drosophila larvae. A larva is placed dorsal side up within ice-cold PIPES dissection buffer. Two pins 
are placed between the trachea as depicted. Two perpendicular cuts are made near the anterior and posterior 
pins (blue dotted lines). Then a lengthwise cut is made extending from one perpendicular cut to the other (red 
dotted line). Additional pins are placed in each of the corners created by the cuts, and the larva is stretched to 
ensure the larval musculature is flat. (B) Cartoon depicting the standard setup used to mount fixed Drosophila 
larvae on a microscope slide. Larvae are placed onto a coverslip dorsal side up and unfolded. Any excess liquid 
is removed and then the ProLong Gold mounting agent is added on top of the larvae. A second coverslip is 
placed on top, and the mounting agent is allowed to cure overnight before being taped directly to the micro-
scope slide and imaged. (C) Analysis of nuclear position in Drosophila larvae as previously published [21] 
(used with permission of the publisher, The American Society for Cell Biology). The muscle is in magenta and 
the nuclei are green. First, the distance between the center of each nucleus and the center of its nearest 
neighbor are measured. Then the area of the muscle is measured and the number of nuclei are counted. To 
determine the theoretical maximum internuclear distance for each muscle, the square root of the area is 
divided by the number of nuclei present
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 3. Place on a rotator to gently mix for 1 h.
 4. After 1 h, remove the primary antibody solution, and store the 

antibody mixture at 4 °C (see Note 55).
 5. Rinse the larvae three times with ~500 μL of PBT-BSA allow-

ing the larvae to settle at the bottom of the tube before remov-
ing the PBT-BSA.

 6. After three rinses, once again add ~500 μL of PBT-BSA and 
place on a rotator for 5 min. Repeat three times.

 7. During the last wash, prepare 300 μL aliquots of PBT-BSA 
for the secondary antibody mixture. Dilute the anti-mouse 
secondary antibody 1:200, the Acti-stain 555 fluorescent 
phalloidin 1:400, and the Hoechst stain 1:1000 (see 
Note 56).

 8. After washing, remove the remaining liquid, and dispense 
300 μL of the secondary antibody mixture to each tube.

 9. Place on a rotator to gently mix for 1 h making sure to limit 
exposure to light.

 10. After 1 h, remove the secondary antibody mixture and 
discard.

 11. Rinse the larvae three times with ~500 μL of PBT-BSA 
allowing the larvae to settle at the bottom of the tube before 
removing the PBT-BSA.

 12. After three rinses, once again add ~500 μL of PBT and place 
on a rotator for 5 min. Repeat three times.

 13. Under a stereo microscope, place a coverslip and microscope 
slide separated by a small coin (see Note 18).

 14. Remove a dissected and stained larva using biology grade 
tweezers and place on the coverslip (Fig. 5B).

 15. Unfold the dissected larva and place it dorsal side up (see 
Note 57).

 16. Repeat for the remaining three dissected larvae placing them 
on the same coverslip.

 17. Once all the dissected larvae are added to the coverslip, use a 
Kimwipe to remove the excess PBT while avoiding introduc-
ing bubbles under the larvae.

 18. Add 75 μL of ProLong Gold to the coverslip, and gently place 
a second coverslip on top of the larvae.

 19. Allow to cure overnight with limited light exposure before 
removing the small coin and taping the coverslips to the 
microscope slide.
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 1. Fixed larval imaging should be performed on a standard laser 
scanning confocal microscope.

 2. Identify a third ventral longitudinal (VL3) muscle to image 
(see Note 58).

 3. When imaging a VL3 muscle, ensure the entire muscle is being 
imaged (see Note 59).

 4. Set the z-stack while in the 488 nm channel so that the mesh- 
like upper population of microtubules is fully imaged through-
out the muscle (see Note 60).

 5. Check in the 405 nm channel to ensure that all the nuclei in 
the muscle are fully imaged within the set z-stack.

 6. All larval analysis should be done in ImageJ or FIJI. Import 
image files into ImageJ, and make each image a maximum 
projection.

 7. Measure the area of the muscle by outlining the phalloidin 
staining with the polygon selection tool (Fig. 5C).

 8. Using the straight line tool, measure the distance from the 
center of each nucleus to the center of the nearest nuclear 
neighbor. Additionally record the number of nuclei present.

 9. Calculate the maximal internuclear distance by taking the 
square root of the muscle area divided by the nuclear count 
(see Note 61).

 10. Determine the internuclear distance for the imaged muscle by 
averaging the internuclear distance measured in step 8.

 11. Divide the internuclear distance by the calculated maximal 
internuclear distance to determine how evenly nuclei are posi-
tioned within the muscle.

 12. Plot the ratio of actual to maximal internuclear distance 
obtained in step 11.

4 Notes

 1. Bleach removes the chorion of the embryo.
 2. Make sure to wet the mesh filter to allow bleach to pass 

through the basket. Otherwise, the basket will not drain and 
overflow.

 3. Brush along the side of the collection basket in addition to the 
mesh filter, as many embryos will stick to the edge.

 4. Heptane is necessary to make the embryos permeable to for-
malin for fixation.

 5. Vortexing in a 1:1 heptane/methanol solution removes the 
vitelline membrane from the embryos.

3.10 Imaging 
and Analyzing Fixed 
Drosophila Larvae
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 6. Remove any embryos that remain floating in solution, as these 
embryos have not been properly devitellinized. Be careful to 
not disturb or remove embryos that have settled to the bot-
tom. If embryos are accidently collected in the pipette during 
liquid removal, wait for embryos to settle in the bottom of the 
pipette, and add them back to tube. Let embryos settle back 
down to the bottom of the tube before removing remaining 
liquid again.

 7. Fixed embryos can be stored in methanol at −20 °C up to 
1 month.

 8. If the number of total embryos collected in the 1.7 mL micro-
centrifuge tube is over the 0.1 mL mark, divide the fixed 
embryos up into two 600 microcentrifuge μL tubes to allow 
for an even distribution of antibody during staining. These 
embryos will be recombined onto the same slide during 
mounting in step 32.

 9. The rabbit anti-DsRed antibody will label a subset of nuclei in 
the Drosophila embryo through the use of the apRed trans-
gene. Flies that carry apRed will express a nuclear localization 
signal fused to the fluorescent protein DsRed downstream of 
the apterous mesodermal enhancer. This results in the specific 
labeling of the nuclei within the lateral transverse muscles of 
the Drosophila embryo. Rat anti-tropomyosin is used to label 
the muscles of Drosophila embryos since the actin epitope is 
destroyed during the fixation process. Although any antibody 
should be suitable, we find that the rabbit anti-DsRed from 
Clontech (632496) and then mouse anti-tropomyosin from 
Abcam (ab50567) are the most consistent when used for 
staining Drosophila embryos.

 10. Primary antibodies may be saved and used again one additional 
time. After second use, discard antibody mixture in waste.

 11. Although any secondary antibody should be suitable, we find 
that the Alexa Fluor 555 donkey anti-rabbit and Alexa Fluor 
488 donkey anti-rat both from Life Technologies are the most 
consistent when used for staining Drosophila embryos.

 12. If no additional antibodies will be used (such as mouse anti- 
GFP), proceed to step 27 and wash in PBT.

 13. Mutant alleles that are carried over a fluorescent balancer 
(DGY) are identified using an additional mouse anti-GFP 
antibody. However, to avoid cross reactively with the rat anti- 
tropomyosin antibody, the mouse anti-GFP antibody has to 
be added separately. Although any GFP antibody should be 
suitable, we find that the mouse anti-GFP from Developmental 
Studies Hybridoma Bank (GFP-G1) is the most consistent 
when used for staining Drosophila embryos.
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 14. If embryos are on the rotator for 1 h at room temperature, 
staining and mounting have to be completed the same day. 
Let embryos stain overnight at 4 °C if staining and mounting 
will be complete the next day.

 15. Although any secondary antibody should be suitable, we find 
that the Alexa Fluor 647 donkey anti-mouse IgG from Life 
Technologies is the most consistent when used for staining 
Drosophila embryos.

 16. The tape bridge ensures that the embryos are not crushed 
when another coverslip is added to the top of the embryos, as 
shown in Fig. 2A.

 17. To transfer embryos/mounting media more easily, cut the end 
of the pipette tip off. Remember to transfer both sets of 
embryos for each genotype to the appropriate slide.

 18. The coin prevents the coverslips from adhering to the slide 
and allows for even distribution of the mounting agent as it 
cures. Wait at least a day before imaging the slide to ensure the 
mounting agent has fully cured.

 19. In Drosophila embryos, the gut autofluoresces at 488 nm mak-
ing it a useful marker to select for embryos that are properly 
staged. At stage 16 the gut becomes segmented and is divided 
into distinct sections. Prior to stage 16 (stage 15 and earlier), 
the gut appears as a single lobe with no segmentation.

 20. If the embryo is rolled over, the ends of the LT muscles may 
not be fully visible. Therefore, length and distance measure-
ments will not be accurate. Only image embryos where the LT 
muscles are laying flat within the center body.

 21. Using a 40× objective, a zoom of 1× is sufficient. Select four 
hemisegments that are positioned within the center of the 
embryo. Avoid imaging hemisegments at the very ends of the 
embryo, as the LT muscles in these hemisegments are often 
smaller, causing nuclei to crowd. It is important to keep micro-
scope settings the same between embryos and genotypes.

 22. The selected z-stack should not exceed 15 μm total (30 z-slices 
at 0.5 μm step intervals). If it does, the LT muscles may be too 
close to the edge.

 23. To make a max projection, select the following commands: 
Image > Stacks > Z Project… > Max Intensity.

 24. This orientation ensures that the dorsal side of the embryo is 
up, ventral side is down, anterior side is on the left, and poste-
rior side is one the right, as shown in Fig. 2B. To achieve 
proper orientation, the image may have to be flipped horizon-
tally and/or vertically. To flip the image horizontally, select 
the commands: Image > Transform > Flip Horizontally. To 
flip the image vertically, select the commands: Image > 
Transform > Flip Vertically.
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 25. Do not take any measurements from hemisegments that have 
missing or extra LT muscles.

 26. The average of the average values obtained will be the values 
that are plotted. Thus, each data point indicates the average 
distance measurement within a single embryo.

 27. Halocarbon oil allows for the diffusion of oxygen and thus 
prevents dehydration and hypoxia over the course of a few 
hours. Additionally, halocarbon oil has good optical properties 
due to its refractive index, which is similar to the refractive 
index of most oils used for confocal objectives, making it ideal 
for imaging embryos over time.

 28. More halocarbon oil may be needed to collect any remaining 
embryos in the collection basket. Clean the stick before get-
ting more halocarbon oil.

 29. For live imaging, no muscle marker is present, and only the 
DsRed within the nuclei is expressed. Additionally, since the 
embryo is developing, it will occasionally move and drift over 
the course of the time-lapse. Therefore, set the z-stack a bit 
wider to ensure all nuclei within the LT muscles to be imaged 
remain within the field of view.

 30. The nuclei of the LT muscles are labeled with the apRed 
marker. This marker is a DsRed tag fused to a nuclear localiza-
tion signal that is downstream of the mesodermal enhancer 
apterous, which is a transcription factor, only expressed in the 
LT muscles. The Twist-GAL4 is required to drive the expres-
sion of the RNAi construct specifically in the mesoderm. 
ZASP-GFP is a Z-line protein that localizes to myonuclei at 
late stage 15.

 31. The amount of water added depends on the number of 
embryos. Add more water if the embryos cannot be aspirated 
properly using a micropipette.

 32. ZASP-GFP accumulates on nuclei at late stage 15 with nuclei 
in the LT muscles being visible in the ZASP-GFP channel 
until early/mid stage 17, just prior to sarcomere formation. It 
is possible to analyze these nuclei between these stages. At 
stage 16 the gut becomes segmented and is divided into dis-
tinct sections. Prior to stage 16, the gut appears as a single 
lobe with no segmentation. At early stage 17, nuclei are start-
ing to become dispersed throughout the muscle. Also note 
that imaging is performed on the fluorescence of GFP and 
DsRed and is not indirect immunofluorescence.

 33. Using a 40× objective, a zoom of 2× is sufficient. It is also 
important to keep microscope settings the same between dif-
ferent embryos and genotypes so intensities can be compared 
accurately.
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 34. Use the apRed channel as a guide to crop a single nucleus as 
ZASP-GFP can extend beyond the nuclear rim, as shown in 
Fig. 4A. To crop an image after a rectangle has been drawn 
around a single nucleus, go to Image > Duplicate…, and then 
select the number of slices in the z-stack that is necessary to 
crop the entire nucleus from top to bottom.

 35. Mean gray values can be taken by using the following com-
mands in ImageJ: Analyze > Set Measurements… > and select 
mean gray value. The apRed signal is used as an internal con-
trol in order to normalize the ZASP-GFP signal. To normalize 
the values, divide the ZASP-GFP mean fluorescent value by 
the apRed mean fluorescent value.

 36. L1 larvae will be the only larvae visibly crawling in the agar 
after a 20 h incubation.

 37. The additional top coverslip halts larval crawling.
 38. The VL muscle is located at the base of the LT muscles. Although 

the coverslip on top of the larva will halt crawling, larval muscle 
contraction can still occasionally occur. Therefore, it is important 
to only image VL muscles that are not contracting.

 39. The VL muscle size can vary in the Z-plane. This step ensures 
that the same region of each VL muscle is analyzed.

 40. Once the line has been drawn over the desired five Z-lines a 
line scan can be performed in ImageJ by going to Analyze > 
Plot Profile.

 41. Measuring the width of the base of each peak on the intensity 
profile in microns correlates to the width of the corresponding 
Z-line as shown in Fig. 4B.

 42. Adding too much yeast can make it difficult to find the hatched 
larvae the next day. In order to create a thin layer of yeast, add 
a small amount of yeast, and use a Kimwipe to spread the yeast 
over half of the agar plate.

 43. Stage 17 embryos can be identified by the presence of trachea 
in the embryo. Placing embryos in a line within the middle of 
the agar plate will make it easier to count the number of 
embryos that hatched into larvae.

 44. If larvae have started to crawl up the sides of the vials after 4 
days, the larvae are too old to be dissected, and incubation 
time should be adjusted for further experiments.

 45. The 15% sucrose solution is used to allow the larvae to float to 
the surface so they can be easily collected. If larvae remain 
stuck within the fly food, a microspatula can be used to break 
up the food.

 46. Once the larva is placed in the PIPES dissection buffer, step 
13 should be reached within 5 min in order to ensure that the 
muscle tissue does not begin to break down.
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 47. The larva should be stretched so that it is unable to move lat-
erally. If the epidermis is ripped by the minuten pin, the larva 
is stretched too far.

 48. Do not completely cut through the larva when making the 
perpendicular cuts as a small amount of uncut epidermis will 
be needed to keep the larva stretched during fixation.

 49. When making the lengthwise cut, make sure not to touch the 
bottom of the larva where the muscles are located as scissors 
will damage the muscles.

 50. If not all the intestines and adipose tissue can be removed dur-
ing this step, small pieces can be more easily removed after 
step 12. Additionally, if the drop of PIPES dissection buffer 
becomes filled with intestines and adipose tissue, the PIPES 
dissection buffer can be removed and replaced with fresh ice- 
cold PIPES dissection buffer.

 51. Any additional intestines and adipose tissue can be removed 
more easily once the larva is fully pinned down.

 52. When transferring the fixed larva, make sure to only touch the 
non-dissected head or tail of the larva to avoid damaging the 
muscle tissue.

 53. Fixed larvae can be stored at 4 °C overnight.
 54. Although any tubulin antibody should be suitable to label the 

microtubules, we find that the mouse anti-α-tubulin from 
Sigma-Aldrich (T6199) is the most consistent when used for 
staining in Drosophila larva.

 55. Primary antibodies may be saved and used again two addi-
tional times. After third use, discard antibody mixture in waste.

 56. Although any secondary antibody should be suitable, we find 
that the Alexa Fluor 488 donkey anti-mouse IgG from Life 
Technologies is the most consistent when used for staining 
Drosophila larvae. For labeling the nuclei and actin network in 
Drosophila larvae, we find that Hoechst 33342 from Life 
Technologies and Acti-stain 555 fluorescent phalloidin from 
Cytoskeleton (PHDH1-A) are the most consistent.

 57. In order to avoid damaging the muscles of interest, only grab 
the larva by the locations where the larva was pinned when 
unfolding. To facilitate unfolding a small amount of PBT can 
be added to the larvae.

 58. The VL3 muscle is positioned near the center of the ventral 
region of the larvae. The ventral oblique muscles 4–6 will 
form a V-like pattern along the center of the dissected larva. 
The ventral longitudinal muscles are a set of four longitudinal 
muscles numbered such that VL1 is furthest from the ventral 
oblique muscles and VL4 is closest to the ventral oblique 
muscles.
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 59. If the VL3 muscle is unable to fit within a single imaging 
frame, multiple tiles can be imaged and stitched together.

 60. Since nuclei are one of the major microtubule organizing cen-
ters in muscle, ensuring this population of microtubules is full 
imaged should ensure that all nuclei from the muscle are 
within the z-stack. Also, rips in this microtubule meshwork 
can be a sign of mechanical damage during dissection. 
Therefore, any muscles with rips in this microtubule popula-
tion should not be imaged.

 61. The maximal internuclear distant represents how far apart 
nuclei should be if they are fully maximizing their distance 
between one another.
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Chapter 15

Computational Methods for Studying the Plant Nucleus

Axel Poulet, Xiao Zhou, Kentaro Tamura, Iris Meier, Christophe Tatout, 
Katja Graumann, and David E. Evans

Abstract

The analysis of nuclear envelope components and their function has recently been progressed by the use 
of computational methods of analysis. The methods in this chapter provided by members of the 
International Plant Nucleus Consortium address the identification of novel nuclear envelope proteins and 
the study of structure and mobility of the nucleus. DORY2 is an upgrade of the KASH-finder DORY, and 
NucleusJ is used to characterize the three-dimensional structure of the nucleus in light microscope images. 
Finally, a method is provided for analysis of the migration of the nucleus, a key technique for exploring 
the function of plant nuclear proteins.

Key words Higher plant, Nucleus, ImageJ, Nucleus, Nuclear migration, Nuclear structure

1 Introduction

The International Plant Nucleus Consortium (http://bms.
brookes.ac.uk/ipnc; [1]) is an international group of researchers 
with interests in developing knowledge and techniques to describe 
the nature and function of the proteins of the nuclear envelope 
and their interaction partners. The collection of computational 
techniques in this chapter has been contributed by members of the 
consortium.

DORY2 is an upgrade of the DORY program used by Zhou et al. 
[2] to identify plant KASH proteins. In comparison to DORY, 
which requires manual confirmation using BLASTP to confirm the 
predicted KASH proteins, DORY2 utilizes the local-installed 
BLAST+ program to fully automate the process. DORY2 also 
implemented multithreading and better search algorithms to 
improve the search efficiency. Similar to DORY (described in Zhou 
et al. [3]), DORY2 contains two functional units—the KASHFilter 
and the HomologyFilter. The KASHFilter collects protein 

1.1 DORY2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8691-0_15&domain=pdf
http://bms.brookes.ac.uk/ipnc
http://bms.brookes.ac.uk/ipnc


206

sequences that contain a putative KASH domain, and the 
HomologyFilter divides these protein sequences into homologous 
groups (Fig. 1). DORY2 can then automatically obtain homologs 
of each homologous group from a local nr database and generate a 
final report file (Fig. 1).

The 3D nucleus is a good model for the development of methods 
such as the spatial analysis of 3D images. It is a spatial structure 
often described as a sphere, and alteration of its size and shape has 
been shown in specific tissue (placental trophoblast in human, root 
hair cells in plants; [4]), affected by ploidy levels (guard cells and 
pavement cells in plant epidermis) and to be linked to human 
 diseases [5] or increased sensitivity to DNA damage [6]. NucleusJ 

1.2 NucleusJ

Fig. 1 Flowchart describing the operation of the DORY2 program. DORY2 
contains two functional units, the KASHFilter and the HomologyFilter. The 
KASHFilter collects protein sequences that contain a putative KASH domain, and 
the HomologyFilter divides these protein sequences into homologous groups

Axel Poulet et al.
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is a simple and user-friendly ImageJ plugin dedicated to the char-
acterization of nuclear morphology and chromatin organization in 
3D [7]. Starting from image stacks, the nuclear boundary is delim-
ited by the segmentation method developed. Chromocenters are 
segmented by partitioning the nucleus using a 3D watershed algo-
rithm and by manual thresholding a contrast measure over the 
resulting regions. As output, NucleusJ quantifies parameters 
including shape and size of nuclei as well as intranuclear objects 
and their position in the nucleus.

Computational image analysis provides precise, objective, and 
reproducible quantitative data from images. The NucleusJ plugin 
has been developed to provide 3D quantitative measurements 
from single images or large datasets, without requiring expertise in 
image analysis. It is available on ImageJ and Fiji (an image process-
ing package) web sites with documentation for the user (http://
imagejdocu.tudor.lu/doku.php?id=plugin:stacks:nuclear_ 
analysis_plugin:start).

Plant nuclei rapidly move over a large distance along the actin- 
myosin network [4, 8]. This nuclear movement is supported by the 
LINC complex, which consists of multi-protein complexes at the 
nuclear envelope. To better understand the function of each com-
ponent of the nucleocytoplasmic linker and characterize the nuclear 
movement, a nuclear migration assay can be used. The Arabidopsis 
root epidermis proves an ideal model system for tracking nuclei in 
living cells. We describe a method to quantify nuclear movement in 
these cells. After obtaining the time-lapse images, a Fiji software 
equipped with a simple plugin allows tracking of each nucleus 
semi-manually and quantification of the distance that each nucleus 
of interest has travelled.

2 Materials

 1. Updated Java runtime environment (http://www.oracle.
com/technetwork/java/javase/downloads/jre8-down-
loads-2133155.html) and development kit (http://www.ora-
cle.com/technetwork/java/javase/downloads/jdk8- 
downloads-2133151.html).

 2. DORY2 (http://sourceforge.net/projects/doryforkash/).
 3. Stand-alone BLAST+ program (https://blast.ncbi.nlm.nih.

gov/Blast.cgi?PAGE_TYPE=BlastDocs&DOC_TYPE= 
Download). Choose the 64-bit version suitable for your oper-
ation system.

 4. Transmembrane domain prediction web service: Phobius 
(http://phobius.sbc.su.se/).

1.3 Nuclear 
Migration Assay

2.1 DORY2

2.1.1 Software
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 5. Multiple sequence alignment web service: MAFFT (http://
mafft.cbrc.jp/alignment/server/).

 6. Alignment view tool: Jalview (http://www.jalview.org/Web_
Installers/install.htm).

 1. FASTA format protein database to search for KASH proteins. 
The FASTA format of the non-redundant protein database 
(nr) can be downloaded at ftp://ftp.ncbi.nlm.nih.gov/blast/
db/FASTA/nr.gz.

 2. nr database for BLAST+ (not the FASTA format one). This 
database can be downloaded at ftp://ftp.ncbi.nlm.nih.gov/
blast/db/. The database file has a name pattern: “nr.dd.tar.
gz,” and dd stands for two digits. It can also be installed using 
the “update_blastdb.pl” provided in the BLAST+ installation 
folder. More information can be found in the BLAST+ help 
file: https://www.ncbi.nlm.nih.gov/books/NBK1762/.

 1. Due to the heavy-duty task and large data volume of the nr 
database, a 64-bit computer equipped with a multi-core CPU, 
16GB memory, and a fast solid state hard drive is required.

A computer with ImageJ or Fiji installed and updated and with at 
least 2GB RAM available for the program. Download NucleusJ 
and dependencies (jama, MorpholibJ_ and imagescience; https://
github.com/PouletAxel/NucleusJ_/releases/tag/v1.0.2 jama.
jar: http://math.nist.gov/javanumerics/jama/Jama-1.0.3.jar : 
https://github.com/ijpb/MorphoLibJ/releases imagescience.
jar: http://www.imagescience.org/meijering/software/down-
load/imagescience.jar) in your ImageJ plugins folder, and then 
restart ImageJ or simply apply the command Help>Refresh 
Menus.

 1. Murashige and Skoog and gellan gum medium (for Arabidopsis 
seedlings): 4.6 g/L Murashige and Skoog, 1% sucrose, in H2O, 
pH 5.7 (adjust with KOH), 0.5% gellan gum.

 2. 35 mm glass-based dishes with a cover glass (0.16–0.19 mm 
thickness) affixed on the bottom surface to enable high- 
magnification observations with a fluorescence microscope.

 3. One- to 2-week-old transgenic Arabidopsis seedlings stably 
expressing a nucleus-targeted fluorescent protein (e.g., his-
tone “B-GFP, Nup50a-GFP; [8]).

 4. Confocal laser scanning microscope.
 5. FIJI software (https://fiji.sc/) with Manual Tracking plugin 

(https://imagej.nih.gov/ij/plugins/track/track.html) and 
Microsoft Excel for data analysis.

2.1.2 Database Files

2.1.3 Hardware

2.2 NucleusJ

2.3 Nuclear 
Migration Assay
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3 Methods

 1. Java, BLAST+, and Jalview can be downloaded and installed 
according to the instructions on the corresponding web sites.

 2. DORY2 can run directly once Java is installed.

The parameters of DORY2 can be configured in the friendly 
graphic user interface. The parameters are self-explanatory, and the 
default values work very well. The explanation below will help to 
configure DORY2 for your specific usage.

 1. TMD Frame Length, the amino acid length of a transmembrane 
domain.

 2. TMD Hydrophobic Threshold, the hydrophobic threshold of a 
transmembrane domain. DORY2 slides a frame of TMD 
Frame Length along the protein sequence; if the hydrophobic 
value within this frame is no less than the TMD Hydrophobic 
Threshold, then it is considered a transmembrane domain 
(see Note 1).

 3. Maximum KASH Tail Length, the maximum length of a 
KASH tail domain.

 4. Minimum KASH Tail Length, the minimum length of a KASH 
tail domain.

 5. Protein Length Cutoff from to is used to restrict the search to a 
certain protein length, i.e., proteins beyond the set length will 
be ignored during the search.

 6. Regex for KASH Tail, the pattern (expressed in regular 
expression) that the KASH tail should follow. The C-terminal 
four- amino acid pattern can be summarized from known 
KASH proteins, and some presets can be chosen from the 
drop-down menu. To customize “Regex for KASH Tail,” 
knowledge of regular expression is needed, and the details can 
be found at http://www.regular-expressions.info. Some basics 
of regular expression are explained below.

Symbol Match

\S Any non-space characters

\S+ One or multiple non-space characters

[…] Any character listed inside the square brackets

\Z The end of a sequence

^ Not containing the following character

3.1 DORY2

3.1.1 Install Software

3.1.2 Configure DORY2

Computational Methods for Studying the Plant Nucleus
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 7. During KASHFilter search, keep the proteins whose protein 
names contain checkbox is used to search for proteins that 
belong to specific species. Click “Choose Species Name File (one 
line one name),” and choose the text file that contains your 
desired species names. In this text file, each line should contain 
only one species name.

 8. Output potential KASH tail in a file during the KASHFilter 
search checkbox is used to output identified KASH tails for 
further analysis. If this is checked, identified KASH tails will be 
saved in a file named “KASHTail.txt.” If “In the output file, left 
pad KASH tail to the Maximum KASH Tail Length” is also 
checked, the sequences will be right aligned for easy view of 
the last four amino acids.

 9. Query NCBI Taxonomy Browser to filter non-eukaryotic pro-
teins out: if this is checked, DORY2 will read the species name 
from the protein (see Note 2) and send a request of checking 
this species name to the NCBI Taxonomy server. If the 
response text contains the text set in “Being positive, server 
return text should contain” textbox, then this protein will be 
kept for further analysis; otherwise, it will be ignored.

 10. E-value Cutoff, the E-value cutoff used by BLASTP program 
to consider whether two proteins are homologs.

 11. Run full search, Run KASHFilter only, and Run HomologyFilter 
only. If Run full search is chosen, then both KASHFilter and 
HomologyFilter will run. If you already have the previous 
“KASHTailResult.txt,” you can choose Run HomologyFilter 
only.

 12. Perform a final BLASTP for identified KASH candidates against 
the nr database. If this is checked after HomologyFilter, the first 
protein sequence from each homology group will be used to 
BLAST against the nr database to obtain all homologs that exist 
in the nr. These “complete homolog” groups will be saved in a 
new folder. DORY2 will then run KASHFilter again through all 
the groups in this folder to count total proteins and proteins 
with positive KASH tails. A final report will be generated. From 
this report, it is very easy to see whether the KASH tail is well 
conserved in each homology group (see Note 3).

 1. Set up proper parameters and then click Run. If the database 
files are not chosen, the Run button will not be enabled (see 
Note 4).

 2. See result in a folder named “DORY-search tag,” and a log file 
will be generated too which contains all the settings and error 
messages.

 3. Click Cancel to cancel this run.

3.1.3 Run DORY2

Axel Poulet et al.
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After the final BLASTP against the nr database, a report file will be 
generated. In this file you can easily see the total number of pro-
teins and the number of positive KASH proteins in each homology 
group. If majority of the proteins in a homology group contains a 
predicted KASH tail, then this group is likely a real KASH protein 
family (see Note 5).

If you choose not to use the “Perform a final BLASTP for identi-
fied KASH candidates against nr database” function, you need to 
confirm the candidates manually after the HomologyFilter.

 1. Choose one or more proteins from each homology group, and 
perform BLASTP against the non-redundant protein 
sequences using BLASTP web service (https://blast.ncbi.
nlm.nih.gov/Blast.cgi). The “Organism” parameter can be set 
to “Eukaryota,” because KASH proteins are specific to eukary-
otes. “Expect threshold” should be set at 1e-4 or lower. 
However, if the threshold is too low, real homologs will be 
lost. “Max target sequences” can be started at 500 and 
increased to a higher number if the maximum target sequence 
number is reached at the first round of BLAST. Click the 
“BLAST” button to run.

 2. In the result webpage, click “All” in the “Select” section. 
Uncheck unwanted sequences if necessary (see Note 5). In the 
“Download” drop-down menu, choose “FASTA (compete 
sequence)” to obtain the protein sequences of the selected 
homologs.

 3. The presence of a C-terminal TMD can be tested using the 
online service Phobius [9]. Transmembrane domain predic-
tions of Phobius may not be accurate, but it will provide an 
overview of whether a C-terminal TMD is conserved in most 
of the input homologs. If a C-terminal transmembrane domain 
is conserved, then check whether the C-terminal four amino 
acids of the majority of this homologous group follow the pat-
tern set in the Regex for KASH Tail. If yes, then this homolo-
gous group is positively predicted to be a KASH protein family 
(see Note 6).

A new pattern of the C-terminal four amino acids may be summa-
rized from the proteins believed to be KASH proteins, especially 
when a member from this homology group is experimentally con-
firmed to be a KASH protein. This new pattern should be used as 
an improved “Regex for KASH Tail” to perform a new round of 
search (see Note 6).

Similar to the identification of KASH proteins, DORY can also be 
used to identify proteins that contain TMDs followed by a short 
conserved C-terminal sequence. The source code can be modified 
to perform searches of interests.

3.1.4 Interpret 
the Report File

3.1.5 Manual 
Confirmation 
of the Candidates

3.1.6 Improve 
the “Regex for KASH Tail”

3.1.7 Use DORY for Other 
Purpose

Computational Methods for Studying the Plant Nucleus
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Three-dimensional light microscope image data is used in NucleusJ 
as Input. During image acquisition, aim for a high quality of the 
image (12, 16, or 32 bits), with optimal voxel calibration, to obtain 
the resolution required to characterize the nucleus, chromocenter, 
or other intranuclear objects. For example, images acquired with a 
structured illumination microscopy (Leica MAAF) using a x63 oil 
objective possess a voxel calibration equal to xy = 0:103 μm and 
z = 0:2 μm. These parameters are computed according to the maxi-
mal theoretical resolution of the microscope and the sampling 
theory of Shannon and Nyquist [10, 11]. To be used in NucleusJ, 
the images must be 8-bit and have only one nucleus and one chan-
nel per image. If they are not formatted in this way, some prepro-
cessing is required (see below).

 1. If the image has several nuclei, crop each nucleus as one indi-
vidual image, and if the image has several channels, select the 
channel of interest during the crop. The nucleus needs to be 
complete in the image, and it is better to have areas above and 
below the nucleus without fluorescence.
(a)  To crop in ImageJ, select the region of interest, and apply 

the command Image>FDuplicate (ctrl+shift+D); then in 
the pop-up windows, choose the z-coordinate of the 
whole nucleus.

 2. Adjusting sub-image:
(a)  Extend histogram dynamic to avoid the saturation of some 

voxels during the image conversion (Image>Adjust> 
Brightness and Contrast or ctrl+shift+C).

(b)  Select 3D Gaussian blur (Process>Filters>Gaussian blur 
3D). If the image calibration is 0.1 × 0.1 × 0.2 μm or with 
the same ratio between x and x-axis, the 3D Gaussian blur 
should be x = 1, y = 1, and z = 0.5

(c) Convert the image to 8-bit and save it as a .tif file.

 1. Step 1: Nuclear Segmentation
(a)  Four different processes are required to analyze a single or 

multiple images (batch analysis):
●● Nucleus Segmentation: this process uses as input an 

opened image, and the image result is displayed on 
the screen.

●● Nucleus Segmentation (Batch): before running the 
plugin, a WorkDirectory dedicated to a given analysis 
should be created by the user. Raw images are then to 
be saved in a new sub-directory created by the user 
and named RawDataNucleus. The result of the 
segmentation process is saved automatically in a new 
sub- directory created by the plugin and called 
SegmentedDataNucleus.

3.2 NucleusJ

3.2.1 Images Used 
by NucleusJ

3.2.2 Image 
Preprocessing

3.2.3 NucleusJ Plugins
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●● Nucleus Segmentation and Analysis: this process 
uses as input an opened image. The image results are 
displayed on the screen, and results of the analysis are 
shown in the ImageJ log window.

●● Nucleus Segmentation and Analysis (Batch): 
before running the plugin, a WorkDirectory dedi-
cated to a given analysis should be created. Raw 
images are then to be saved in a new sub-directory 
created by the user and named hereafter 
RawDataNucleus. The image results of the segmented 
nuclei are automatically saved in the 
SegmentedDataNucleus sub-directory in the main 
WorkDirectory. The results of the analysis are saved in 
two tabulated files named 3DNucleiParameters.tab 
and 2DNucleiParameters.tab.

(b)  When using Nucleus Segmentation, a pop-up window 
appears, and the following parameters need to be filled 
out:

●● Work directory and raw data choice
 – Raw Data: choose the WorkDirectory which 

contains the raw images saved in a single sub-
directory. In this documentation, this sub-direc-
tory is called RawDataNucleus.

 – Output Directory: choose the WorkDirectory in 
which the results are to be stored. This directory 
must contain the RawDataNucleus sub-directory 
containing the raw images.

●● Voxel Calibration corresponds to the voxel calibra-
tion used during the image acquisition:

 – x: width of voxel—default value = 1.
 – y: height of voxel—default value = 1.
 – z: depth of voxel—default value = 1.
 – unit: length unit (μm, …)—default value = pixel.

●● Choose the minimum and maximum volume of 
the nucleus, only objects with a volume between the 
minimum and the maximum allowed volume will be 
segmented:
 – Minimum volume of the segmented nucleus: default 

value = 15.
 – Maximum volume of the segmented nucleus: default 

value = 2000.
●● How many CPU number of CPU (central processing 

unit) used for image segmentation.

Computational Methods for Studying the Plant Nucleus
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   Once the START button is pressed, the program will create a 
new sub-directory called SegmentedDataNucleus which con-
tains the image of the segmented nuclei.
(c) The parameters of Nucleus Segmentation and Analysis are 

the same as for Nucleus Segmentation:
●● 2D and 3D: Two output files are created in the 

work directory 2DNucleiParameters.tab and 
3DNucleiParameters.tab.

●● 3D: 3DNucleiParameters.tab is created in the work 
directory.

●● 2D: 2DNucleiParameters.tab is created in the work 
directory.

   The sub-directory SegmentedDataNucleus, result file, and log 
file are created in the main WorkDirectory (see also the example 
section of this documentation).

 2. Step 2: Chromocenter detection
(a) Chromocenter Segmentation Method

This step is based on the watershed algorithm [12–14] 
adapted in 3D (ijpb plugins). First the algorithm auto-
matically computes the intensity contrast of the regions 
detected by the 3D watershed [15].

●● Chromocenter Segmentation: The process takes as 
input the opened image, and the image results are 
displayed on the screen.

●● Chromocenter Segmentation (Batch): Before run-
ning the plugin, a WorkDirectory dedicated to a given 
analysis should be created. Raw images are then to be 
saved in a new sub-directory created by the user and 
named hereafter RawDataNucleus. The result is saved 
in the ConstrastDataNucleus sub-directory in the 
WorkDirectory, with the same name as the raw images.

(b)  When using Chromocenter Segmentation, a pop-up 
window appears, and the user needs to fill in the following 
parameters:

●● Work directory and raw data choice:
 – Raw Data: The WorkDirectory should contain 

two sub-directories:
 – RawDataNucleus: containing the raw images of 

the nuclei
 – SegmentedDataNucleus: containing the segmented 

images of the nuclei
 – Output Directory: Choose the WorkDirectory in 

which the results are to be stored. This directory 
must contain the RawDataNucleus and 
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SegmentedDataNucleus sub- directories. 
Hereafter, this new sub-directory is called 
ConstrastDataNucleus.

●● Voxel Calibration corresponds to the voxel calibra-
tion used during the image acquisition (same as 
Nucleus Segmentation).

 3. Step 3: Manual Chromocenter Segmentation
First, create the SegmentedDataCc sub-directory in the 

WorkDirectory.
Then, to undertake the segmentation of the image of chromo-

centers, open three images in ImageJ:
 1. The raw image of nucleus
 2. The segmented image of nucleus
 3. The contrast image of the nucleus
You can synchronize images with the ImageJ tool Synchronize 

Windows (Analyze>Tools>Synchronize Windows).
To define chromocenters, use the threshold tool (ImageJ 

menu: Image>Adjust>Threshold). Check the boxes 
“Dark Background” and “Stack Histogram,” and choose 
the Over/Under option in the second drop-down list. 
Once you have chosen your threshold value, push the 
button Apply.

Save the segmented chromocenters (Ctrl+S or ImageJ menu: 
File>Save or File>Save as) with the same name as the raw 
image of the nucleus in the directory SegmentedDataCc.

If the nuclear segmentation results or the chromocenter 
segmentation is not representative of the nuclear image or 
nuclear object, remove the image of the dataset to avoid 
bias of the nuclear analysis.

 4. Step 4: Chromocenter Analysis
This step allows computing of nuclear morphology and 

chromatin organization parameters (see Usage). The plugin can 
generate two output files, one for the nuclear characterization 
(NucAndCcParameters.tab) and one for the chromocenter 
organization (CcParameters.tab).
(a) Chromocenter Analysis

The process uses three opened images as input (i.e., raw 
image of the nucleus, segmented image of the nucleus, and 
segmented image of the chromocenter(s)). The results of 
the analysis are displayed in the ImageJ log window.

(b) Chromocenter Analysis (Batch)
●● Work directory and raw data choice

 – Raw Data: The main WorkDirectory must con-
tain three sub-directories (a given image keeps the 
same name in all three sub-directories):
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RawDataNucleus containing the raw images of the nuclei
SegmentedDataNucleus containing the segmented images 

of the nuclei
SegmentedDataCc containing the segmented images of 

the chromocenters
 – Output Directory: Choose the WorkDirectory the 

results are to be stored in.
●● Voxel calibration which corresponds to the voxel 

calibration used during the image acquisition.
●● Type of relative heterochromatin fraction RHF 

[16]. This parameter determines the ratio of hetero-
chromatin within the nucleus. This ratio can be com-
puted with the volume (total chromocenter volume/
nuclear volume) or the intensity (total chromocenter 
intensity/nuclear intensity).

●● Result files of interest
 – Nucleus and chromocenter: Two output files are cre-

ated in the WorkDirectory NucAndCcParameters.
tab and CcParameters.tab.

 – Chromocenter: CcParameters.tab is created in the 
WorkDirectory.

 – Nucleus: NucAndCcParameters is created in the 
WorkDirectory.

Once the START button is pressed, the program will create the 
result file(s) in the WorkDirectory.

 1. Grow Arabidopsis on MS plates in glass-based dishes for 
1–2 weeks until roots reach the bottom of the dishes.

 2. Set up a microscope for a nuclear migration assay (see Note 7). 
Use a 10× or 20× dry lens. Keep laser transmission low, 
typically at 1–10% to avoid photo damage during image 
acquisition.

 3. Place a dish on a sample holder of the stage.
 4. Image the mature root tissue to find an appropriate region (see 

Note 8).
 5. Take time-lapse images as a set of z-stacks over time with eight 

series of optical sections every 6 μm (see Note 9). Collect the 
individual z-stacks every 30 s over a period of 45–60 min.

 6. Reduce 3D optical sections to 2D maximal projection images 
at every time point, and transform to a 2D time-lapse movie.

 7. Launch FIJI and open the 2D time-lapse movie.
 8. If necessary, transform the movie to 8-bit images 

(Image>Type>8-bit).

3.3 Nuclear 
Migration Analysis
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 9. Run Manual Tracking plugin (Plugins>Tracking>Manual 
Tracking).

 10. Set the x/y calibration value (μm per pixel) in the pop-up 
window.

 11. Click on “Add track” to start a new track.
 12. Click on a nucleus of interest in the image window. By clicking 

on the nucleus, the image automatically proceeds to successive 
image, and you can track the nucleus.

 13. The results table will pop up, showing the distance travelled by 
the nucleus between two successive images.

 14. Once the current nucleus tracking is over, click on “End track.”
 15. Repeat from Step 11 to record a new nuclear track.
 16. Export the results table as an Excel file (File>Save as…).
 17. Launch Microsoft Excel and open the file.
 18. Calculate total distance of each tracked nucleus by simply 

summing the distance values (see Note 10).

4 Notes

 1. DORY2 will drop proteins with multiple transmembrane 
domains.

 2. Most protein names in the nr database contain species names 
which are enclosed in brackets. However, not all the protein 
names contain species name. If you use other FASTA files, 
make sure the species names are within the “[].”

 3. BLASTP against nr is very time-consuming on personal com-
puters. Depending on your computer speed, each sequence 
may take 20 min to finish. If there are 100 homologous 
groups, it will take 34 h to finish. During this, make sure your 
computer does not go to sleep or automatically updates its 
operating system and restarts.

 4. Make sure the input database file (the file to search for KASH 
proteins) is in FASTA format. DORY2 does not check this. 
Make sure you choose the nr database correctly if you choose 
to “Perform a final BLASTP for identified KASH candidates 
against the nr database.”

 5. The homologs identified by BLASTP depend on the E-value 
threshold. BLAST is a local alignment algorithm, which means 
that proteins partially homologous to the query protein can pass 
the E-value threshold. A good example is nesprin-1. It contains 
actin-binding domains and spectrin repeats. In this case, pro-
teins containing any of these two domains may be classified as 
“homologs.” However, they may not belong to the same pro-
tein family. Therefore, a large homologous group may need to 
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be further analyzed, especially when it contains large proteins 
having multiple domains. The “Distribution of Blast Hits on 
the Query Sequence” section in the BLAST result webpage 
needs to be consulted. Only the protein sequences that have a 
good whole-sequence alignment should be chosen to down-
load. Another way is to download all the protein sequences 
from a BLASTP result and manually check whether sub-homol-
ogous groups exist following the steps below:

 (a)  Use MAFFT to align the protein sequences of a homolo-
gous group. Set “Output order” to “Aligned” before 
starting the alignment.

 (b)  Download the alignment in “Clustal format,” and open 
the alignment in Jalview.

 (c)  In Jalview, choose “ClustalX” in the “Colour” menu, 
uncheck “Wrap” in the “Format” menu, and adjust font 
in the “Format” menu to obtain an overview of the 
alignment.

 (d)  Scroll to check whether the aligned sequences can be divided 
into sub-homologous groups based on the alignment.

  If proteins were predicted from genome or cDNA sequences 
and the C-terminal domain is not predicted correctly, some 
homologs might not end with an expected KASH tail. Such 
examples have been reported by Zhou et al. [2] Therefore, if 
the majority of a protein family possesses a predicted KASH 
tail, then this protein family should be considered as a candi-
date group.

 6. It is noteworthy that not every protein in a homologous group 
will terminate in four amino acids exactly following the pattern 
but will terminate in amino acids very similar to the pattern. For 
example, when using pattern “[PATHQL]PP[QTVFILM]” to 
identify animal KASH proteins, in the homologous groups 
obtained by BLAST, proteins terminating in PLPV and PSPT 
can also be found. These outliers might however be KASH pro-
teins, and their C-terminal four amino acids can be used to 
improve the pattern used in “Regex for KASH Tail”.

 7. An inverted microscope is recommended for performing the 
time-lapse imaging with a glass-based dish. In the case of using 
a conventional microscope, the glass-based dishes should be 
placed upside down and placed on a glass slide on the stage.

 8. Root meristem and elongation zone should be avoided as they 
grow rapidly during the time-lapse imaging.

 9. Focal distance is dependent on each experiment to ensure that 
a large number of nuclei in epidermal cells are imaged.

 10. For the first time point of each track, distance cannot be calcu-
lated; instead −1 appears in the results table. This −1 value 
should be ignored for calculating the total distance of tracked 
nucleus.
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Chapter 16

Investigation of Nuclear Periphery Protein Interactions 
in Plants Using the Membrane Yeast Two-Hybrid (MbY2H) 
System

Maxime Voisin, Emmanuel Vanrobays, and Christophe Tatout

Abstract

Identification of membrane protein interactomes is a key issue to better understand how these molecules 
carry out their functions. However, protein-protein interactions using conventional interaction assays are 
particularly challenging for integral membrane proteins, because of their hydrophobic nature. Here we 
describe the membrane yeast two-hybrid (MbY2H) system, a powerful tool for identifying the interactors 
of membrane and membrane-associated proteins.

Key words Arabidopsis thaliana, Yeast two-hybrid, Interactome, LINC complex, Membrane protein

1 Introduction

Methods to decipher physical interactions between proteins are 
essential to uncover the complex protein network anchored at the 
nuclear envelope or located at the nuclear periphery. In many cases, 
protein-protein interactions (PPI) have been spotlighted by a tech-
nique developed in yeast called the yeast two-hybrid, in which the 
protein of interest (the bait) is tested for its interaction with a pro-
tein partner (the prey). Yeast two-hybrid was used in pioneer stud-
ies [1], and then successfully applied to discover the interaction 
between the components of the nuclear periphery such as the 
Lamin B receptor (LBR) and the heterochromatin protein 1 (HP1) 
from Drosophila melanogaster [2]. However, because transmem-
brane domains may sequester the bait in the endoplasmic reticu-
lum or plasma membrane impairing proper PPI, a specialized 
split-ubiquitin-based yeast two-hybrid system called the membrane 
yeast-two hybrid (MbY2H) was developed [3, 4]. The MbY2H 
system exploits the capacity of the yeast ubiquitin (ub) to be split 
into N (Nub)- and C (Cub)-terminal halves. When co-expressed, 
Nub and Cub are able to spontaneously reassociate into a 
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functionally active ubiquitin. This spontaneous reassociation can 
be prevented by introducing in Nub a single mutation (Isoleucine 
-> Glycine; NubG); however if in close proximity, NubG and Cub 
can lead to the reassembly of the functional split-ubiquitin [5]. In 
this system, the bait anchored in the membrane is fused to Cub 
and associated with a transcription factor, while the prey is fused to 
NubG. PPI between bait and prey brings together Cub and NubG 
and induces the recruitment of specific proteases, which release the 
transcription factor resulting in the expression of reporter genes 
(Fig. 1A) [3, 4]. MbY2H has been successfully applied to study the 
linker of cytoskeleton and nucleoskeleton complex (LINC), an 
evolutionarily well-conserved protein complex between SUN and 
KASH proteins anchored in the outer and inner nuclear membrane 
[6–8]. The following protocol describes how to generate by gap 
repair vectors expressing baits and preys expressing cDNA gener-
ated from plant RNA, how to validate these constructs, and how 
to use them in the MbY2H system to test and quantify the strength 
of PPI.

2 Materials

Plasmid vectors and yeast strain described below were purchased 
from Dualsystem Biotech (http://www.dualsystems.com) (see Note 1).

 1. pBT3-N is a bait vector allowing N-terminal tagging to Cub 
which is fused to the artificial transcription factor LexA-VP16 
under the control of Cyclin1 (Cyc1) promoter. This vector 
contains the yeast leucine (Leu2) marker, the Escherichia coli 
(E. coli) kanamycin resistance gene for bacterial selection, and 
a CEN/ARS origin of replication allowing the vector to be 
maintained at a low copy number (see Note 2).

 2. pPR3-N is a prey vector allowing N-terminal tagging to 
NubG. It also expresses the hemagglutinin A (HA) tag under 
the control of Cyc1 promoter and contains the yeast tryptophan 
(Trp1) marker, the E. coli ampicillin resistance gene for bacte-
rial selection, and a 2 μ multicopy origin of replication.

 3. pOst1-NubI used as a positive control is a prey vector express-
ing an endoplasmic reticulum protein Ost1 [9] fused to the 
wild-type Nub moiety of yeast ubiquitin (NubI) under the 
control of the Adh1 promoter. This vector contains the yeast 
tryptophan (Trp1) marker, the E. coli ampicillin resistance 
gene for bacterial selection, and a 2 μ multicopy origin of 
replication.

 4. pNubG-Fe65 used as noninteracting control is a prey vector 
expressing the cytosolic protein Fe65 [10] fused to NubG 
under the control of Adh1 promoter. This vector contains 
the yeast tryptophan (Trp1) marker, the E. coli ampicillin 

2.1 Vectors 
and Strains
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resistance gene for bacterial selection, and a 2 μ multicopy 
origin of replication.

 5. The yeast strain NMY51 (MATa, his3Δ200, trp1-901, leu2- 
3,112, ade2, LYS2::(lexAop)4-HIS3, ura3::(lexAop)8-lacZ, 
ade2::(lexAop)8-ADE2, GAL4) is used to express bait and prey 
vectors.

 6. High-efficiency electrocompetent E. coli DH5α is used for 
plasmid propagation in bacteria.
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Fig. 1 Principle and typical results from the membrane yeast two-hybrid method. (A1) No interaction between 
bait and prey. MbY2H is a two component system based on a split-ubiquitin. The bait protein anchored into the 
endoplasmic reticulum (ER) or plasma membrane is fused to the C-terminal half of ubiquitin (Cub) and the 
LexA-VP16 transcription factor (TF). The prey is fused to a mutated form of the N-terminal end of ubiquitin 
(NubG) unable to associate with Cub. In that condition, the TF is not released by proteases, and the promoter 
(arrow) of the selectable markers Adenine2 (Ade2) and Histidine3 (His3) is transcriptionally inactive (OFF). (A2) 
Interaction between bait and prey. If bait and prey interact, the split-ubiquitin is reformed and allows the pro-
teolytic cleavage of LexA-VP16, which is subsequently translocated into the nucleus where it activates the 
selectable markers needed for the growth on Test medium (Cyt, cytoplasm; Nu, nucleus). (B) Efficiency of bait 
and prey interaction. Bait and prey are selected on SD-Trp-Leu (Selective medium) and then tested for interac-
tion on SD-Trp-Leu-Ade-His (Test medium) using serial dilution. (1) The absence of bait self-activation is tested 
by using Fe65 as a noninteracting prey control. (2) Validation of the bait construct is performed using NubI 
which spontaneously interacts with Cub fused to Ost1 a yeast ER protein. Example of (3) weak and (4) strong 
interactions between bait and prey are shown
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 1. Yeast extract-peptone-dextrose (YPD)-rich medium: 1% yeast 
extract, 2% peptone, 2% glucose, 2% Bacto Agar for solid 
medium, used for propagation of NMY51, are prepared in 
deionized water (dH2O) and autoclaved (121 °C, 15 psi, 
15 min).

 2. Glucose (20%) 10× solution is prepared by dissolving glucose 
in dH2O, autoclaved and stored at room temperature.

 3. 3-Amino-1,2,4-Triazole (3-AT) 1 M, a His3-competitive 
inhibitor, is prepared in dH2O, and sterilized by filtration, and 
then stored at 4 °C.

 4. Amino acids and bases 100× solutions are prepared in dH2O 
at the following concentrations: histidine (His) 2 g/L, leucine 
(Leu) 6 g/L, tryptophan (Trp) 2 g/L, adenine (Ade) 2 g/L, 
and lysine (Lys) 3 g/L. All solutions are autoclaved except 
tryptophan, which has to be sterile filtered and kept at room 
temperature.

 5. Dropout (DO) mix 10× is a combination of the amino-acids 
and bases 100× solutions diluted ten times lacking the 
appropriate supplement in sterile dH2O and stored at room 
temperature. The following dropout solutions need to be 
prepared: DO-Leu, DO-Trp, DO-Trp-Leu (permissive 
medium), DO- Trp- Leu-His (test medium low stringency), 
and DO-Trp- Leu-Ade-His (test medium high stringency) 
(see Note 3).

 6. Yeast nitrogen base (YNB) 10× solution: 1.7% yeast nitrogen 
base and 5% ammonium sulfate without amino acids or bases 
dissolved in dH2O and autoclaved.

 7. Synthetic defined medium (SD medium): dilute ten times the 
YNB 10× solution, the glucose 10×, and the Dropout 10× mix 
in dH2O with or without 2% Bacto Agar for solid medium. 
After mixing, the SD medium is autoclaved. The following SD 
medium solutions are prepared (see Note 3): SD-Leu for vec-
tor bait selection, SD-Trp for vector prey selection, SD-Trp- 
Leu for prey and bait selection, and SD-Trp-Leu-Ade-His to 
test interactions between baits and preys. 3-AT can be added 
to reduce the background growth (see Note 4).

 8. Salmon sperm DNA (ssDNA) at 10 mg/mL used as carrier for 
yeast transformations is dissolved in sterile dH2O, then boiled 
for 5 min at 95 °C, and stored at −20 °C.

 9. Tris-HCl (1 M), pH 7.5 and EDTA (0.5 M), and pH 8 are 
prepared in dH2O; the solutions are autoclaved after adjust-
ment of pH.

 10. Tris EDTA (TE) 10×: Tris 100 mM, EDTA 50 mM, is pre-
pared by diluting ten times Tris 1 M pH 7.5 and EDTA 0.5 M 
pH 8 in dH2O. The final solution is autoclaved.

2.2 Yeast Media 
and Transformation
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 11. Lithium acetate (LiOAc) 10× solution (1 M) is prepared by 
dissolving Lithium acetate in dH2O. The final solution is 
autoclaved.

 12. TE/LiOAc 1× (LiOAC 0.1 M, Tris 10 mM, EDTA 5 mM) is 
prepared by diluting ten times TE 10× solution and LiOAc 
10× in dH2O. The final solution is autoclaved.

 13. 50% polyethylene glycol (PEG) solution (PEG-3350) is dis-
solved in dH2O and sterilized by filtration.

 14. PEG/TE/LiOAc (PEG 40%, LiOAc 1× TE 1×) is produced 
by diluting ten times TE 10× solution and LiOAc 10× in 
dH2O in 50% PEG solution and sterilized by filtration.

 15. 0.9% NaCl solution is prepared by dissolving NaCl in 
dH2O. The final solution is autoclaved.

 16. 100% dimethyl sulfoxide (DMSO).

 1. Kanamycin (100 mg/mL, 1000×) and ampicillin (100 mg/mL, 
1000×) stocks are prepared in sterile dH2O, and stored at −20 °C.

 2. Luria-Bertani (LB) medium: 1% bacto-tryptone, 0.5% yeast 
extract, 0.5% NaCl, and 2% agar; for solid medium, used for 
propagation of E. coli, DH5α is dissolved in dH2O and auto-
claved. Appropriate antibiotic (kanamycin or ampicillin) is 
added after cooling when the solution is hand warm.

 3. Miniprep DNA plasmid isolation kit (Macheray-Nagel).
 4. 50 mL Falcon tubes.
 5. 0.5 mm metal beads.

 1. Tissue lyser (QIAGEN).
 2. Liquid nitrogen.
 3. 10–15-day-old Arabidopsis thaliana plants.
 4. Safe-Lock and microfuge tubes.
 5. Soda-lime glass beads.
 6. Trizol® (Invitrogen).
 7. 1 U/μL DNAse I (Promega).
 8. Chloroform and isopropyl alcohol.
 9. 70% ethanol in RNase-free water.
 10. RNase-free dH2O.
 11. RNAsin RNAse inhibitor (Promega).
 12. Random hexamer primers, oligo-dT, and deoxyribonucleo-

tides (Promega).
 13. Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) 

(Promega).
 14. Nanodrop-1000 (Thermo Fisher).

2.3 E. coli Media, 
Transformation, 
and Plasmid 
Extraction

2.4 Arabidopsis 
cDNA Preparation
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 1. 0.5 mL PCR tubes (Eppendorf).
 2. SfiI restriction enzyme.
 3. 10× NEBuffer 2.1 (New England Biolabs).
 4. 5 U/μL GoTaq and 5× buffer (Promega).
 5. 2 U/μL Phusion and 5× buffer HF (Thermo Fisher).
 6. 10 mM dNTPs, 25 mM MgCl2 and 1 M EDTA pH 8.
 7. 1% agarose gel with 0.5 μg/L ethidium bromide (EtBr).
 8. 10× DNA loading buffer (Thermo Fisher).
 9. 1 kb DNA ladder (Promega).

 1. Bait Forward: 5′-TCGATAAGCTTGATATCGAATTCC 
TGCAGGGCCATTACGGCC- 3′ followed by the 18–22 first 
nucleotides to your bait cDNA, starting by ATG.

 2. Bait Reverse: 5′-CGCTCCGCGGTTAGCTACTTACCA 
TGGGGCCGAGGCGGCC- 3′ followed by the 18–22 reverse 
complement nucleotides to your bait including the STOP 
codon.

 1. Prey Forward: 5′-GGATCCAAGCAGTGGTATCAACGCAG 
AGTGGCCATTACGGCC- 3′ followed by the 18–22 first 
nucleotides to your prey cDNA, starting by ATG.

 2. Prey Reverse: 5′-GATAAGCTTGATATCGAATTCTCGA 
GAGGCCGAGGCGGCC- 3′ followed by the 18–22 reverse 
complement nucleotides to your prey including the STOP 
codon.

 1. pBT3-N Forward: 5′-CAGAAGGAGTCCACCTTAC-3′.
 2. pPR3-N Forward: 5′-GTCGAAAATTCAAGACAAGG-3′.
 3. pPR3-N and pBT3-N Reverse: 5′-AAGCGTGACATAAC 

TAATTAC- 3′.

3 Methods

In order to prepare bait and/or prey cDNA, here we provide a 
short protocol to extract plant RNA and perform cDNA synthesis 
of any given RNA. The cDNA can then be used for the interaction 
assay using the MbY2H system.

 1. Harvest a dozen of 10–15-day-old Arabidopsis thaliana plants 
(50–100 mg) in 2 mL Safe-Lock tubes containing one 0.5 mM 
metal bead. Freeze in liquid nitrogen and grind tissue (tissue 
lyser set up at twice 30 s, 30 Hz).

 2. Add 1 mL of Trizol® to the powder, vortex briefly, and repeat 
pipetting to lyse the cells if necessary.

2.5 PCR 
and Enzymatic 
Digestion

2.6 Primers

2.6.1 Bait Primers

2.6.2 Prey Primers

2.6.3 Other Primers

3.1 cDNA 
Preparation 
from Plants

3.1.1 Plant RNA 
Extraction

Maxime Voisin et al.



227

 3. Leave all the samples on ice until your last sample is ready, and 
then incubate for 5 min at room temperature.

 4. Add 200 μL of chloroform, shake vigorously by hand 15 s, 
and then incubate 5 min at room temperature.

 5. Centrifuge at 13,000 × g for 15 min at 4 °C, and then transfer 
600 μL of the colorless upper aqueous phase to a fresh 1.5 mL 
microfuge tube.

 6. Add 600 μL of isopropanol, mix and incubate 30 min at 
−20 °C.

 7. Centrifuge at 13,000 × g for 15 min at 4 °C, carefully remove 
the supernatant, and wash the RNA pellet with 1 mL of 70% 
EtOH.

 8. Centrifuge at 13,000 × g for 5 min at 4 °C, remove all the 
supernatant, and briefly air-dry the RNA pellet for 5–10 min.

 9. Dissolve the pellet in 50 μL RNase-free dH2O by pipetting up 
and down (see Note 5). Store at −20 °C or −80 °C for long- 
term storage. We typically get ~30 μg RNA/sample.

 1. To the 50 μL of RNA sample, add 6 μL of 10× DNAse I buffer 
and 4 μL of Dnase I enzyme.

 2. Mix and briefly spin down samples, then incubate 1 h at 37 °C.
 3. Add 140 μL of dH2O and 200 μL of phenol, and then shake 

vigorously by hand.
 4. Centrifuge 10 min à 13,000 × g at 4 °C.
 5. Transfer the supernatant to a 1.5 mL microfuge tube contain-

ing 200 μL of chloroform/isoamyl alcohol (24:1).
 6. Centrifuge 5 min at 13,000 × g at 4 °C.
 7. Transfer the supernatant (200 μL) into a 1.5 mL microfuge 

tube containing 440 μL of EtOH 100% and 20 μL NaOAc 
3 M pH 5.2.

 8. Precipitate overnight at −20 °C.
 9. Centrifuge 30 min at 13,000 × g at 4 °C.
 10. Wash the pellet with 1 mL of EtOH 70%.
 11. Centrifuge 5 min at 13,000 × g at 4 °C.

 1. Resuspend the pellet in 30 μL of RNase-free dH2O.
 2. Use 1 μL to determine the RNA concentration with a 

NanoDrop.
 3. Pipet 1 μg of RNA into a PCR tube, add 1 μL of oligo-dT or 

hexamers (0.5 μg/μL), and complete to 15 μL with RNase-
free dH2O (see Note 6).

 4. Denature for 5 min at 70 °C, and place immediately on ice.

3.1.2 DNAse I Treatment

3.1.3 Reverse 
Transcription (RT)

Assessing Plant Membrane Protein Interactions by MbY2H



228

 5. Then add 5 μL M-MLV 5× buffer, 1.5 μL dNTP 10 mM, 
0.25 μL RNAsin (40 U/μL), and 1 μL M-MLV RT enzyme 
(200 U/μL), and complete to 20 μL final with RNase-free 
dH2O.

 6. Incubate 1 h at 42 °C.
 7. Store at −20 °C.

The cDNA sequence encoding the bait and prey proteins of inter-
est are cloned, respectively, into the vector pBT3-N and pPR3-N 
by double-strand break repair also known as gap repair. The gap 
repair is based on homologous recombination in yeast and allows 
the constitution of the bait plasmid. Recombination requires 
35–40 nucleotides identity between the cDNA amplified by PCR 
and the linearized vector [11, 12]. Alternative strategies such as 
conventional restriction digest or Gateway (Invitrogen) could also 
be used to generate these vectors.

When designing the bait vector, it is important to check if the 
membrane topology of the candidate protein is known to deter-
mine the location of its N and C terminus ends with respect to the 
cytosol, as the cleavage of the Cub-LexA-VP16 requires its loca-
tion in the cytoplasmic compartment (see Note 7).

Empty pBT3-N bait and pPR3-N prey vectors are linearized 
by the SfiI restriction enzyme as follows:

 1. Digest 1 μg of the vector with SfiI according to manufacturer’s 
protocol in 50 μL final volume. The quantity of DNA vector 
digested here is sufficient for ten gap repair reactions.

 2. Incubate overnight at 50 °C.
 3. Add EDTA to 1 mM final concentration, and store at −20 °C.
 4. To check for the digestion efficiency, run a 1% agarose gel 

stained with EtBr, load 6 μL of undigested vector (100 ng) in 
loading buffer 1×, 6 μL of the digested vector (100 ng) in 
loading buffer 1× and the recommended amount of 1 kb DNA 
ladder. Compare the profiles.

After preparation of total cDNA from plants (Subheading 3.1), 
cDNAs are amplified by PCR.

 1. The forward and reverse bait primers (Subheading 2.6.1) or 
prey primers (Subheading 2.6.2) required for the cDNA ampli-
fication must contain 35–45 nucleotides homologous to the 
insertion site of the bait or prey vector, respectively, followed 
by 18 nucleotides of the cDNA. Amplified cDNA fragments 
have to start with an ATG codon in frame with Cub (bait vector) 
or with NubG (prey vector) to ensure a continuous translation 
and should end with a Stop codon.

3.2 Bait and Prey 
Vectors Construction 
and Verification

3.2.1 Primers Design 
and cDNA Amplification
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 2. Perform PCR reactions using 0.2 μL 2 U/μL PhusionTaq or 
any appropriate proof reading polymerase, 0.5 μM final 
forward and reverse primers (see Subheading 2.6.3), 2 μL of 
the cDNA generated from plant material as template 
(Subheading 3.1) 4 μL 5× buffer HF, and 0.4 μL 10 mM 
dNTPs, and complete to 20 μL final with dH2O.

 3. Use the following PCR cycling conditions: 4 min at 95 °C, 
35 cycles [30 s at 95 °C, 30 s at 55 °C, 40 s/kb at 72 °C], and 
finally 10 min at 72 °C.

 4. The PCR amplification is checked by electrophoresis by load-
ing 2 μL of the PCR product in a 1% agarose gel with EtBr and 
the recommended amount of 1 kb DNA ladder as control.

The protocol of yeast transformation for gap repair cloning [12] to 
generate the bait and prey vectors is very similar, the only differ-
ences will be the target yeast lines (step 1) and the medium used 
to plate and select the transformants. Bait vector will be built in the 
initial line NMY51, while the prey vectors will be assembled in the 
NMY51 already containing the bait vector validated beforehand.

 1. For the bait vector construction, grow a culture of fresh yeast 
NMY51 in 5 mL of YPDA overnight at 30 °C. For the prey 
vector construction, grow the line NMY51 expressing a 
validated bait vector in 5 mL of SD-Leu overnight at 30 °C.

 2. Dilute the yeast into 50 mL of YPDA (bait) or SD-Leu (prey) 
to an OD600 between 0.4 and 0.8.

 3. Centrifuge at 11,000 × g for 5 min, and resuspend the pellet 
in 1 mL of TE/LiOAc 1×.

 4. Transfer in 1.5 mL microfuge tube.
 5. Pellet the yeast cells by centrifugation for 1 min at 11,000 × g.
 6. Discard the supernatant, and resuspend cells into 1 mL of 

TE/LiOAc 1× to wash the cells.
 7. Pellet the yeast cells, and repeat the wash steps with TE/

LiOAc twice.
 8. Discard the supernatant, and resuspend cells into 500 μL of 

TE/LiOAc 1× (sufficient for at least ten transformations).
 9. Denature the ssDNA at 10 mg/mL at 95 °C for 5 min and 

leave in ice.
 10. Mix 40 μL NMY51/TE/LiOAc 1×, 300 μL PEG/TE/

LiOAc, and 5 μL boiled ssDNA, and add 5 μL of cDNA (from 
3.1) and 50 ng of linearized empty bait or prey vector (from 
Subheading 3.2.1, step 1) (see Note 8).

 11. Briefly vortex, incubate at 30 °C for 30 min, add 12 μL 
DMSO, and heat shock at 42 °C for 15 min.

3.2.2 Yeast 
Transformation for Gap 
Repair Cloning
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 12. Centrifuge at 11,000 × g at room temperature for 1 min, and 
resuspend in 300 μL of 0.9% NaCl.

 13. Plate the totality of the yeast cells onto a SD-Leu selective 
medium for the bait transformation or SD-Leu-Trp for the 
prey, and incubate at 30 °C for 2–3 days.

 14. After 3–5 days, the number of transformants should be at 
least ten times higher in gap repair samples compared to the 
linearized pBT3-N alone used as control.

To check the vector, clones are first screened by a PCR on yeast 
colonies and for positive colonies; the vectors generated by gap 
repair are extracted and verified by sequencing.

 1. Select six yeast colonies using a sterile toothpick or a plastic 
loop, and resuspend each of them in a PCR tube containing 
50 μL dH2O (see Note 9).

 2. Microwave the yeast/dH2O mix for 2 min at 900 W, and put 
immediately in ice (see Note 10).

 3. Set up in a PCR tube a PCR reactions using 2 μL of the above 
yeast preparation as template, 0.1 μL GoTaq 5 U/μL, 0.5 μM 
final pBT3-N (for the bait) or pPR3-N (for the prey) forward 
and reverse primers (Subheading 2.6.3), 4 μL 5× GoTaq 
buffer, 0.4 μL 10 mM dNTPs, and 1.2 μL 25 mM MgCl2, 
and complete to 20 μL final with dH2O.

 4. We routinely use the following PCR cycling conditions: 4 min 
at 95 °C, 35 cycles [30 s at 95 °C, 30 s at 55 °C, 1 kb/min at 
72 °C], and finally 10 min at 72 °C.

 5. Load 6 μL of each sample in a 1% agarose gel with EtBr to 
determine the amplification of your prey or bait cDNA of 
interest.

 5. Select two PCR positive colonies, and inoculate each colony 
into 25 mL SD-Leu (bait constructs) or SD-Leu-Trp (prey 
constructs), and grow at 30 °C overnight.

 6. Pellet cells by centrifugation into 50 mL Falcon tube, and 
resuspend into the lysis solution of any miniprep DNA 
plasmid isolation kit.

 7. Add a small volume of 0.5 mM glass beads and vortex vigor-
ously for 3 min to ensure sufficient lyse of yeast cells.

 8. Transfer the liquid into a new microfuge tube, and perform 
DNA minipreps according to the manufacturer’s protocol.

 9. Transform the yeast DNA plasmid isolated into electrocompe-
tent E. coli strain suitable for plasmid propagation (DH5α) 
with a transformation efficiency of at least 1.107 cells per μg 
DNA.

3.2.3 Construct 
Verification
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 10. Plate on LB containing kanamycin (to select the bait vector) 
or LB + ampicillin (to select the prey vector), and incubate 
overnight at 37 °C.

 11. Isolate the vectors from transformed E. coli by performing 
DNA minipreps as above.

 12. Verify the bait constructs by sequencing using pBT3-N (for 
the bait vector) or pPR3-N (for the prey vector) using the 
appropriate forward and reverse primers (Subheading 2.6.3).

After verification and sequencing, the extracted prey vectors 
can be directly transformed into NMY51 carrying any bait vector.

Correct expression of the bait is tested using the control prey 
construct pOst1-NubI [4] that expresses the yeast endoplasmic 
reticulum protein Ost1 [9] fused to NubI (the ubiquitin wild-type 
Nub half). If the bait is localized properly, the co-expression of the 
bait and Ost1-NubI results in the reconstitution of split-ubiquitin, 
cleavage of LexA-VP16 transcription factor and activation of the 
reporter genes His3 and Ade2 allowing yeast growth on SD-Leu- 
Trp-His-Ade test medium.

 1. Grow yeast NMY51 containing the bait in 50 mL of SD-Leu 
overnight at 30 °C in a shaking incubator.

 2. When the cells have reached an OD600 between 0.4 and 0.6, 
transfer the cells in a 50 mL Falcon tube, and pellet the cells 
by a centrifugation at 11,000 × g for 5 min.

 3. Resuspend the pellet in 1 mL of TE/LiOAc 1×, and transfer 
in a 1.5 mL microfuge tube.

 4. Pellet the yeast cells by centrifugation for 1 min at 11,000 × g.
 5. Discard the supernatant, and resuspend cells into 1 mL of 

TE/LiOAc 1× to wash the cells.
 6. Pellet the yeast cells and repeat the wash steps twice, and 

resuspend cells into 500 μL of TE/LiOAc 1×.
 7. Denature the ssDNA at 95 °C for 5 min and put it in ice.
 8. Mix 40 μL NMY51/TE/LiOAc 1×, 300 μL PEG/TE/

LiOAc, 5 μL boiled ssDNA 10 mg/mL, and 1 μL pPR3N- 
NubI vector (100 ng/μL).

 9. After a brief vortex, incubate mix at 30 °C for 30 min, add 
12 μL DMSO and heat shock at 42 °C for 15 min.

 10. Plate half of the yeast cells on SD-Leu-Trp selective medium 
and the other half on SD-Leu-Trp-His-Ade test medium.

 11. After 3–5 days at 30 °C, estimate the percentage of growth on 
test medium versus selective medium. If the bait is functional, 
we typically observe more than 20% growth on the test 
medium SD-Leu-Trp-His-Ade.

3.3 Bait Vector 
Validation

3.3.1 Bait Expression 
Validation
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In two-hybrid screens, background can be caused by self-activation 
of bait proteins that provokes the gene reporter expression and 
consequently the growth on selective medium without any interac-
tion. The aim of the bait self-activation test is to estimate this back-
ground when the bait is co-expressed with a noninteracting prey 
control to adjust the selection conditions used for the screen by 
adding an His3-competitive inhibitor, the 3-amino-1,2,4-triazole 
(3-AT) on test medium plates.

 1. Grow yeast NMY51 containing the bait in 50 mL of YPDA 
overnight shaking incubator at 30 °C.

 2. Yeast cells are transformed by a prey vector pNubG-Fe65 
expressing the cytosolic protein Fe65 [10] fused to the 
mutated portion of the yeast ubiquitin; NubG is used as non-
interacting (negative) control. Transformation is performed as 
described in Subheading 3.2.2.

 3. Plate transformed yeast cells on SD-Leu-Trp selective medium, 
SD-Leu-Trp-His-Ade test medium, and SD-Leu-Trp-His-Ade 
containing increasing concentration of 3-AT (see Note 4).

 4. After 3–5 days at 30 °C, count the number of colonies on all 
plates to estimate the percentage of growth between SD-Leu- 
Trp selective medium and test medium containing or not 3-AT.

The lowest concentration of 3-AT inhibiting the bait back-
ground growth on test medium is then used for all the interaction 
tests (see Note 4).

When all the strains carrying the prey and bait combinations are 
ready, the evaluation of interaction can be pursued. The condition 
to analyze the interaction on test medium must be adjusted accord-
ing to the 3-AT concentration determined for each bait protein 
(Subheading 3.3.2).

 1. Transfer NMY51 yeast cells carrying the baits and preys 
(including positive and negative control) to be tested to a 
fresh test medium SD-Leu-Trp (see Note 11).

 2. After 2–3 days, the colonies can be tested on test medium. For 
each bait, adjust 3-AT optimal condition as determined in 
Subheading 3.3.2.

 3. Streak the cells containing all the combinations between par-
ticular bait and the different preys onto high stringency test 
medium SD-Leu-Trp-Ade-His containing or not 3-AT and 
onto permissive SD-Leu-Trp to control for yeast growth.

 4. On each plate, include the yeast cells containing the bait and 
pOst1-NubI as positive control (Subheading 2.1.3) and the 
yeast cells containing the bait and pNubG-Fe65 as negative 
control (Subheading 2.1.4).

 5. After 3–5 days read the plates.

3.3.2 Bait Self-Activation

3.4 MbY2H 
Interaction

3.4.1 Interaction Analysis

Maxime Voisin et al.



233

The following protocol can be used to compare the cell growth 
rate of yeast under different growth conditions to evaluate the 
interaction strength. This is achieved by serial dilutions and spot-
ting of yeast on permissive and test media. This assay is referred to 
as drop test.

 1. From fresh SD-Leu-Trp plates, pick a yeast colony expressing 
the bait and prey to be tested (see Note 12), the negative con-
trol and (pNubG-Fe65) and the positive prey (pOst1-NubI).

 2. Resuspend the yeast cells into 1 mL SD-Leu-Trp medium, and 
adjust OD600 to 2.

 3. Prepare 1:10, 1:100, 1:1000, 1:10,000 and 1:100,000 dilu-
tions in 0.9% NaCl.

 4. Spot 8 μL drops on SD-Leu-Trp growth control plate, 
SD-Leu- Trp-Ade-His test medium plate (see Note 12) con-
taining 3-AT (according to the optimal condition of the bait 
determined in Subheading 3.3.2).

 5. Let the spots to dry at room temperature until the liquid is 
completely absorbed by the medium.

 6. Return the plate, and incubate at 30 °C. After 3–5 days exam-
ine the plates (Fig. 1B). The difference in growth is a measure 
for the strength of protein-protein interaction.

4 Notes

 1. Dualsystem does not distribute anymore the MbY2H system, 
but vectors and yeast strain are available from several compa-
nies such as Bioquote Limited or MoBiTec.

 2. pBT3-N does not contain any specific tag fused to the bait; 
however antibodies against VP16 are available several manu-
facturers and can be used to monitor the bait expression using 
Western blot analysis.

 3. Basically we distinguish two types of media: the “transforma-
tion selection medium” (permissive medium) to select bait 
(DO-Leu), prey (DO-Trp), or bait + prey (DO-Trp-Leu) vec-
tors containing yeast cells, and “interaction selection media” 
(test medium) to test interaction between baits and preys 
(DO-Trp-Leu-His (low stringency) or DO-Trp-Leu-Ade-His 
(high stringency)).

 4. The background of the bait on test medium can easily be 
removed by the addition of 3-AT (usually used below 10 mM). 
All the baits do not require the same amount of 3-AT, the 
concentration has to be adjusted depending on the bait used. 
To find the optimal 3-AT concentration, SD-Leu-Trp-His-
Ade test medium are supplemented with 0, 1, 2.5, 5, 10, 50, 

3.4.2 Evaluation 
of the Interaction Strengths 
by Drop Test
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and 100 mM 3-AT. For weak interaction, the stringency of the 
test medium plate can be adjusted either by decreasing the 
level of 3-AT in the SD-Leu-Trp-Ade-His test medium or by 
using SD-Leu-Trp-His plates.

 5. If RNA pellets after precipitation are difficult to resuspend, 
incubate the samples 2–5 min to 65 °C.

 6. Oligo-dT and hexamers can be used to produce the cDNA 
fragment. Oligo-dT is usually the best choice to amplify a 
cDNA full size, because it initiates reverse transcription at the 
3′ end of the transcript however occasionally for some cDNAs 
hexamers gives a better result.

 7. For most of the baits, the topology in respect to the mem-
brane will be unknown. It is therefore difficult to choose witch 
terminal end will be fused to Cub-LexA-VP16. To predict 
which terminal end(s) of the protein will be outside the ER, 
we usually predict the position and number of putative trans-
membrane domains using online tools such as TMHMM 
(http://www.cbs.dtu.dk/services/TMHMM/) [13].

 8. We routinely do not purify the PCR products to produce the 
cDNA fragments nor the linearized vectors after digestion to 
avoid loss of DNA during the gap repair procedure.

 9. It is very important to take a very small quantity of yeast (the 
tips of a sterile toothpick); too much material will inhibit the 
PCR reaction.

 10. Yeast cells are encapsulated by a rigid cell wall structure and its 
disruption will allow a better amplification. Here we use 
microwaves to quickly and efficiently break down the yeast cell 
wall, but alternatively you can use lytic enzymes such as lyti-
case or zymolyase to digest the cell wall.

 11. We recommend using at least two clones for each combination 
of baits and preys.

 12. We use cells directly from fresh plates to realize the drop test; 
alternatively you can use overnight liquid cultures. Dry the 
plates in sterile condition by opening the cover for 30 min. Be 
careful that the cover do not contains droplets of water. It is 
also essential to spot slowly the 8 μL of medium to avoid pro-
jections.
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Chapter 17

Immunolabeling Protocols for Studying Meiosis in Plant 
Mutants Defective for Nuclear Envelope Components

Javier Varas and Mónica Pradillo

Abstract

The nuclear envelope (NE) is a dynamic boundary that allows the communication between nuclear and 
cytoplasmic components. It has essential roles in a variety of physiological processes including cell division. 
The linker of nucleoskeleton and cytoskeleton (LINC) complexes span the NE and are important during 
meiosis, the specialized cell division needed for sexual reproduction. During this division, the LINC com-
plex proteins AtSUN1 and AtSUN2, located in the inner nuclear membrane (INM), are involved in tether-
ing telomeres to the NE.  This attachment promotes chromosome movements by the forces that are 
generated in the cytoplasmic face. In Arabidopsis, the double mutant Atsun1 Atsun2 exhibits a delayed 
prophase I meiotic progression, partial synapsis, and recombination defects that lead to the formation of 
unbalanced gametes and sterility. In meiocytes from these mutants, immunolabeling can be applied to 
analyze possible changes in the dynamics of different meiotic proteins. In addition, if the specific antibod-
ies are available, this technique is an easy and useful tool to determine the spatial distribution of NE 
proteins.

Key words Homologous recombination, Meiosis, Nuclear envelope, Pollen mother cell, Synapsis

1 Introduction

SUN domain proteins belong to the conserved eukaryotic linker of 
nucleoskeleton and cytoskeleton (LINC) complexes that connect 
chromatin to the cytoskeleton network. These proteins are required 
for accurate pairing and recombination between homologous 
chromosomes during meiosis. In Arabidopsis, the C-terminal SUN 
domain proteins AtSUN1 and AtSUN2 are located at the nuclear 
envelope (NE) in prophase I pollen mother cells (PMCs). Both 
proteins seem to be functionally redundant, at least during meiosis, 
as revealed by the wild-type (WT) phenotype of the corresponding 
single mutants. However, meiosis is disturbed in the double knock-
out Atsun1 Atsun2 [1]. The meiotic defects include incomplete 
synapsis and frequent interlocks (entanglements among chromo-
somes) at prophase I, presence of univalents at metaphase I, and 
unbalanced segregations at second division. In this chapter, we 
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describe the immunofluorescence techniques applied to gain 
insight into the ability of Atsun1 Atsun2 plants to perform synap-
tonemal complex (SC) formation and meiotic recombination and 
in order to determine the localization of both SUN proteins in this 
double mutant.

In recent years, many different immunolabeling protocols have 
been designed to study the distribution of proteins on plant mei-
otic chromosomes. Choosing a proper method is crucial to get the 
desired results. The protocols can be classified into two types: the 
squash- and the spreading-based methods. Both procedures have 
different advantages and disadvantages and should be selected 
depending on the aim of the analysis. Squash preparations are 
required to preserve the volume of the nuclei, but slides contain a 
high background due to cytoplasm residues, and chromosomes are 
not properly separated. On the other hand, the spreading method 
does not retain the spatial organization of the meiocyte, but allows 
to obtain high-quality slides with a reduced background noise. 
Therefore, we apply the squash technique to analyze the spatial 
distribution of NE-associated proteins, whereas the spreading pro-
tocol is more useful to examine the dynamics of the SC formation 
and the kinetics of proteins involved in meiotic homologous 
recombination (HR). The description of both methodologies cur-
rently used in our lab is detailed in this chapter.

2 Materials

Arabidopsis thaliana plants are grown in a growth room under a 
16  h light/8  h dark photoperiod, at 18–20  °C with adequate 
watering. They are sown in pots containing a soil mixture (rich 
soil/vermiculite, 3:1). Cover with a plastic film (not tightly sealed) 
for at least 1 week. Plants produce their first flowers within 
6–7 weeks (see Note 1).

 1. Filter paper.
 2. Petri dishes.
 3. Pasteur pipettes.
 4. Poly-l-lysine-coated and standard slides.
 5. Coverslips (24 × 24 and 24 × 32).
 6. Parafilm.
 7. Forceps with fine and long tips.
 8. Dissection needles.
 9. Scalpel.
 10. Aluminum bar.
 11. Diamond pen.

2.1 Plants

2.2 Equipment 
and Tools
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 12. Watch glasses.
 13. Alcohol lamp.
 14. Moist box (a plastic box containing a wet paper) (see Note 2).
 15. Coplin jars.
 16. Hot plate.
 17. Incubator at 37 °C.
 18. Humidifier.
 19. Stereomicroscope with a cold light source.
 20. Microscope with phase contrast.
 21. Fluorescence microscope with appropriate filters, camera, and 

image acquisition software.

 1. Acetocarmine solution: add 5 g carmine to 45% of glacial ace-
tic acid, and boil for 3 h on a hot plate inside of a fume hood. 
A magnetic stirrer can be used to produce turbulence in the 
solution. After cooling, pass the solution through a paper filter, 
and store at room temperature.

 2. 10× phosphate-buffered saline (PBS): solution A (16.02  g 
Na2HPO4⋅2H2O  +  73.84  g NaCl in 900  mL of distilled 
water) + solution B (2.76 g NaH2PO4H2O + 16.56 g NaCl in 
100  mL of distilled water). Adjust pH to 7 and autoclave. 
Dilute at 1:10 with distilled water before use. Store at room 
temperature.

 3. 10× citrate buffer: mix 40 mL of 0.1 M sodium citrate and 
60 mL of 0.1 M citric acid, pH 4.6. Store at 4 °C.

 4. Washing buffer (PBS-T): PBS + 0.1% Triton X-100.
 5. Blocking solution: 3% Bovine Serum Albumin (BSA) in PBS- 

T. Dispense 500 μL aliquots and store at −20 °C.
 6. 6-Diaminido-2-phenlyinidole (DAPI) (1  μg/mL) in 

Vectashield antifade mounting medium. Store at 4 °C.

 1. Liquid nitrogen.
 2. 4% paraformaldehyde—0.15% Triton X-100: dissolve 4 g parafor-

maldehyde in 45 mL of PBS and heat while stirring to 60–70 °C 
on a hot plate. Be aware that the solution does not boil. Add some 
drops of 1 N NaOH to slowly raise the pH until the solution 
clears. Complete the volume to 50 mL and adjust the pH to 8 
with HCl. Aliquots of 500 μL should be dispensed in Eppendorf 
tubes and can be frozen. After thawing one aliquot, add 500 μL 
of PBS and 1.5 μL of Triton X-100 (see Note 3).

 3. Enzyme digestion medium: dissolve cellulose, pectolyase, and 
cytohelicase in citrate buffer for final concentration of 1% 
(w/v) each. In addition prepare a solution with cytohelicase 

2.3 Reagents

2.4 Specific 
Solutions 
for the Squash 
Technique

Immunolabeling Protocols in Meiocytes



240

(0.4% w/v), sucrose (1.5%), and polyvinylpyrrolidone (PVP) 
(1%) in sterile deionized water. Dispense 500 μL aliquots, and 
store at −20 °C in both cases. Prepare a 1:1 mix of the two 
solutions.

 1. 4% paraformaldehyde: dissolve 4 g paraformaldehyde in 95 mL 
of distilled water and heat while stirring to 60–70 °C on a hot 
plate. Be aware that the solution does not boil. Add some 
drops of 1 N NaOH to slowly raise the pH until the solution 
clears. Complete the volume to 50 mL and adjust the pH to 8 
with HCl. Store at 4 °C.

 2. Enzyme digestion medium: dissolve cytohelicase (0.4% w/v), 
sucrose (1.5%), and polyvinylpyrrolidone (PVP) (1%) in sterile 
deionized water. Store in 500 μL aliquots at −20 °C.

 3. Detergent medium: 1% (v/v) lipsol detergent and 0.1% (v/v) 
Triton X-100 in distilled water (freshly prepared) (see Note 4).

The convenient dilutions for antibodies depend on their quality 
and the genetic background of the plants analyzed, among other 
factors. The use of an inappropriate dilution is the reason for a high 
background. Table 1 summarizes the working dilutions for anti-
bodies we have used to successfully detect SUN, SC, and HR pro-
teins in Arabidopsis male meiocytes. The references include 
information about the source of the antibodies (see Note 5).

2.5 Specific 
Solutions 
for the Spreading 
Technique

2.6 Antibodies

2.6.1 Primary Antibodies

Table 1 
Primary antibodies

Antibody Raised in Working dilution Reference

Anti-AtSUN1 Rabbit 1:100 [2]

Anti-AtSUN2 Rabbit 1:100 [2]

Anti-AtASY1 Rat
Rabbit

1:1000 [3]

Anti-AtZYP1 Rat
Rabbit

1:500 [4]

Anti-AtSYN1 Rabbit 1:500 [5]

Anti-AtSMC3 Rat 1:500 [6]

Anti-γH2AX (Ser139) Rabbit 1:100 Upstate Biotechnology
Catalog no. 07-164

Anti-AtRAD51 Rabbit 1:300 [6]

Anti-AtDMC1 Rabbit 1:300 [7]

Anti-AtMSH4 Rabbit 1:300 [8]

Anti-AtMLH1 Rabbit 1:300 [9]
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There is a wide choice of secondary antibodies conjugated to Cy3 
(red signal, 1:100), Alexa 555 (red signal, 1:500), or FITC (green 
signal, 1:50) that can be used (see Notes 6–8).

3 Methods

It is necessary to select anthers which contain meiocytes at prophase 
I. To do this material is stained with acetocarmine (see Note 9).

 1. Collect the inflorescences in a Petri dish with a moist piece of 
filter paper.

 2. Divide up the inflorescence into individual buds and discard 
buds with yellow anthers containing pollen.

 3. Place one bud on a slide and cover it with a single drop of 
acetocarmine.

 4. Heat slightly the slide over a flame of an alcohol lamp.
 5. Put on the coverslip, place the slide inside a folded filter paper, 

blot the excess liquid, and press down to release PMCs (see 
Note 10).

 6. Check the meiotic stage under a phase contrast microscope.
 7. Collect floral buds according to their size and gently remove 

the sepals.

 1. Transfer the buds into a watch glass, and fix the material in 4% 
paraformaldehyde—0.15% Triton X-100 during 30 min.

 2. Wash for 10 min at least three times in 1× PBS.
 3. Digest the buds with the enzyme digestion medium at 37 °C 

for 45 min (see Notes 11 and 12).
 4. Wash again in PBS three times for 5 min.
 5. Put eight to ten buds on a poly-l-lysine-coated slide using a 

Pasteur pipette (see Note 13). Dissect the buds and try to 
release the pollen sacs. Tap out the anthers using an aluminum 
bar until a fine suspension is formed (see Note 14). Check the 
process under a stereomicroscope.

 6. Cover with a coverslip and place the slide in a folded paper filter, 
blot the excess liquid with filter paper to dry the slide, and care-
fully disperse the material by tapping out the coverslip gently 
with the back of a wood handle needle. Squash down on the 
coverslip with a strong vertical pressure, using the thumb (see 
Note 15).

 7. Examine the preparation under a phase contrast microscope. If 
the material is not sufficiently extended, squash again.

 8. Soak the preparation in liquid nitrogen, and remove the cover-
slip with a scalpel quickly (see Note 16). Make lines on the 

2.6.2 Secondary 
Antibodies

3.1 Bud Selection

3.2 Squash Protocol

Immunolabeling Protocols in Meiocytes



242

microscope slide with a diamond pen to indicate where the 
coverslip is.

 9. Wait for 10 min and rinse in PBS in a Coplin jar (see Note 17).

 1. Select around eight buds, and dissect them to extract the pol-
len sac using a needle and fine forceps in 2–4 μL citrate buffer 
on a poly-l-lysine-coated slide (see Note 18). Avoid drying by 
adding buffer citrate as needed.

 2. Add 10 μL of enzyme digestion medium and incubate in a 
moist box on a hot plate for 8 min at 37 °C (see Note 19).

 3. Under the stereomicroscope cut the anthers in half with a nee-
dle and release the PMCs. Finally tap out the material by using 
an aluminum bar. Add a small drop of digestion medium if it is 
necessary. It is critical that the slide does not dry.

 4. Add again 10 μL of enzyme digestion medium, and incubate 
for additional 8 min at 37 °C in the pre-warmed moist box on 
the hot plate.

 5. Add 20 μL of detergent medium to the slide (see Note 20). 
Mix and gently spread by using the aluminum bar without 
touching the slide during 2 min (see Note 21).

 6. Let the slide stand for 8 min at room temperature.
 7. The meiocytes are fixed on the slide by adding 40 μL of cooled 

4% paraformaldehyde. Extend the liquid over the slide surface 
with the help of a pipette tip without touching the slide. Let 
dry slowly over the hot plate at around 25 °C at least for 2 h 
(see Note 22).

 8. After drying mark the chromosome spreading area on slides 
with a diamond pen (see Note 23).

 9. Rinse quickly in distilled water and then in PBS in a Coplin jar.

 1. Block the preparations in 50 μL of blocking solution (3% BSA). 
Add the solution to coverslips made with parafilm. Incubate 
the slides with cells facing down for 30 min at room tempera-
ture inside a moist box (see Note 24).

 2. Remove the pieces of parafilm with forceps.
 3. Prepare the mixture of primary antibodies diluted in blocking 

buffer (1% BSA) and add 75 μL to parafilm coverslips as men-
tioned before. Incubate overnight at 4 °C (see Note 25).

 4. Remove carefully the parafilm. Wash the slides in PBS-T for 
3 min five times (see Note 26).

 5. Prepare the mixture of secondary antibodies diluted in block-
ing buffer (1% BSA), and add 75 μL to parafilm coverslips as 
mentioned before. Incubate for 90 min at room temperature. 
Slides should be protected from light from this moment on.

3.3 Spreading 
Protocol

3.4 Immunolo
calization
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 6. Wash slides in washing buffer for 3 min five times.
 7. Stand the slides on filter paper to remove the excess wash buffer, 

and stain them with DAPI in Vectashield antifade mounting 
medium. Use a 24 × 32 coverslip, sandwich the preparations in a 
folded paper, and apply gentle pressure to remove excess PBS-T.

 8. Examine the samples with a fluorescence microscope equipped 
with appropriate filters and image acquisition system.

 1. Synaptic initiation points (SIPs) can be scored in meiocytes 
with AtZYP1 signal covering at most 10% of the total of the 
chromosome axis (Fig. 1).

 2. SC length measurements can be achieved using the Image J 
software. The tool set scale allows to define the spatial scale of 
the image, and the tool segmented line creates a segmented line 
selection by repeatedly clicking with the mouse. The SC length 
is displayed in the status bar during drawing the segmented line 

3.5 Image Analysis

Fig. 1 Examples of images obtained for analyzing the synaptic process. Dual immunolocalization of AtASY1 
(green) and AtZYP1 (red) on chromosome spread preparations from WT PMCs at (A–C) zygotene and (D–F) 
pachytene. (A–C) This example illustrates the quantification of SIPs in a zygotene in which the percentage of 
synapsis (AtZYP1 signal) is less than 10%. (D–F) The SC length is determined in pachytene meiocytes with full 
synapsis. Bars represent 5 μm
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over the AtZYP1 signal. Only cells with an AtZYP1 signal cov-
ering all the chromosome axes can be analyzed (Fig. 1).

 3. The quantification of foci corresponding to HR proteins can 
be determined by manual counting. For doing this, it is essen-
tial to obtain enough image magnification and proper image 
processing. Although this method is criticized for being time- 
consuming, it is often more accurate than automatic foci 
counting. Elevated background signals and a low-defined focal 
plane can easily lead to incorrect numbers by automatic meth-
ods. We only score axis-associated foci applying the count tool 
of Adobe Photoshop software (Fig. 2) (see Note 27).

Fig. 2 Examples of images obtained for analyzing the meiotic recombination process. (A–C) WT zygotene display-
ing dual immunolocalization of AtASY1 (green) and AtRAD51 (red). (D–F) WT pachytene showing AtZYP1 (green) 
and AtMLH1 (red). Immunodetection of AtASY1 and AtZYP1 allows to establish the chronology of prophase 
I. AtASY1, an axial/lateral element protein, is detected from leptotene and persists until late pachytene. The local-
ization of this protein is convenient for the quantification of foci corresponding to the recombinases AtRAD51 and 
AtDMC1 and also to the ZMM protein AtMSH4. However, the signal corresponding to AtZYP1, a central element 
protein, is more useful for the quantification of proteins involved in later stages of meiotic recombination, as is the 
case with AtMLH1. Only AtASY1 or AtZYP1-associated foci are scored. Bars represent 5 μm
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4 Notes

 1. To have high-quality images, it is essential to have healthy 
plants. Soil can be autoclaved to eliminate pests. It is also 
important to use clean pots to avoid pest contamination. Low 
densities increase the number of flowers per plant.

 2. Pasteur pipettes could be used for holding the slides inside the 
moist box. Incubate the moist box at 37 °C until it is needed.

 3. If there is a precipitate after thawing, warm the solution until 
it clears.

 4. For the detection of SC-associated proteins, bring distilled 
water to pH 9 using borate buffer.

 5. Double immunodetections require the primary antibodies to 
be raised in different species.

 6. For double immunolocalizations the secondary antibodies 
must recognize one of the species exclusively. To avoid cross- 
reactivity choose secondary antibodies which have been 
obtained from different species.

 7. The proper working solution usually is more diluted than 
 suggested by the manufacturer. It should be determined 
experimentally.

 8. The fluorophore must be selected according to the available 
filters in the microscope and the quality of the antibodies. 
Generally, the brightest signals correspond to red  fluorophores, 
and they are recommended for punctate foci, but they usually 
cause a higher background noise.

 9. Primary shoots usually produce a few buds per inflorescence. 
Flowers from the lateral shoots are the best to use because they 
generate large inflorescences with many buds. Cutting off the 
primary shoot triggers most lateral shoots that emerge rapidly 
from the basal rosette.

 10. Be aware of any movement between the slide and the coverslip.
 11. The appropriate duration of the digestion should be deter-

mined experimentally for each accession. 45 min is suitable for 
Col-0.

 12. It is important to dip completely the buds into the solution to 
get a good digestion.

 13. The poly-l-lysine-coated slides provide a sticky surface which 
enhances the adhesion of the cells. However, it also increases 
the non-specific binding of the antibodies and the correspond-
ing background noise. Optionally, you can treat the slides with 
a quick wash in PBS and air dry afterward.

 14. Add more PBS as needed to assure that the material does not 
dry out.
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 15. Make sure the slide is on a flat surface. In order to get a mono-
layer of cells, it is very important to avoid excess (the cells will 
move to the edge of the coverslip) and too little liquid (air 
bubbles will appear).

 16. Blowing breath over the coverslip helps to remove the 
coverslip.

 17. Slides can be maintained for several months in 100% glycerol at 
4 °C. If this is the case, it is necessary to wash the preparations 
four times in PBS (10 min) with gentle agitation.

 18. To get better results, it is important to work in a humidified 
atmosphere (switch on a humidifier) and at 20 °C. We usually 
perform the protocol in the plant growth room.

 19. Pre-warm the moist box which facilitates the digestion.
 20. Cut the end of a yellow tip to pipette the lipsol because it is 

very viscous.
 21. The movement is similar to the one you apply to beat an egg. 

The best results are obtained when bubbles appear on surface.
 22. Try to not stir the fixative around a surface higher than the 

coverslip (up to 40 mm).
 23. After drying out a white precipitate can be observed. Preserve 

the slides in a humidity atmosphere to avoid this problem.
 24. This step is usually not necessary for the immunolocalization 

of the SC proteins.
 25. The incubation time varies according to the antibodies used 

and the nature of the signals. We commonly incubate the prep-
arations for 24 h to detect SC or chromosomal axis- associated 
proteins, whereas longer times are needed to successfully 
detect HR proteins (punctate foci).

 26. Slow agitation can contribute to reduce the background noise.
 27. Since this manual method is operator-biased, it is recommend-

able that the same person performs all the analyses. It should 
be useful to blind the images by randomizing them in a single 
group (without any distinction between WT and mutant cells) 
before the analysis. Results corresponding to WT cells deviated 
from reference less than 10% will confirm the reliability of 
quantifications.
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Chapter 18

Generation and Analysis of Striated Muscle Selective LINC 
Complex Protein Mutant Mice

Matthew J. Stroud, Xi Fang, Jennifer Veevers, and Ju Chen

Abstract

The linker of nucleoskeleton and cytoskeleton (LINC) complex mediates intracellular cross talk between 
the nucleus and the cytoplasm. In striated muscle, the LINC complex provides structural support to the 
myocyte nucleus and plays an essential role in regulating gene expression and mechanotransduction. A 
wide range of cardiac and skeletal myopathies have been linked to mutations in LINC complex proteins. 
Studies utilizing tissue-specific knockout and mutant mouse models have revealed important insights into 
the roles of the LINC complex in striated muscle. In this chapter, we describe several feasible approaches 
for generating striated muscle-specific gene knockout and mutant mouse models to study LINC complex 
protein function in cardiac and skeletal muscle. The experimental procedures used for phenotyping and 
analysis of LINC complex knockout mice are also described.

Key words LINC complex, Nuclear envelope, Knockout mouse, Knock-in mouse, Cre/loxP, 
CRISPR/Cas9, Striated muscle, Cardiac muscle, Skeletal muscle

1 Introduction

The application of gene targeting technology to create modifica-
tions in a tissue-specific manner and at a precise stage in develop-
ment is a powerful tool to elucidate the functions of linker of 
nucleoskeleton and cytoskeleton (LINC) complex proteins in vivo. 
Targeting specific genes for modification by homologous recombi-
nation in embryonic stem (ES) cells has become a routine proce-
dure [1, 2]. Over the past decade, we have routinely reported the 
use ES cell gene targeting technology to generate null or point 
mutation alleles in the study of LINC complex protein function 
[3–6]. More recently, a growing body of studies has utilized clus-
tered regulatory interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) technology to generate 
genetically modified mice with extraordinary simplicity and speed 
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[7–11]. Here, we briefly describe the methodology of traditional 
gene targeting (Fig. 1) and report in detail a cloning-free method 
to successfully generate floxed as well as single-amino-acid- 
substituted mice that can be used for striated muscle-specific gene 
targeting of LINC complex proteins. The general approaches and 
techniques described here can also be applied to establish other 
gene knockout and mutant mouse models.

Conditional knockout of a target gene in mice is based on generating 
a floxed allele by inserting two 34 base pair (bp) sequences of DNA 
referred to as loxP sites that flank either side of a critical exon in a gene 
of interest. The loxP sites are recognized by a Cre recombinase, which 
mediates recombination to excise the floxed exon and achieve gene 
inactivation [3, 12–14]. Many of the genes encoding the LINC com-
plex are available as floxed alleles on the International Mouse 
Phenotype Consortium (IMPC) website (https://www.mousephe-
notype.org/data/search), which greatly expedites the process of gen-
erating conditional null alleles. Generally, the IMPC mouse lines 
contain the desired floxed allele with LacZ and neomycin cassettes still 
present (Fig. 1A) (see Note 1), which are removed by crossing the 
mice with a flippase (FLP) deleter mouse [15]. Alternatively, global or 
conditional tissue- specific knockout mice can be generated by cross-
ing the IMPC mice with a desired Cre deleter mouse (Fig. 1A). For 
mouse lines unavailable through the IMPC website, two approaches 
can be used to generate floxed alleles as outlined below.

In traditional gene targeting, a conditional construct is first gener-
ated (Fig. 1B) (see Notes 2 and 3), linearized with a restriction enzyme, 
and electroporated into ES cells. Targeted ES cells are identified by 
Southern blot analysis. ES cells from a homologous recombinant clone 
are then microinjected into mouse blastocysts. Male chimeras are bred 
with female breeder mice to generate germline-transmitted heterozy-
gous mice with a neomycin cassette, which are confirmed by PCR or 
Southern blot analysis of mouse tail DNA [3–6, 16].

In this chapter, we focus on the clustered regulatory interspaced 
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 
(Cas9) system as a powerful tool to generate striated muscle-specific 
gene knockout and mutant mouse models to study LINC complex 
protein function in cardiac and skeletal muscle. The CRISPR/Cas9 
system consists of a Cas9 nuclease and two small RNAs: CRISPR 
RNA (crRNA), which acts as a guide for gene targeting, and trans-
activating crRNA (tracrRNA), which binds to crRNA and forms a 
ribonucleoprotein complex with Cas9 to direct sequence-specific 
double-stranded breaks (DSBs) [17–19]. Recently, we developed a 
cloning-free method to generate floxed alleles by pronuclear injec-
tion of a commercial Cas9 protein:crRNA:tracrRNA:single-strand 
oligodeoxynucleotide (ssODN) complex into mouse zygotes [9] 
(Fig. 2A). In this method, two crRNAs are designed to direct the 
Cas9 to target the upstream and downstream introns of the target 

1.1 Generation 
of Floxed Mice
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Fig. 1 Mouse generation strategies. (A) Mice obtained from the International Mouse Phenotype Consortium (IMPC) 
can be crossed with Sox2-Cre mice to generate global knockout mice. Alternatively, they can be crossed with 
flippase deleter mice to generate the conditional allele followed by a tissue-specific Cre deletion in the relevant 
tissue or cell type. (B) The traditional gene targeting approach inserts two 34 base pair sequences referred to as 
loxP sites (red triangles) that flank either side of a critical exon in a gene of interest and a neomycin cassette for 
embryonic stem (ES) cell selection. Diptheria toxin A gene is incorporated outside of the homology arms to select 
against ES colonies that have not taken up the insert by homologous recombination. A new restriction enzyme 
site is introduced in the mutant construct to aid screening with Southern blotting. (C) Traditional gene targeting 
approach to generate the substitution mutation from nucleotide X to Y in an exon (blue)
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exon, along with corresponding loxP site oligos with 60 bp homol-
ogy sequences on either side surrounding each Cas9-mediated 
DSB (Fig. 2B).

Whereas conditional knockout strategies are ideal for understand-
ing protein function in a tissue-specific manner, the generation of 
mouse models that recapitulate human disease-causing single amino 
acid substitutions using knock-in strategies is critical in the study of 
disease pathophysiology. Indeed, missense mutations in LINC 
complex proteins are a major cause of striated muscle disorders in 
humans [20–29]. As for the conditional knockout strategies, two 
main strategies exist to generate single-amino-acid-substituted 
mutant mice (Fig. 1C).

Similar to the gene targeting approach to generate knockouts 
described above, a targeting construct can be used, except that the 
vector does not contain loxP sites, but instead contains the mutated 
codon(s) [30–32]. Alternatively, similar to the generation of floxed 
alleles described above, a mixture of Cas9 protein, crRNA, 
tracrRNA, and ssODN is injected into the pronuclei of zygotes 
(Fig. 2A), except that the sequence of the crRNA targets the Cas9 
nuclease to the desired mutation-specific region of the target gene 
(Fig. 2C) [9]. Mutation-specific primers with a site-specific variant 
sequence at the 3′ terminus of the forward primer are used to 
screen for correctly targeted mice (Fig. 2D).

Tissue-specific knockout is achieved by crossing floxed mice with 
Cre mouse lines that express Cre recombinase under the control of 
a tissue-specific promoter or enhancer [3, 12–14]. The selection of 
an appropriate Cre-expressing mouse line is a crucial step in the 
process of generating a striated muscle selective LINC complex 
protein knockout or mutant mice. Three criteria need to be con-
sidered: (1) tissue and/or cell selectivity of Cre expression, (2) 
timing and duration of Cre expression, and (3) efficiency of the 
Cre recombinase. Here, we discuss a number of Cre mouse lines 
used for the generation of striated muscle-specific knockout or 
mutant mice by Cre recombination.

There are many cardiac-specific Cre lines available for ablating 
gene expression in cardiomyocytes (see Table  1 and references 
therein) [33]. Here we describe those we have used in our studies 
of cardiac function. The most widely used Cre lines for inducing 
gene ablation in cardiomyocytes are those utilizing promoter 
regions from the alpha (α)-myosin heavy chain (MHC) gene [34–
36]. However, a potential caveat of using certain αMHC lines is 
that those with high levels of myocardial expression of Cre recom-
binase lead to dilated cardiomyopathy [36]. In contrast and in our 
hands, the αMHC-Cre line developed by Dale Abel’s laboratory 
has shown no evidence of Cre toxicity [32].

1.2 Generation 
of Single-Amino-Acid- 
Substituted Mutant 
Mice

1.3 Generation 
of Striated Muscle- 
Specific Knockout or 
Mutant Mice by Cre 
Recombination
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Fig. 2 CRISPR/Cas9-mediated gene manipulation to generate floxed and point mutation alleles. (A) A cloning- free 
CRISPR/Cas9 system by pronuclear injection into a one-cell stage zygote of commercial Cas9 protein combined 
with chemically synthesized CRISPR RNA (crRNA), trans-activating crRNA (tracrRNA), and single- strand oligode-
oxynucleotides (ssODNs). (B) Schematic illustration to generate a conditional allele by insertion of two loxP sites. 
In this method, two crRNAs are designed to direct the Cas9 to target the upstream and downstream introns of the 
target exon, along with corresponding loxP site oligos with 60 bp homology sequences on either side surrounding 
each Cas9-mediated double-strand break. The protospacer adjacent motif (PAM) is shown in green. In the oligo 
donor sequence, the loxP site is highlighted in yellow. (C) To generate point mutation mice, the sequence of the 
crRNA (red) targets the Cas9 nuclease to the desired mutation- specific region (in this example, CGG to CAT) of the 
target gene. The PAM is shown in green. (D) Design of the mutation-specific primers with a site-specific variant 
sequence at the 3′ terminus of the forward primer to screen for correctly targeted mice. Figure modified from [9]
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As one of the earliest markers of heart progenitor cells, the reg-
ulatory regions of Nkx2.5 have been used to generate several Cre 
lines for inducing gene ablation during early cardiogenesis [37–39]. 
In our experience, the Nkx2.5-Cre transgenic line developed by the 
Olson laboratory reduced the RNA level of nesprin 1 by 88% in 
adult cardiomyocytes [3, 37]. The Nkx2.5-Cre developed by the 
Harvey laboratory is also highly efficient; however, it is expressed in 
derivatives of the pharyngeal endoderm, which include the stom-
ach, spleen, pancreas, and liver [38]. The Schwarz laboratory devel-
oped an Nkx2.5 knock-in Cre line, which is heterozygous null for 
Nkx2.5 [39]. However, owing to the importance of the Nkx2.5 
gene, these mice develop cardiac abnormalities [40, 41].

The cardiac troponin T (cTnT)-Cre line generated by Brigid 
Hogan’s laboratory, in which Cre is driven by the rat cTnT pro-
moter, induces early recombination at E7.5 with high efficiency in 
cardiomyocytes [42]. In our experience of using this line, we 
achieved ~80% reduction at the protein level of the two floxed 
alleles, Numb and NumbL, from whole hearts at E10.5 [43]. For 
this line, it is important to maintain male breeders of a young age 
(<6 months of age) as older breeders develop a shorter stature and 
don’t reproduce as well (unpublished observations).

The Mohun laboratory has developed a Xenopus myosin light 
chain 2 promoter-driven Cre recombinase (XMLC2-Cre) that is 
functional in all myocardial cells throughout embryonic develop-
ment and adulthood [44]. Importantly, the onset of recombinase 
activity occurs very early in cardiogenesis at the cardiac crescent 
stage. Given that the XMLC2-Cre mouse line has high efficiency, 
precise tissue specificity, and is early onset, it is a powerful tool to 
achieve gene ablation in a myocardial-specific manner in both 
embryos and adults.

Our laboratory generated a ventricle-restricted Cre line by 
knocking-in Cre into the myosin light chain 2v (MLC2v) locus 
[45]. This MLC2v-Cre mouse is heterozygous for MLC2v, but the 
mice are normal, display no morphogenic defects, and express nor-
mal levels of MLC2v protein [46]. The Cre recombinase expresses 
at the earliest stages of ventricular chamber specification; however, 
the efficiency of the recombinase is relatively low in embryonic 
ventricular cardiomyocytes [45, 47].

Temporal regulation of gene excision is highly desirable for 
studying gene function in the adult heart, especially if ablation 
 during development results in embryonic lethality. This can be 
achieved through using inducible tamoxifen- or tetracycline-driven 
Cre lines (Table  1). The αMHC-MerCreMer transgenic line, in 
which the cardiac-specific αMHC promoter directs expression of 
tamoxifen-inducible Cre recombinase (MerCreMer) [48], has 
been used extensively. We and others have shown that Cre activity 
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is tightly regulated and that Cre-mediated recombination occurs 
only in response to the injection of tamoxifen [49, 50]. There have 
been reports of tamoxifen treatment induced phenotypes using 
this line; therefore, we recommend using αMHC-MerCreMer 
mice alone and/or αMHC-MerCreMer mice with the heterozy-
gous floxed allele as controls [51–54].

Recently, a tamoxifen-inducible cTnT-Cre was developed by 
introducing the MerCreMer cassette upstream of the first exon of 
the cTnT gene [55]. Minimal Cre “leakiness” prior to tamoxifen 
injection and robust recombination in cardiomyocytes was reported 
24  h after administration. Tamoxifen administration alone may 
cause behavioral alterations; therefore, dosage optimization is per-
tinent when using tamoxifen-inducible mouse lines [54]. As an 
alternative to tamoxifen, for cardiac-specific ablation we have used 
the tetracycline-inducible system developed by the Zhou labora-
tory. This approach uses the rat troponin T promoter to express the 
reverse tetracycline-controlled transactivator, which in turn drives 
Cre expression via a tetracycline-responsive promoter [43, 56].

A number of constitutive and inducible skeletal muscle-specific 
Cre mice have also been developed (Table 1). The human α-skeletal 
actin (HSA) promoter has been used to drive constitutive [57], 
tamoxifen-inducible [58], and tetracycline-inducible [59] Cre 
expression. HSA-Cre expression is largely restricted to skeletal 
muscle; however, there is evidence of mosaicism between different 
skeletal muscle types and evidence of low-level expression in the 
heart. Myogenin-Cre transgenic mice were developed by the Olson 
laboratory [60] in which Cre expression is under the control of the 
mouse myogenin promoter and mouse myocyte enhancer factor 
2C (MEF2C) enhancer region. There are an extensive number of 
tamoxifen-inducible skeletal muscle knock-in Cre lines developed 
by the Lepper laboratory, which include Pax3, MyoD, Myog, 
Myf6, and Myl1, and have been well characterized [61].

If global knock-in homozygous mice are not viable or unable 
to reproduce, tissue-specific mutant mice strategies can be 
employed to circumvent this. The Kontaridis laboratory generated 
Cre-dependent conditional knock-in mice harboring a Y279C 
mutant of the Ptpn11 gene [62]. In this case, the Y279C mutant 
is only expressed after Cre-mediated excision. Therefore, a tissue- 
specific Cre could be used to drive expression only in the tissue of 
interest. As a simpler alternative, we crossed conditional knockout 
mice (f/f; Cre+) with heterozygous mutants (m/+) to generate 
conditional mutant mice (f/m; Cre+) mice [32]. Conditional 
mutant mice were subsequently crossed with floxed (f/f) mice to 
generate relevant control littermates (Fig. 3) (see Note 4).
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2 Materials

 1. Mice. C57BL/6  J female mice at age 3–4  weeks and male 
mice at 9–24 weeks for zygote collection. ICR (CD-1) mice 
for pseudopregnant mother and vasectomized males.

 2. Recombinant Cas9 proteins.
 3. CrRNA and tracrRNA: chemically synthesized and RNase-free 

HPLC purified.
 4. Single-strand ODN: chemically synthesized and standard 

desalted.
 5. 1× Tris-EDTA (TE) solution.
 6. Pregnant mare serum gonadotropin (PMSG).
 7. Human chorionic gonadotropin (hCG).
 8. KSOM medium.
 9. Reagents and equipment used for routine pronuclear microin-

jection are provided in the protocol on the University of 
California, San Diego Transgenic Mouse Core website (https://
healthsciences.ucsd.edu/research/moores/shared-resources/
transgenic-core/services/Pages/pronuclear-injection.aspx).

 1. Primers.
 2. 50 mM NaOH.
 3. 1 M Tris–HCl (pH 8.0).
 4. Taq PCR Kit.
 5. Agarose.
 6. Tris-acetate-EDTA (TAE) buffer.
 7. Zero Blunt TOPO PCR cloning kit.
 8. LB plates containing 50 μg/mL kanamycin.

2.1 CRISPR/
Cas9-Mediated Gene 
Manipulation to Create 
Floxed and Point 
Mutation Mice 
with a Cloning-Free 
Method

2.1.1 CRISPR/Cas9 
Injection

2.1.2 Genotyping 
and Screening of Targeted 
Alleles

Fig. 3 Breeding strategy of conditional knock-in mice. See text for description

Matthew J. Stroud et al.
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 1. Mice. C57BL/6J.
 2. Flippase deleter mice [15].
 3. Appropriate striated muscle-specific Cre-expressing mouse 

line (see Table 1).

 1. Chow containing 0.4–1 g/kg tamoxifen.
 2. Water containing 0.5–1 mg/mL tamoxifen.
 3. Sesame oil containing 10 mg/mL tamoxifen.

 1. Water containing at 1–2 mg/mL doxycycline.

 1. Electric razor.
 2. Hair removal cream (Nair).
 3. Echocardiography machine (FujiFilm Visualsonics 2.0) with 

heating pad and electrodes.
 4. Echo software.
 5. Echo gel.
 6. Isofluorane.

 1. Heparin (1000 U/mL).
 2. Ketamine (100 mg/kg).
 3. Xylazine (10 mg/kg).
 4. Insulin needles.
 5. Fine scissors.
 6. Extra fine Graefe forceps.
 7. Ice cold phosphate-buffered saline (PBS).

 1. 70% ethanol.
 2. Medium-size forceps.
 3. Vernier calipers (Kingsmart 6  in. LCD digital/micrometer 

gage 150 mm).

 1. Cryostat.
 2. Cryostat blades.
 3. Wax pen.
 4. Superfrost Plus slides.
 5. Humidified slide-incubation chamber.
 6. Thickness 1.5 coverslips.
 7. Inverted confocal microscope.
 8. PBS.
 9. Acetone.

2.2 Maintenance 
of Mouse Stains and 
Generation of 
Conditional Knockout 
and Mutant Mice

2.3 Induction of Cre 
Expression

2.3.1 Tamoxifen

2.3.2 Doxycycline

2.4 Analysis 
of Hearts

2.4.1 Echocardiographic 
Analysis of Cardiac 
Function

2.4.2 Sample 
Preparation

2.4.3 Measurement 
of Heart Weight/Tibia 
Length and Heart Weight/
Body Weight Ratios

2.4.4 Immunoflu-
orescence Analysis

Generation and Analysis of Mutant LINC Complex Mice
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 10. 4% paraformaldehyde (PFA) in PBS (wt/vol).
 11. Optimal cutting temperature (OCT) compound.
 12. Sucrose.
 13. Dry ice.
 14. 3% bovine serum albumin (99.5% pure) in PBS.
 15. Normal donkey serum.
 16. DAKO mounting medium.
 17. Clear nail polish.
 18. Vectashield mounting medium.
 19. 0.2% Triton-X100 in PBS (PBS/T).
 20. Relevant antibodies (see Table 2).

 1. Tissue cassettes.
 2. Wide-necked Erlenmeyer flask.
 3. Glass histology staining chambers.
 4. Microtome.
 5. Water bath.
 6. Oven.
 7. Ethanol.
 8. Xylene.
 9. 10% neutral buffered formalin.
 10. 4% PFA in PBS.
 11. Paraffin.
 12. Hematoxylin and eosin stain.
 13. Masson’s trichrome stain.
 14. Brightfield microscope.

 1. RNA extraction kit.
 2. cDNA synthesis kit.
 3. Quantitative real-time PCR machine.
 4. Primer pairs (see Table 3).

 1. Pestle and mortar.
 2. Sonicator.
 3. Spatula.
 4. Western blotting apparatus.
 5. Liquid nitrogen.
 6. Lysis buffer: 8  M urea, 2  M thiourea, 3% SDS (wt/vol), 

75  mM DTT, 0.03% bromophenol blue (wt/vol), 50  mM 
Tris–HCl pH 6.8.

2.4.5 Histological 
Preparation for Chemical 
Staining

2.4.6 RNA Extraction

2.4.7 Protein Extract 
Preparation

Matthew J. Stroud et al.
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 1. P200 tips.
 2. Bunsen burner.
 3. Razor blade.
 4. 0.2% Triton-X100 in PBS (PBS/T).
 5. Superfrost Plus slides.
 6. Wax pen.

 1. Dissection microscope.
 2. Lightsource.
 3. Dumont #5 fine forceps.
 4. Spring scissors.
 5. Dumont AA polished forceps.
 6. 4% PFA in PBS.

 1. Thermomixer (Eppendorf Thermomixer F).
 2. Superfrost Plus slides.
 3. Thickness 1.5 coverslips.
 4. DAKO mounting medium.
 7. Wax pen.
 5. 10 M NaOH.
 6. PBS.
 7. 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI).
 8. 3% bovine serum albumin (99.5% pure) in PBS.
 9. Normal donkey serum.
 10. 0.2% Triton-X100 in PBS (PBS/T).
 11. Relevant antibodies (see Table 2).

3 Methods

 1. For design of the guide CrRNA, follow the protocol described 
by the Zhang laboratory [63]. Briefly, input the target genomic 
DNA sequence into the online CRISPR design tool: http://
crispr.mit.edu/. The CRISPR design tool takes an input 
sequence (e.g., a 1 kb genomic fragment from the region of 
interest), identifies and ranks suitable target sites, and compu-
tationally predicts off-target sites for each intended target. 
Alternatively, one can manually select guide sequences by 
identifying the 20 bp sequence directly upstream of a proto-
spacer adjacent motif (PAM) sequence (5′-NGG) [9] (Fig. 2B).

2.5 Analysis 
of Skeletal Muscle

2.5.1 Preparation 
of Tools for TA Muscle 
Fiber Isolation

2.5.2 Extraction of TA 
Muscle from Leg

2.5.3 Analysis 
of Myonuclear Positioning 
and Immunofluorescence 
Staining

3.1 CRISPR/
Cas9-Mediated Gene 
Manipulation to Create 
Floxed and Point 
Mutation Mice 
with a Cloning-Free 
Method

3.1.1 CRISPR/Cas9 
Targeting Design

Matthew J. Stroud et al.

http://crispr.mit.edu/
http://crispr.mit.edu/


265

Ta
bl

e 
3 

Se
qu

en
ce

s 
of

 q
RT

-P
CR

 p
rim

er
s 

us
ed

 to
 d

et
ec

t f
et

al
, p

ro
-fi

br
ot

ic
, e

ar
ly

 a
ct

iv
at

or
, a

nd
 re

fe
re

nc
e 

ge
ne

s

Fo
rw

ar
d

Re
ve

rs
e

Fe
ta

l g
en

es
A

N
P

G
A

T
A

G
A

T
G

A
A

G
G

C
A

G
G

A
A

G
C

C
G

C
A

G
G

A
T

T
G

G
A

G
C

C
C

A
G

A
G

T
G

G
A

C
T

A
G

G
B

N
P

T
G

T
T

T
C

T
G

C
T

T
T

T
C

C
T

T
T

A
T

C
T

G
T

C
C

T
C

C
G

A
C

T
T

T
T

C
T

C
T

T
A

T
C

A
G

C
T

C
A

M
H

C
C

T
G

C
T

G
G

A
G

A
G

G
T

T
A

T
T

C
C

T
C

G
G

G
A

A
G

A
G

T
G

A
G

C
G

G
C

G
C

A
T

C
A

A
G

G
B

M
H

C
T

G
C

A
A

A
G

G
C

T
C

C
A

G
G

T
C

T
G

A
G

G
G

C
G

C
C

A
A

C
A

C
C

A
A

C
C

T
G

T
C

C
A

A
G

T
T

C

Pr
o-

fib
ro

ti
c 

ge
ne

s
C

O
L

1A
1

T
C

A
C

C
A

A
A

C
T

C
A

G
A

A
G

A
T

G
T

A
G

G
A

G
A

C
C

A
G

G
A

G
G

A
C

C
A

G
G

A
A

G
C

O
L

3A
1

A
C

A
G

C
A

G
T

C
C

A
A

C
G

T
A

G
A

T
G

A
A

T
T

C
A

C
A

G
A

T
T

A
T

G
T

C
A

T
C

G
C

A
A

A
G

E
ar

ly
 a

ct
iv

at
or

 g
en

es
E

gr
-1

C
C

T
A

T
G

A
G

C
A

C
C

T
G

A
C

C
A

C
A

T
C

G
T

T
T

G
G

C
T

G
G

G
A

T
A

A
C

T
C

Ie
x-

1
T

T
A

T
A

G
G

G
T

C
G

G
T

A
A

G
A

C
A

G
A

G
T

T
G

G
A

C
G

G
A

G
T

G
T

T
A

C
C

C
C

T
A

A
T

C
T

T
A

T
c-

fo
s

A
G

C
C

C
C

T
G

T
G

T
A

C
T

C
C

C
G

T
G

G
C

C
T

T
G

C
C

T
T

C
T

C
T

G
A

C
T

G
C

c-
ju

n
T

T
C

C
T

C
C

A
G

T
C

C
G

A
G

A
G

C
G

T
G

A
G

A
A

G
G

T
C

C
G

A
G

T
T

C
T

T
G

G
c-

m
yc

A
T

G
C

C
C

C
T

C
A

A
C

G
T

G
A

A
C

T
T

C
G

T
C

G
C

A
G

A
T

G
A

A
A

T
A

G
G

G
C

T
G

R
ef

er
en

ce
 g

en
es

18
S

G
G

A
A

G
G

G
C

A
C

C
A

C
C

A
G

G
A

G
T

T
G

C
A

G
C

C
C

C
G

G
A

C
A

T
C

T
A

A
G

G
A

PD
H

C
T

C
A

A
G

A
T

T
G

T
C

A
G

C
A

A
T

G
C

A
T

C
C

C
C

A
G

T
G

G
A

T
G

C
A

G
G

G
A

T
G

A
T

G
T

T
C

Pr
im

er
s 

ar
e 

in
 5
′ t

o 
3′

 o
ri

en
ta

tio
n

Generation and Analysis of Mutant LINC Complex Mice



266

 2. For conditional allele generation, two sgRNAs are designed to 
elicit DSBs that flank the sequence to be deleted. In addition, an 
ssDNA oligo is designed that contains the corresponding loxP site 
flanked by two 40- to 60-base homology arms that correspond to 
the sequence surrounding each sgRNA-mediated DSB (Fig. 2B).

 3. To introduce a point mutation, in addition to the sgRNA tar-
geting the site of interest, an ssDNA oligo is designed that 
contains the desired alteration flanked on each side by 40–60 
bases that are homologous to the sequences directly upstream 
and downstream of the DSB.

 1. Inject 12–15 female C57BL/6 J (3–4 weeks old) mice with 
PMSG (5 IU) at 1:00–2:00 p.m. on day 1.

 2. After 48 h, inject female mice with hCG (5 IU). After hCG 
injection, house female mice with C57BL/6  J male mice 
overnight.

 3. Prepare the medium for embryo culture. Place several drops 
(30–50 μL for each drop) of KSOM medium on a 6-cm dish 
and cover with mineral oil; place the dish into a 37 °C incuba-
tor for at least 30 min before use.

 4. At 20–21 h after hCG injection, euthanize the mice and col-
lect zygote-cumulus complexes from the oviduct where it is 
most swollen.

 5. Move the zygote-cumulus complexes into M2 + Hy medium; 
gently triturate three times with a P200 tip.

 6. Gently aspirate complexes with a transfer pipette, wash three 
times in M2 medium, and place the embryos into KSOM 
medium at 37 °C in a 5% CO2 incubator.

 7. Prepare the injection mix (Cas9 protein, crRNA, and 
tracrRNA, with or without ssODN (experiment dependent)) 
and mix in TE buffer to a working concentration of 30 ng/
μL, 0.6 pmol/μL, 0.6 pmol/μL, and 20 ng/μL, respectively. 
Incubate the mixture at 37 °C for 5 min (Fig. 2A).

 8. The standard protocol describing pronuclear microinjection is 
provided on the University of California, San Diego Transgenic 
Mouse Core website (https://healthsciences.ucsd.edu/
research/moores/shared-resources/transgenic-core/ser-
vices/Pages/pronuclear-injection.aspx).

 1. Primer design: To screen for correctly targeted point mutation 
mice, a mutation-specific forward primer is designed with the 
site-specific variant sequence at the 3′ end, and a generic wild- 
type reverse primer is used [9] (Fig.  2D). To detect floxed 
alleles, a loxP-specific and wild-type primer pair are designed.

3.1.2 Zygote Preparation 
and Microinjection

3.1.3 Primer Design, 
Genotyping, and Screening 
of Targeted Alleles

Matthew J. Stroud et al.
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 2. Genomic DNA preparation:
 (a)  Collect tail biopsies from 3-week-old mice and add 300 μL 

of 50 mM NaOH.
 (b)  Incubate at 98 °C for 30 min; then add 50 μL of 1 M Tris–

HCl (pH 8.0). 2 μL of genomic DNA sample is used for 
genotyping PCR.

 3. Genotyping PCR of F0 founders:
 (a)  Amplify the extracted DNA using gene-specific primers 

under the following conditions: 30  cycles at 94  °C for 
20 s, 60 °C for 20 s, and 72 °C for 30 s.

 (b)  Run the PCR product on a 2% (wt/vol) agarose gel in 
TAE buffer to verify that the product is unique and of the 
expected size.

 4. PCR for sequencing validation of mutated alleles of F0 
founders:

 (a)  PCR amplify the extracted genomic DNA using primers 
flanking the targeted region.

 (b)  Clone the PCR product using a Zero Blunt TOPO PCR 
cloning kit according to manufacturer’s instructions.

 (c)  To validate mutant alleles, extract plasmid DNA from six 
individual colonies and sequence (see Note 5).

 1. Breed F0 mutant mice with wild-type C57BL/6 J mice.
 2. The first-generation offspring (F1) from each founder are sub-

jected to genotyping using PCR and are sequenced to confirm 
germline transmission (as described in Subheading 3.1.3) (see 
Note 6).

 3. Cross F1 mutant heterozygous mice with wild-type C57/B6J 
mice to maintain the mutant line.

 4. Floxed (f/f) females are mated with Cre-positive (+/+; Cre+) 
males to generate f/+; Cre+ mice. Floxed females are then 
mated with f/+; Cre+ males to generate tissue-specific knock-
out mice (f/f; Cre+) (CKO) and their control littermates (f/f) 
and (f/+; Cre+) (see Notes 7 and 8).

 5. Heterozygous mutant (m/+) females are mated with CKO 
(f/f; Cre+) males to generate cell-selective specific mutant 
mice (f/m; Cre+) (CMUT). CMUT males are bred with 
homozygous floxed (f/f) females to generate CMUT (f/m, 
Cre+) and littermate controls (Fig. 3) [32].

Tamoxifen can be administered via food (custom-made chow con-
taining 0.4–1 g/kg tamoxifen, Harlan), water intake (0.5–1 mg/
mL), or 1–5 consecutive days of intraperitoneal injection (0.03–
0.09 mg/g body weight) [48, 53]. Doxycycline is administered in 
drinking water at 1–2 mg/mL [56, 59].

3.2 Maintenance 
of Mouse Stains 
and Generation 
of Conditional 
Knockout and Mutant 
Mice

3.3 Induction of Cre 
Expression

Generation and Analysis of Mutant LINC Complex Mice
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 1. Weigh mouse.
 2. Shave the middle and the left-hand side of the chest on the 

underside of the mouse with a small electric razor (see Fig. 4A).
 3. Using a Q-tip, place a small amount of hair removal cream on 

the chest around the center and to the left of the rib cage on 
the underside of the mouse (see Note 9). Leave for 10–20 s, 
and then using a surgical swab, wipe off the hair removal 
cream and hair. Wipe the chest with a wet surgical swab to 
remove the excess hair removal cream and hair.

 4. Place mouse in supine position on pre-warmed echo pad at 
39 °C.

 5. Place one electrode on the right leg and another on the right 
arm to measure heart rate.

 6. Tape the limbs to the pad.
 7. Anaesthetize the mouse using a quick burst of 5% isofluorane 

in oxygen for a few seconds.
 8. Once anesthetized, reduce to 0.5% isofluorane to ensure the 

heart rate is maintained above 500 beats per minute (see 
Note 10).

 9. Squeeze a 4 mm cylinder of conductive echo gel on the probe 
to be used for echocardiography (use a 45 MHz probe).

 10. Place the probe on the chest and locate the heart (see Note 11).
 11. For a four-chamber (or long axis) view using B-mode, place 

the probe perpendicular to the chest at approximately a 45° 
angle to make an imaginary line between the right arm and 
middle of the left side of the abdomen (see Fig. 4A, left).

 12. For a two-chamber (or short axis) view or short axis using 
M-mode, rotate the probe by 90° to make an imaginary line 
between the left arm and middle of the right side of the abdo-
men (see Fig. 4A, right).

 13. Images are taken at the level of the papillary muscles, which 
are very prominent, echogenic regions (appear white) in 
mouse hearts.

 14. Record three consecutive cycles of diastole (during heart 
relaxation) and systole (heart contraction).

 15. Remove the excess echo gel and place the mouse back in cage.
 16. Download the echo images and perform analysis on a com-

puter with Vevo 2100 software installed.
 17. Measure the left ventricle chamber sizes, called the left ven-

tricle internal dimension (LVID), and interventricular septum 
(IVS) wall thickness and left ventricle posterior wall (LVPW) 
thickness in diastole and systole, and then calculate the mean 
values between the three beats (see Fig. 4B) (see Note 12).

3.4 Analysis 
of Hearts

3.4.1 Echocardiographic 
Analysis of Cardiac 
Function

Matthew J. Stroud et al.
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 18. Left ventricle systolic function is measured using the parame-
ter called fractional shortening, which is measured as a per-
centage of the amount the chamber sizes change between 
systole and diastole divided by the chamber size in diastole 
(FS = [LVIDd−LVIDs]/LVIDd).

Fig. 4 Echocardiography recording and analysis. (A) Approximate positioning of 
echocardiography probe (orange rectangle) for a 2D long-axis B-mode view (left) 
and short-axis M-mode view (right). Dashed rectangle indicates the recom-
mended area from which to remove hair. (B) Parasternal short-axis M-mode with 
left ventricular functional measurements. Post capture, left ventricle internal 
dimension in diastole/systole (LVIDd/s); left ventricle posterior wall thickness in 
diastole/systole (LVPWd/s); interventricular septum thickness in diatole/systole 
(IVSd/s); fractional shortening (FS); and heart rate (HR) are measured

Generation and Analysis of Mutant LINC Complex Mice
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 1. Weigh the animal.
 2. Intraperitoneal inject 0.2  mL heparin (1000  U/mL)  

(see Note 13).
 3. Open up the chest by cutting around the edge of the rib cage 

to avoid cutting the heart.
 4. Using forceps grip the base of the heart and with sharp scissors 

excise the heart above the aorta to avoid cutting the atria.
 5. Rinse heart in ice cold PBS to remove excess blood.
 6. Remove the aorta and other non-cardiac tissue.
 7. Briefly dry the heart using a surgical swab.
 8. Weigh the heart on a fine balance.
 9. Using a scalpel blade, dissect the heart into four pieces (see 

Fig. 5A, B) (see Notes 14 and 15).
 10. Place the middle section in a glass vial containing 5 mL 10% 

neutral buffered formalin and fix at 4 °C overnight for histol-
ogy (see Subheading 3.4.5).

 11. Snap freeze the two apical halves in liquid nitrogen (for RNA 
and protein analysis, see Subheadings 3.4.6 and 3.4.7).

 12. Take tail biopsy for genotype confirmation and snap freeze.

 1. Spray the lower legs with 70% ethanol to dampen the hair.
 2. Using medium-size forceps or between fingers, grab one of 

the feet.
 3. With a pair of medium-size sharp-ended forceps, pierce and 

grab the skin above the foot and pull skin over the front of the 
knee joint to expose the patella tendon (shiny, almost 
 metallic- looking strip that is approx. 1  mm wide by 5  mm 
long) that runs over the front of the knee (see Note 16).

 4. Using Vernier calipers, measure the distance between the mid-
dle of the exposed patella tendon and the bottom of the ankle 
(see Fig. 5B).

 5. Divide heart weight by tibia length or body weight for global 
indices of cardiac hypertrophy (see Note 17).

 1. Place the base of the heart in isopentane to dehydrate  
(see Note 18).

 2. Remove after 30–60 s and place in a small pool of OCT com-
pound on a sectioning mold.

 3. Place the mold on a block of dry ice, and let the tissue/OCT 
slowly freeze into place.

 4. Slowly fill the mold with OCT, making sure the orientation of 
the heart does not change until the mold is filled with OCT.

3.4.2 Sample 
Preparation

3.4.3 Measurement 
of Heart Weight/Tibia 
Length and Heart Weight/
Body Weight Ratios

3.4.4 Immunoflu-
orescence Analysis

Matthew J. Stroud et al.
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Fig. 5 Processing of heart for analysis. (A) Post-extraction, the heart is cut into 
three pieces: The base is used for immunofluorescence and the midsection for 
histology; the apex is divided into two parts, for RNA and protein extraction. (B) 
Cross-sectional view of the heart showing all four chambers (top) and two cham-
bers (bottom). (C) Schematic of a mouse tibia with measurement points indicated 
between the bottom of the tibia and the patella tendon. (D) Top view: After sec-
tioning the heart for immunofluorescence analysis, sequential sections are 
placed on consecutive slides to allow direct comparison of different antibodies at 
similar spatial locations. Side view: Post-antibody staining and wash steps, a 
small amount of mounting medium is placed directly on the section, and the 
coverslip is slowly lowered using forceps to avoid generating air bubbles. 
Depending on the mounting medium, coverslips are either left to dry overnight or 
sealed with clear nail polish. (E) Preparation of P200 tips to pipette isolated myo-
fibers. Note the importance of using a razor blade and gentle Bunsen burner 
flame to generate smooth edges on the pipette tip to minimize sample loss

Generation and Analysis of Mutant LINC Complex Mice
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 5. Use immediately or store at −80  °C until ready for 
sectioning.

 6. Before sectioning, place the mold in the cryostat at −20 °C to 
warm up the section to −20 °C (see Note 19).

 7. Label slides with date, genotype, slide number.
 8. Using a new blade, cut 10 μm sections sequentially using a 

separate slide for each section cut (see Fig. 5D) (see Notes 20 
and 21).

 9. Allow sections to dry.
 10. Place in −80 °C freezer.
 11. Remove sections and immediately place in −20 °C acetone at 

−20 °C to fix sample for 5 min (see Note 22).
 12. Remove and wash section with PBS.
 13. Permeabilize sections with PBS containing 0.2% Triton-X100 

at room temperature for 15 min.
 14. Use wax pen to draw around individual sections to allow for 

use of multiple antibodies/slide.
 15. Incubate antibodies overnight in PBS containing 3% BSA and 

2% normal donkey serum at 4 °C in humidified slide- incubation 
chamber (see Note 23).

 16. Wash 3× for 10 min with PBS.
 17. Incubate with relevant secondary antibodies for 1 h at room 

temperature in a humidified slide-incubation chamber.
 18. Wash 3× for 10 min with PBS.
 19. Stain with DAPI for 5 min at room temperature.
 20. Wash 3× for 10 min with PBS.
 21. Add Vectashield dropwise to sections (see Note 24).
 22. Carefully place coverslip (type 1.5 high tolerance) down at 

one end of the slide holding the other end up with forceps; 
then slowly lower the forceps (see Fig. 5D) (to avoid generat-
ing air bubbles).

 23. Let solidify overnight at 4 °C.
 24. Image on confocal microscope/deconvolution microscope.

 1. After fixing the heart overnight at 4 °C wash 3× in PBS.
 2. Label the tissue cassette using a pencil (see Note 25).
 3. Prepare molten paraffin wax by placing paraffin in a bottle in 

an incubator set to 55–65 °C.
 4. Remove tissue from glass vial and transfer to tissue cassette.
 5. Place cassettes in an Erlenmeyer flask (with a neck wide enough 

to slot the cassettes in) or beaker containing 70% ethanol 
(filled as necessary to completely cover the cassettes) and wait 
20 min.

3.4.5 Histological 
Preparation for Chemical 
Staining

Matthew J. Stroud et al.
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 6. Replace 70% ethanol with 95% ethanol and wait 20 min.
 7. Remove 95% ethanol and replace with fresh 95% ethanol and 

wait 20 min.
 8. Remove 95% ethanol and replace with 100% ethanol and wait 

20 min.
 9. Remove 100% ethanol and replace with fresh 100% ethanol 

and wait 20 min.
 10. Remove 100% ethanol and replace with xylene and wait 

20 min.
 11. Remove xylene and replace with fresh xylene.
 12. Open cassette and pour molten paraffin wax into the cassette.
 13. Carefully adjust the orientation of the heart to ensure a two- 

chamber view.
 14. Allow paraffin to set around tissue.
 15. Turn on water bath at 35–40 °C.
 16. Mount hardened section on microtome with new blade 

attached.
 17. Cut 5 μm sections and place sections on the surface of the 

water in the bath.
 18. Immerse the slide below the floating section and scoop up the 

section onto the slide.
 19. Place slide in an oven at 65 °C for 10–15 min to melt the par-

affin and mount the section to the slide.
 20. Remove slide.
 21. Stain slides with commercially available staining kits for hema-

toxylin and eosin (nuclei, dark blue/violet; tissue, red/pink) 
or Masson’s trichrome (nuclei, dark red/purple; tissue, red/
pink; collagen, blue).

 1. Take half of the apical section of the heart (Fig. 5A).
 2. Extract RNA using the Promega RNA Mini-prep kit (or 

equivalent).
 3. Generate cDNA using a reverse transcription kit.
 4. Perform quantitative real-time PCR using primers listed in 

Table 3.

 1. Pre-chill pestle and mortar with liquid nitrogen.
 2. Take half of the apical section of the heart (Fig. 5A) out of 

liquid nitrogen.
 3. Weigh tissue.
 4. Calculate volume of lysis buffer needed to achieve 50 μL/mg 

tissue (see Note 26).

3.4.6 RNA Extraction

3.4.7 Protein Extract 
Preparation

Generation and Analysis of Mutant LINC Complex Mice
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 5. For tissue weighing >6 mg, place frozen tissue in mortar and 
add 300 μL lysis buffer (the lysis buffer will freeze, you want 
to keep everything frozen during this process, and more liquid 
nitrogen can be added gently if necessary).

 6. For tissue weighing <6 mg, add the calculated volume of lysis 
buffer and continue as below.

 7. Homogenize tissue and lysis buffer with pestle and mortar 
into a fine powder.

 8. Use a spatula to scrape the powdered lysate into a 2.0  mL 
tube.

 9. Put sample on ice.
 10. Sonicate sample to shear DNA, until the lysate is easy to 

triturate.
 11. Add remaining lysis buffer to top up to the calculated volume 

necessary for 50 μL/mg.
 12. Triturate 3× to mix lysis buffer.
 13. Spin at 17,000 G for 15 min.
 14. Aspirate supernatant.
 15. Aliquot into working aliquots of 300 μL and snap freeze in 

liquid nitrogen, snap freeze the remaining lysate.
 16. Use for Western blot or other downstream analysis.

 1. Before starting, prepare some pipette tips to handle the fibers 
and a “dissection slide” for the dissection of individual fibers. 
These steps are important to avoid losing a lot of fibers in the 
pipette tip and also to avoid contaminating your samples with 
plastic contaminants.

 2. Cut the end from a P200 tip using a razor blade (not scissors), 
and then under a gentle Bunsen burner flame, flame the edges 
of the cut tip (see Fig. 5E) (see Note 27). Rinse the P200 tip 
with PBS/Triton mix to prevent fibers sticking to the inside of 
the tip.

 3. Prepare a “dissection slide” by drawing a square in the middle 
of a glass slide with a wax pen and leave to dry. This slide will 
be used to tease apart the individual fibers in a pool of PBS/T.

 1. Cut the whole legs from an E18.5 or neonatal pup and place 
each in 1 mL of 4% PFA.

 2. Fix the samples overnight at 4 °C.
 3. Wash legs with PBS 3× to remove the PFA.
 4. Remove the skin from the leg using fine forceps.
 5. Using a dissection microscope, remove the fascia (thin mem-

brane) surrounding the TA muscle by piercing it and dragging 
it away from the muscle with sharp, fine forceps.

3.5 Analysis 
of Skeletal Muscle

3.5.1 Preparation 
of Tools for TA Muscle 
Fiber Isolation

3.5.2 Extraction of TA 
Muscle from Leg

Matthew J. Stroud et al.
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 6. Slide the fine forceps in between the tibia bone and the TA 
muscle at the front of the shin.

 7. Cut/remove the tendons (shiny structures connecting the end 
of the muscle to bone) with fine scissors (see Note 28).

 1. Place a 0.5 mm × 2 mm strip of the TA muscle in 200 μL of 
10 M NaOH in a 1.5 mL microcentrifuge tube.

 2. Place in a thermomixer set to 1000 rpm at 20 °C for 20–30 min 
depending on the size of the TA fragment. Alternatively, a regular 
vortex can be used, and pulsed until the fibers start to separate.

 3. Inspect the fibers every 10 min to look at the progress of fiber 
separation.

 4. Allow fibers to settle by gravity.
 5. Wash 5× with 1 mL PBS to remove the NaOH.
 6. Resuspend in 200 μL of PBS and add DAPI for 5 min.
 7. Wash 3× for 5 min with PBS.
 8. Using a wax pen, draw around the edges of the slide and leave 

to dry (so that you won’t lose any fibers when you squash the 
coverslip down on the fibers).

 9. Remove as much PBS as possible leaving ~20 μL.
 10. Resuspend fibers in an equal volume of DAKO mounting 

medium.
 11. Pipette the fibers directly onto the slide, spreading them along 

the length of the slide.
 12. Lower the coverslip and seal with nail polish.
 13. Image on a confocal or wide-field deconvolution microscope.
 14. Nuclear lengths and internuclear distances were measured 

using ImageJ software. In brief, for internuclear distances, a 
line was drawn between the nuclear centroid to centroid; for 
nuclear lengths, a line was drawn along the axis of the myofi-
ber between the shortest widths of the nuclei [5].

 1. Pipette a pool of PBS/T into the square on the “dissection slide.” 
Place the fiber in the center of the square containing PBS/T.

 2. Using two very small/fine forceps, tease apart the fibers into 
the smallest bundles as best you can. It will take about 1 h per 
TA muscle, which will yield plenty of fibers for staining; there-
fore, only about half of the TA muscle will be required and 
three to four per genotype.

 3. It is important to keep the fibers wet during this process, as 
they will dry up if left.

 4. Once you have dissected a good number of fibers, using the 
pipette tips prepared earlier, transfer the fibers into a 1.5 mL 
microcentrifuge tube.

3.5.3 Analysis 
of Myonuclear Positioning

3.5.4 Immunoflu-
orescence Staining
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 5. The amount of fibers should come to about the 200 μL marker 
line on the side of the tube. This will provide enough fibers for 
up to six antibody stainings.

 6. Resuspend the fibers in an equal volume of PBS/T (~400 μL 
total including fibers).

 7. Aliquot the fibers according to the number of antibody stain-
ings required. You may want to store a number of dissected 
fibers in the fridge in case problems are encountered or it 
requires optimization.

 8. Dilute the antibodies in 4% BSA/PBS/T at double the con-
centration to the recommended dilution.

 9. Add the antibody mix to an equal volume of the fibers (this 
will lead to the recommended dilution).

 10. Put on rotator overnight at 4 °C.
 11. In the morning, wash with PBS/T 3× for 5  min. For the 

washes, do not spin the fibers in a centrifuge, let them settle by 
gravity.

 12. Add secondary antibodies for 1 h and DAPI using the same 
procedure as primary antibodies.

 13. Wash 3× for 5 min with PBS.
 14. Using a wax pen, draw around the edges of the slide and leave 

to dry (so that you won’t lose any fibers when you squash the 
coverslip down on the fibers).

 15. Resuspend the fibers in an equal volume of DAKO mounting 
medium (about 10–15 μL/slide).

 16. Pipette the stained fibers on to the center of the slide (about 
10–15 μL/slide).

 17. Separate the fibers around the slide (you want to avoid cluster-
ing in the center of the slide).

 18. Lower a large, rectangular coverslip onto the fibers avoiding 
bubbles.

 19. Seal the coverslip with nail varnish.
 20. Image using a confocal microscope or wide-field deconvolu-

tion microscope (see Note 29).

4 Notes

 1. It is important to check for LacZ expression on a mouse line- 
by- line basis, as some of the mutant alleles don’t express LacZ.

 2. For homologous recombination to occur, a minimum of 2 kb 
of sequence homology is required [64]. Five to fourteen kilo 
base of sequence homology is typical for targeting constructs. 
The availability of suitable restriction enzymes within the locus 
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of interest and the sizes of inserted DNA fragments are com-
mon limitations of conventional cloning strategies. The fol-
lowing restriction enzymes are suitable for digesting genomic 
DNA of ES cells for Southern blotting: BamHI, HindIII, 
Acc65I/KpnI, EcoRV, SpeI, StuI, BglI.

 3. Upon deciding which exon to flox, ideally, the loxP site should 
be more than 250 bp away from splice donor and acceptor 
sites. We also try and avoid floxing exon 1 and exons that are 
divisible by 3 (so to avoid potential frameshift mutations).

 4. Note that the conditional mutant mice have the genotype 
“−/m” in the tissue that the Cre is specifically expressed in, 
and “f/m” genotype in other tissues.

 5. CRISPR/Cas9 injection in mouse zygotes may introduce 
mosaicism as the Cas9 enzyme may be active after the single- 
cell stage [65]. However, in our cloning-free method, there 
were no cases of mosaicism observed [9].

 6. It is important to be aware that the CRISPR/Cas9 approach 
may introduce off-target mutations. Therefore, in addition to 
sequencing the predicted off-target loci, mutant mice should 
be backcrossed with wild-type mice to dilute potential 
 off- target effects, and at least two independently generated 
lines should be used per genotype.

 7. Depending on the mouse background, litter sizes can vary. 
Therefore, the number of animals set up for breeding should 
be adjusted according to preliminary breeding data.

 8. To avoid the unexpected (non-specific or broader expression) 
pattern of Cre, we utilize male Cre carriers crossed with floxed 
females.

 9. It is important to remove as much hair as possible as hair can 
interfere with the echo signal.

 10. The cardiac function measurement will be dramatically 
reduced due to the artifact of a low heart rate.

 11. Because results can vary between operators, we recommend 
using a trained sonographer who is blinded to the genotypes 
and the mice be randomized prior to performing the echo. 
This will ensure better reproducibility, which is essential for 
robust examination of cardiac function in a serial study.

 12. For echocardiography physiological measurements, we usually 
observe standard deviation of 10% between mice of the same 
genotype. With this assumption, 6–12 mice per group will be 
needed to measure a 14–22% change in heart function, to ensure 
robust analysis of statistical significance (P < 0.05 using two-tailed 
t-test, with a power of α90%). A useful resource for calculating 
numbers required for physiological analyses: http://www.3rs-
reduction.co.uk/html/6__power_and_sample_size.html.
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 13. Heparin is used to prevent blood clotting in the heart.
 14. To make full use of the animals in line with the 3Rs policy, 

once the defined end point for cardiac function has been per-
formed, hearts can be processed for Western blotting, histol-
ogy, immunofluorescence, and RNA analyses.

 15. It is important to always check where your molecule of interest 
is expressed in the heart by performing immunofluorescence 
analysis on a wild-type four-chamber view heart section.

 16. To measure tibia lengths, it is also possible to dissolve the 
whole leg at room temperature over several days in 10  M 
NaOH. However, this involves handling caustic NaOH and 
produces an unpleasant odor and therefore should be per-
formed in a fume cupboard.

 17. Measuring tibia length is preferred to body weight for measur-
ing cardiac hypertrophy owing to greater fluctuations in body 
weight over time.

 18. It is also possible to perform sucrose gradients to dehydrate 
the heart. Start with 10% sucrose (wt/vol) followed by 12%, 
16%, and 20% sucrose. For each step, incubate in sucrose for a 
sufficient amount of time until the heart sinks to the bottom 
of the tube. For the final step, incubate briefly with a 1:1 ratio 
of 20% sucrose/OCT before embedding on dry ice.

 19. Place OCT/heart block in the cryostat set to −20 °C prior to 
sectioning to soften the section; otherwise, sections can be brit-
tle if sectioned immediately after removal from a −80 °C freezer.

 20. For sectioning, an anti-roll plate or fine paint brush can be 
used to prevent the section from folding back upon itself.

 21. By putting sequential sections on sequential slides, it allows 
comparison of multiple antibodies at approximately the same 
region of heart (within 10 μm of each other).

 22. It is also possible to fix with 4% PFA, but this is antibody 
dependent.

 23. Incubation times can be varied as required, but we found the 
antibodies listed in Table 2 work best with overnight incuba-
tion at 4 °C.

 24. Other mounting media can be used at this step. The benefit of 
using Vectashield is that it has a well-defined refractive index of 
1.45, which is important to know for super-resolution imaging.

 25. Use pencil to mark slides as markings from most pens will be 
erased by further processing steps.

 26. Heart tissue is very proteinaceous and therefore requires well- 
diluted samples to run on SDS-PAGE gels.

 27. It is important to prepare P200 tips in this manner as it will 
minimize the myofibers from becoming stuck inside the tip 
and therefore loss of precious material.
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 28. Removing the contaminating tendon will make teasing the 
muscle fibers apart much easier.

 29. If no sarcomeric marker is available (such as sarcomeric alpha 
actinin), be sure to take a differential interference contrast or 
phase/contrast image.
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Chapter 19

An In Vitro System to Measure the Positioning, Stiffness, 
and Rupture of the Nucleus in Skeletal Muscle

William Roman, Mafalda R. Pimentel, and Edgar R. Gomes

Abstract

Nuclear positioning plays important roles for certain cellular functions. This is particularly relevant in skel-
etal muscle cells also known as myofibers in which nuclear positioning defects were shown to hinder 
muscle function. Myofibers are multinucleated cells with nuclei equally distributed at the periphery of the 
cell. However, nuclei can be found centrally located during myogenesis before anchoring at the periphery 
or in certain muscle disorders, either due to regenerating myofibers or defects in nuclear movement. As 
such, nuclear localization in myofibers (central or peripheral) can be used to assess myofiber maturity, 
regeneration, or health. To study how nuclei reach the periphery of myofibers during development, we 
devised a unique protocol to mature myofibers thereby recapitulating later stages of differentiation, includ-
ing nuclear movement to the periphery. Here we describe how to use this system to study nuclear position-
ing and other nuclear characteristics such as nuclear stiffness or rupture.

Key words Nucleus, Skeletal muscle, Cytoskeleton, Microscopy, Optogenetics

1 Introduction

A hallmark of skeletal muscle is the position of its nuclei at the 
periphery of the muscle fiber, just below the plasma membrane 
[1]. Nuclei are first found in the center of immature myofibers, and 
upon differentiation, nuclei move to the periphery. The position of 
the nucleus in skeletal muscle is important for muscle function [2]. 
Furthermore, centrally located nuclei are commonly found in 
regenerative muscle and in multiple muscle disorders, further sup-
porting a role for nuclear positioning in muscle function [3].

To study nuclear movement to the periphery of the myofiber, 
we developed an in vitro system that recapitulates the stages of 
muscle formation [4, 5]. Using this system, we are able to identify 
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a novel pathway that is disrupted in centronuclear myopathies, to 
identify how nuclei are positioned at the periphery of muscle 
 myofibers, and to study the role of dynein on MuSK clustering [4, 
6, 7]. This in vitro system is accessible for manipulation either by 
overexpression or knockdown of proteins. Overexpression can be 
done by transfection of expression vectors or infection with lentivi-
rus. Knockdown of proteins can be done by infection of lentivirus 
encoding shRNA or transfection of siRNAs [4, 6, 7]. These manip-
ulated myofibers can be analyzed by time-lapse microscopy, immu-
nofluorescence, electron microscopy, and biochemistry. In this 
chapter, we describe the different methodologies to manipulate 
this in vitro myofibers and how to measure different parameters 
related to nuclear positioning in muscle myofibers.

2 Materials

 1. Primary myoblast culture starting to spontaneously fuse (usually 
after 3 days of proliferation), as previously described [4, 5].

 2. Growth medium without antibiotics: 20% fetal bovine serum 
(FBS), 1% chicken embryo extract, in Iscove’s Modified 
Dulbecco’s Medium Glutamax, sterile filtered.

 3. Differentiation medium: 10% horse serum, 1% penicillin- 
streptomycin, sterile filtered.

 4. 35 mm live imaging cell culture dishes, e.g., FluoroDishes 
from World Precision Instruments.

 5. Matrigel Growth Factor Reduced, freshly diluted to 50% in 
cold differentiation medium.

 1. Sterile 2 mL microtubes.
 2. siRNA or plasmid DNA for transfection.
 3. Add gene plasmid #20939 pcDNA3.1/hChR2-EYFP for 

optogenetics and plasmid #39319 pmCherry-NLS.
 4. Lipofectamine RNAiMAX, Lipofectamine 2000, or 

Lipofectamine 3000.
 5. Opti-MEM Reduced Serum Medium (Invitrogen).
 6. Lentiviruses expressing shRNA or lentiviral plasmid DNA [8].
 7. Hexadimethrine bromide (Polybrene) solution at 8 mg/mL.

 1. Phosphate-buffered saline (PBS).
 2. Fixation solution: 4% paraformaldehyde (PFA) in PBS. Store at 

4 °C.
 3. Permeabilization solution: 0.5% Triton X-100 in PBS. Store as 

a 40× solution at 4 °C.

2.1 In Vitro 
Differentiated 
Myofibers

2.2 Transfections, 
Infections, and RNAi

2.3 Immunofluore
scence
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 4. Blocking solution: 10% goat serum, 5% bovine serum albumin 
(BSA), 0.1% saponine, in PBS. Keep 10× stocks of all compo-
nents at −20 °C, and make a fresh mix each use.

 5. 4′,6-Diamidino-2-phenylindole (DAPI), use at 0.5 μg/mL.
 6. Alexa Fluor 555 Phalloidin (Invitrogen), use diluted 1:100.
 7. Mounting medium, e.g., Fluoromount-G.

Equipment similar to the following is required:

 1. Zeiss Cell Observer widefield inverted microscope equipped 
with 37 °C chamber and 5% CO2 for live-cell microscopy.

 2. sCMOS camera Hamamatsu ORCA-flash4.0 V2 for 10 ms/
frame streaming acquisition.

 3. 40× Plan-Apochromat Oil objective (NA = 1.4).
 4. 63× Plan-Apochromat Oil objective (NA = 1.4).
 5. LED light source, e.g., Colibri2 from Zeiss.
 6. Quadruple band filter set (FS81HE), in addition to traditional 

filters.

The LED and quadruple filter set combination allows for eye-
piece multicolor screening. This setup also enables simultaneous 
acquisition of a given fluorescence channel and brief channelrho-
dopsin activation through the LED controller.

 1. Zen lite edition free software (available at https://www.zeiss.
com/microscopy/int/products/microscope-software/
zen-lite).

 2. Fiji free software (available at https://fiji.sc/).
 3. ICY free software (available at http://icy.bioimageanalysis.org/).

3 Methods

Nuclear quantification at the periphery of myofibers and indirect 
measurements of nuclear stiffness are performed on matured myo-
fibers (usually at day 7 after initial differentiation) generated by the 
protocol previously described [4, 5]. Nuclei at the periphery are 
distinguished from central nuclei by their bulging from the average 
width of the myofiber (Fig. 1). As such, nuclear quantification 
requires the visualization of the myofiber and nuclei. Moreover, in 
order to assess nuclear positioning defects, proteins can be knocked 
down or overexpressed by transfection or infection before initiat-
ing differentiation, when myoblasts are still fusing and before the 
addition of the layer of Matrigel. We will therefore begin by detail-
ing the different methods to alter protein expressions and in a sec-
ond step explicit the staining methods to quantify peripheral nuclei.

2.4 Microscopes

2.5 Imaging Analysis 
Software

Nuclear Positioning in Skeletal Muscle
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 1. Add 1 μg of plasmid DNA or 20 pmol of siRNA in an 
Eppendorf tube containing 50 μL of Opti-MEM.

 2. Add 1 μL of Lipofectamine reagent to a separate Eppendorf 
tube containing 50 μL of Opti-MEM as well.

 3. Incubate separate Eppendorf tubes for 5 min.
 4. Mix DNA/siRNA and Lipofectamine solutions in a single tube 

and, incubate at room temperature for 30 min for complex 
formation.

 5. Add 400 μL of growth medium (at 37 °C) without antibiotics 
to the DNA/siRNA and Lipofectamine mixture.

 6. Remove medium on myoblasts cultured in one FluoroDish, 
and add DNA/siRNA and Lipofectamine mixture in growth 
medium.

 7. Incubate for 5 h.
 8. Wash 35 mm live imaging cell culture dishes containing early 

myotubes once with differentiation medium, and resume dif-
ferentiation protocol by incubating cells in differentiation 
medium and adding Matrigel the following day.

 1. Produce lentivirus through standard protocol [8].
 2. Add 8 μg/mL of Polybrene directly to the myoblast culture 

and mix.
 3. Add 1:10 of original lentivirus production per FluoroDish 

and mix.
 4. Incubate for 5 h and wash once with differentiation medium. 

Resume differentiation protocol by incubating early myotubes in 
differentiation medium and adding Matrigel the following day.

 1. Fix myofibers with 4% PFA around day 8, and incubate for 
10 min at room temperature.

 2. Wash myofibers twice with PBS, and add permeabilization 
solution for 5 min.

3.1 Transfections 
(siRNA and cDNA)  
(See Note 1)

3.2 Infection 
(shRNA) (See Note 1)

3.3 Staining 
for Peripheral Nuclei 
Localization 
and Quantification 
(See Note 2)

Fig. 1 Representative immunofluorescent images of fully matured myofiber stained for myofibrils (green, 
phalloidin) and nucleus (red, DAPI) displaying peripheral (A) or central (B) nuclei. White dashed line represents 
myofibril plane. Scale bar: 10 μm
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 3. Wash twice with PBS and add blocking buffer for 1 h.
 4. Remove blocking solution and add primary antibody diluted 

in blocking solution and incubate overnight at 4 °C.
 5. Wash ten times with PBS.
 6. Add secondary antibody, DAPI, and phalloidin diluted in 

blocking solution for 1 h.
 7. Wash ten times in PBS.
 8. Cover with 200 μL of Fluoromount and leave to dry 

overnight.
 9. Transfer dish to the microscope for nuclear quantification.
 10. Quantify between 10 and 100 myofibers per dish at different 

location in the plate, as described in the Note 2.

Nuclear stiffness can be assessed by atomic force microscopy or 
aspiration assays [9]; however, the use of Matrigel and more impor-
tantly the presence of myofibrils within the myofiber can obstruct 
such measurements for centrally located nuclei. As such, we devised 
another method to quantify nuclear stiffness by monitoring 
changes in nuclear length during myofiber contraction. This 
method is proposed to measure stiffness of centrally located nuclei 
using the ChR2 optogenetic tools, very popular in the neurosci-
ence community to control neuronal excitability [10]. Since myo-
fiber contraction is also mediated by membrane depolarization and 
formation of an action potential, we transfect cells with the ChR2 
optogenetic cation channel to induce myofiber contraction with 
light. This is performed while live stream acquisition to monitor 
changes in nuclear length during contraction. Length changes are 
then normalized on myofiber width to account for the force of 
contraction (Fig. 2A). The force on the nucleus during muscle 
contraction or squeezing to the periphery induces stress on the 
nuclear envelope that in certain conditions can lead to nuclear rup-
ture, such as in nuclei depleted for lamin A/C (Fig. 2B).

 1. Add 1 μg of ChR2-GFP and NLS-mCherry in an Eppendorf 
tube containing 50 μL of Opti-MEM.

 2. Add 1 μL of Lipofectamine and 1 μL of Lipofectamine reagent 
to the other Eppendorf tube containing 50 μL of Opti-MEM 
as well.

 3. Incubate separate Eppendorf tubes for 5 min.
 4. Mix DNA and Lipofectamine solutions in a single tube, and 

incubate at room temperature for 30 min.
 5. Add 400 μL of heated growth medium without antibiotics to 

the DNA and Lipofectamine mixture.
 6. Remove medium on myoblast culture, and add DNA and 

Lipofectamine mixture in growth medium.

3.4 Measurement 
of Nuclear Stiffness, 
Breakage, and Shape 
(See Note 3)
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 7. Incubate for 5 h.
 8. Wash myotubes once with differentiation medium, and resume 

differentiation protocol by incubating cells in differentiation 
medium and adding Matrigel the following day.

 9. When nuclear stiffness is to be assessed (usually at day 4, prior 
to peripheral nuclear localization), heat the microscope 
chamber to 37 °C with 5% CO2 for 5–10 min based on the 
heating capacity of your microscope.

 10. Place the 35 mm dish with myofibers on the microscope, and 
wait until the microscope is stable (at least 90 min in our 
system).

 11. Identify a centrally located nucleus in a myofiber that is at 
least 10 μm thick, but not more than 20 μm thick.

 12. Acquire a transmitted light image to measure myofiber width 
for the normalization.

 13. Acquire images using streaming mode (up to 1000 frames at 
10 ms/frame) using the 587 nm excitation wavelength fluo-
rescence in combination with a multiband filter set (contain-
ing an emission/excitation bandpass in the range of 484/519 
and 553/586 nm). Use high excitation intensity to be able to 
visualize the nucleus during stream acquisition.

Fig. 2 (A) Representative immunofluorescent image of 4.5-day myofiber transfected with ChR2-EYFP 
(not shown) and mCherry-NLS (green) in a relaxed state (left panel) and induced to contract with blue light 
(right panel). Magenta bar represents myofibril width, yellow bar represents relaxed nuclear length, whereas 
cyan bar represents nuclear length during myofiber contraction. Scale bar: 10 μm. (B) Representative immu-
nofluorescent image of fully matured myofiber knocked down for lamin A/C and stained for myofibrils 
(green, phalloidin) and nucleus (red, DAPI) showing nuclear rupture either by leaving a DAPI trail (left panel) or 
nuclear blebbing (right panel). Scale bar: 10 μm
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 14. During stream acquisition, turn on the 480 nm LED manually 
to activate the optogenetic channel and induce contraction. 
Use low excitation intensity to avoid signal acquisition from 
the excited 488 nm fluorophores. ChR2 channel opens with 
low exposure. Turn off the 480 nm LED once you observe 
three contractions.

 15. Use ZEN or Fiji software to measure the difference in length 
of the nucleus at rest and at the height of contraction and 
normalize on myofiber width (Fig. 2A).

4 Notes

 1. Transfections are most efficient when performed in myoblast 
cultures after several myotubes are spontaneously formed and 
before inducing differentiation by starvation (usually 3 days 
after proliferation) (Fig. 3A). Transfections performed after 
inducing differentiation result in minimal or no myofiber 
transfection efficiency. Efficiency is maximal with Lipofectamine 
3000; however, levels of cytotoxicity are also higher, when 
compared to Lipofectamine 2000 or LTX. As such the type of 
Lipofectamine should be used based on the number of cells in 
the dish and potential effects of cytotoxic secretions in the 
medium from dying cells. Co-transfection of plasmid DNA 
and siRNA can be done using Lipofectamine 3000. To trans-
fect only siRNA, Lipofectamine RNAiMAX should be used as 
this reagent displays good efficiency without much cytotoxic 
effect. Expression of plasmid DNA and RNAi efficiency can be 
assessed either by immunofluorescence microscopy, by qPCR, 
or by Western blot. Since myofibers are non-dividing differen-
tiated cells, we observed that protein knockdown is sustainable 
until the death of the cultures. Infections should be made in 
the same day as transfections. Infections performed after induc-
ing differentiation result in minimal or none myofiber transfec-
tion efficiency. The amount of virus to use depends on the titer 
of each produced virus. We have better results using lentivirus 
expressing cDNA than shRNA.

 2. The method to generate highly matured myofibers was previ-
ously published [4, 5]. We will provide here relevant details for 
optimal nuclear quantification.

Timing of fixation: As the cell source for this protocol is 
primary myoblasts, the culture life span may vary between 7 
and 11 days, depending mostly on the set of reagents that are 
used. Thus, once the protocol is established in a lab, the sur-
vival of each culture is quite reproducible. In order to maxi-
mize the number of peripheral nuclei, fixation should be 
performed before the initial stages of myofiber degradation 
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take place. These can occur rapidly, sometimes overnight, so 
visual cues can be used to estimate the beginning of myofiber 
degradation and to set up the ideal fixation time point. Visual 
cues that help determining ideal fixation time point are (1) 
when myofibers become thinner, (2) parts of the myofibers in 
the dish begin to detach, and (3) higher magnification of light 
microscope reveals less visible sarcomeres. One should always 
monitor the cells before fixation as quantification of peripheral 
nuclear positioning could not be performed if most cells have 
died. It is recommended to frequently keep one untransfected 
culture dish to assess myofiber longevity.

Fig. 3 (A) Representative transmitted light images of myoblasts and myotubes. Left panel display the aspect 
of cells when they are not sufficiently differentiated for adequate transfection. Right panel shows the aspect of 
cells when optimal transfections can be performed. (B) Representative immunofluorescent image of fully 
matured myofiber stained for myofibrils (green, phalloidin) and nucleus (red, DAPI) showing different myofiber 
width that are of adequate width to quantify (middle panel) or too thin or thick to quantify (left and right panel). 
Scale bar: 10 μm. (C) Representative immunofluorescent image of fully matured myofiber stained for myofibrils 
(green, phalloidin) and nucleus (red, DAPI) representing an accumulation of centrally located nuclei at the tip 
of the myofiber (left panel) or at nodes (right panel). Scale bar: 10 μm
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Optimal visualization: Myofibers should be stained with a 
myofibril and a nuclear marker. DAPI (to visualize the nuclei) 
and phalloidin (to visualize F-actin in the myofibrils) are the 
easiest stainings and permit simultaneous immunofluorescence 
with antibodies in the remaining two fluorescence channels. 
Once stained, myofibers can be analyzed in a widefield epifluo-
rescence microscope. 40× is the advised magnification although 
63× can also be used. Oil immersion objectives are strongly 
recommended due to their higher NA and lower depth of field. 
As the length of the myofiber exceeds several times, the field of 
view and the focus plane must be changed constantly, and 
quantification through the eyepieces is more efficient than 
acquisition of images. As such a multiband filter set is highly 
advised to observe the DAPI and phalloidin channels simulta-
neously. This avoids constant shifting between channels and 
allows for more precise evaluation of nuclear position. Bumps 
on the myofiber surface may occur without nuclei being pres-
ent thereby mimicking peripheral nuclei when only looking at 
the myofibril channel. This is why using a multiband filter is so 
useful, and if unavailable, shifting between channels is abso-
lutely necessary.

Choosing which myofiber to quantify: As a primary culture, 
myofibers within the dish are highly variable. Some myofibers 
exceed 20 μm in diameter, whereas others are below 5 μm 
(Fig. 3B). In order to consistently assess peripheral position-
ing, quantifiably myofibers must be between 10 and 18 μm. 
Moreover, as myofibers are not aligned, they either cross each 
other, fuse with each other at nodes, or end in a tip. The node 
or myofiber tips mark the end of the myofiber (Fig. 3C), 
whereas quantification can be pursued when myofibers only 
cross each other. However, cell density may be too important 
when myofibers cross one another thereby limiting quantifica-
tion possibilities. It is therefore important to assess myofiber 
clarity before quantifying. Usually, quantified myofibers pos-
sess between 7 and 15 quantifiable nuclei. Note that nuclei 
often aggregate at the tip of the cells as seen in myotendinous 
junctions (MTJ). These nuclei are excluded from the quantifi-
cation. Myofibers fitting the description above are randomly 
chosen in the center of the dish and in each quadrant. Two to 
ten myofibers should be quantified per center and per quadrant 
of the dish.

Quantifying: Since myofibers are embedded into a Matrigel 
matrix, they are organized in three dimensions (3D). Nuclei 
that are located at the side of the myofiber will be clearly 
observed at the periphery, but nuclei positioned on top of the 
myofiber (on the axis between your vision and the myofiber) 
will appear centrally located. It is therefore necessary to con-
stantly shift the focus wheel of the microscope while quantifying 
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to distinguish nuclear positioning. This can be done by acquiring 
the image in z and performing a 3D reconstruction although 
assessing nuclear positioning of top nuclei can be achieved 
visually with practice. We found that the most accurate quanti-
fication of peripheral nuclei is to calculate the percentage of 
peripheral nuclei per myofiber. With a varying number of 
nuclei per myofiber, calculating overall peripheral nuclei would 
favor myofibers with a greater number of nuclei. In the best 
cultures, average number of peripheral nuclei reaches up to 
80% although the minimum acceptable percentage as a control 
is 55%.

Maturation levels of myofibers: Nuclear movement to the 
periphery is a step in the development of myofibers. As such an 
accumulation of centrally located nuclei may result from 
defective machinery to drive nuclei at the periphery or due to 
maturation arrest. To distinguish between these two causes, 
maturation characteristics should be assessed. This involves 
monitoring fusion index, frequency of myofiber contraction 
and width, myofibril integrity, as well as desmin and transversal 
triad organization. Fusion index can be calculated by counting 
number of nuclei per cell, whereas myofiber width can be mea-
sured [4]. Frequency of myofiber contraction can be deter-
mined by counting the number of contractions of three 
myofibers over 3 min each, by direct observation under a 
microscope [7]. Myofibers already contracting should be used 
to assess contraction. Myofibril integrity can be evaluated by 
EM and by immunostaining using certain myofibril markers 
such as F-actin, α-actinin, myomesin, and vinculin. Finally, des-
min should be organized at the z-line in mature myofibers, 
whereas triads are organized as doublets on both sides of the 
z-line [7]. Transversal triad quantification is the best indicator 
of maturation as they become organized after nuclear move-
ment to the periphery during myogenesis. Triad quantification 
is assessed visually by marking myofibers positive or negative 
based on a DHPR and triadin staining. The length of the myo-
fiber is screened, and if more than 50% of the myofiber displays 
transversal doublets, the myofiber is marked as positive. In fully 
mature cultures, levels of transversal triad formation reach 
between 70 and 80% of the myofibers [4, 7].

 3. Nuclear stiffness is best assessed in centrally located nuclei as 
they are surrounded by myofibrils. This is usually the case for 
myofibers with 10 μm thickness. The nucleus must be under 
myofibril tension to observe changes in length. Nuclei under 
tension can be distinguished due to an elongated shape in the 
axis of the myofiber (see Fig. 1B). To assess nuclear breakage or 
rupture, we have developed four assays [7]. (1) Myofibers can 
be stained with DAPI, and nuclear breakdown can be observed. 
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(2) Myofibers can be stained for CHMP4, and signal intensity 
in the nuclei can be measured. Both of these techniques are 
useful for fixed samples. (3) Myofibers can be transfected with 
cGAS as was previously described [11]. (4) Myofibers can be 
transfected with NLS-GFP, and loss of signal can be monitored 
live [12]. Both methods (3) and (4) are more tailored for live 
samples. Numerous programs such as Fiji, ICY, ZEN, or Imaris 
provide further options to measure multiple nuclear parame-
ters, both 2D and 3D. Any of these software can be used, 
accordingly to user experience and parameter to be measured.
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Chapter 20

Functional Analysis of LINC Complexes in the Skin

Iakowos Karakesisoglou, Carmen Mroß, and Angelika A. Noegel

Abstract

The genome in eukaryotic cells is encased by two intricate and interconnected concentric membranes, 
which together with the underlying nuclear lamina form the nuclear envelope (NE). Two fundamental 
macromolecular structures are embedded within the nuclear envelope: the nuclear pore (NPC) and the 
LINC complex. The former perforates the nucleus controlling biomolecule trafficking between the 
nucleoplasm and the cytoplasm, while the latter integrates the nucleus via the cytoskeleton to the extracel-
lular matrix. LINC complex structural and functional integrity is of utmost importance for various funda-
mental cellular functions. Mechanical forces are relayed into the nuclear interior via the LINC complex, 
which controls lamina organization, chromosome dynamics, and genome organization and stability. Thus, 
LINC constituents play pivotal roles in cellular architecture including organelle positioning, cell move-
ment, tissue assembly, organ homeostasis, and organismal aging. The LINC complex oligomeric core 
contains several multi-isomeric, multifunctional, and often tissue-specific proteins. Therefore, for a proper 
functional analysis, genetic mouse models are an invaluable resource. Herein, we focus on the LINC com-
plex roles in the skin and describe methods that enable the successful isolation of primary embryonic 
fibroblast and newborn skin cells, which can be then investigated functionally in vitro.

Key words Nesprin, SUN, Mouse embryonic fibroblasts, Primary keratinocytes, Primary fibroblasts, 
Directed cell migration

1 Introduction

The linker of nucleoskeleton and cytoskeleton (LINC) complex is 
a macromolecular protein complex of the nuclear envelope. It is 
conserved throughout the evolution and is composed of SUN 
(Sad1p, UNC-84) and KASH (Klarsicht-, ANC-, Syne homology) 
domain-containing proteins. SUN proteins are located in the inner 
nuclear membrane (INM) and interact in the perinuclear space 
with KASH proteins [1]. Nesprins, the prominent KASH proteins 
in vertebrates, are type II transmembrane proteins, which are 
located mostly in the outer nuclear membrane (ONM). They 
extend into the cytoplasm with their spectrin-repeat-rich N-termini 
and interact with components of the cytoskeleton, whereas SUN 
proteins face the nucleoplasm with their N-termini and interact 
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with lamins A/C, the core intermediate filament proteins of the 
nuclear lamina, emerin, chromatin, and nuclear pore components 
[2–4]. Thus, the LINC complex mediates the connection between 
nucleoskeleton and cytoskeleton [5]. Furthermore, LINC com-
plexes stabilize structurally the nuclear envelope, are responsible 
for positioning the nucleus during the establishment of cell polar-
ity, and play key roles in fertilization, cell migration, and differen-
tiation [1, 6–8]. Mutations in LINC complexes lead to severe 
diseases resembling those caused by mutations in the lamin A gene 
(LMNA) collectively known as laminopathies. Laminopathies are 
associated with a wide spectrum of phenotypes such as muscular 
dystrophy, Hutchinson-Gilford progeria syndrome, restrictive der-
mopathy, dilated cardiomyopathy, conduction system disease, and 
lipodystrophy [6, 9].

There are multiple nesprin- and SUN-encoding genes present 
in mammals, which generate a plethora of isoforms [10]. Four 
separate genes (i.e., SYNE1-4) encode nesprin-1, nesprin-2, 
nesprin-3, and nesprin-4, respectively, that are distinguished by the 
number of spectrin repeats making up their rod domain, a trans-
membrane domain followed by a short conserved C-terminal 
extension (termed KASH), which interacts with the SUN domain, 
an N-terminal F-actin-binding domain in the case of nesprin-1 and 
nesprin-2 giant [11, 12] and an intermediate filament tethering 
site found in nesprin-3α, which is mediated by plectin [13].

The skin is the largest organ of the body and provides a physi-
cal barrier between the organism and the surrounding environ-
ment protecting it from microbial infection, physical insults, and 
dehydration. Its main layers are the epidermis, dermis, and hypo-
dermis. The most abundant cells found in the epidermis are the 
keratinocytes. Keratinocytes are specialized epithelial cells rich in 
keratin intermediate filaments. They are attached together by cell–
cell junctions forming a mechanically coupled syncytium that pro-
vides protection. Fibroblasts are embedded within the dermis and 
play key roles in extracellular matrix (ECM) synthesis, ECM 
remodeling, force generation, skin wounding, and aging. The 
remaining cells that reside within the dermis and hypodermis nour-
ish the epidermis, exhibit sensory roles, combat infection, and 
function in thermoregulation.

In the skin, the LINC complex is well conserved with nesprin-1 
and nesprin-2 being the major components. Nesprin-1 and 
nesprin-2 have, however, different subcellular localizations in kera-
tinocytes. Whereas nesprin-1 is present mainly at cell–cell junctions 
and is weakly expressed at the nucleus, nesprin-2 is restricted to the 
nuclear envelope. In agreement, the loss of nesprin-2 giant iso-
forms in mice compromises nuclear morphology and increases 
nuclear size in keratinocytes. Importantly, the mutant mice exhibit 
an increased epidermal thickness and display an impaired wound 
healing response [14, 15].
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The accessibility of skin and the ability to isolate and culture 
successfully various cell types make this organ an excellent system 
to interrogate the functions of the various LINC complex proteins. 
In the following sections, we describe the experimental procedures 
to isolate and cultivate in vitro both primary mouse dermal fibro-
blasts and keratinocytes from the skin of newborn mice. We also 
describe the isolation of mouse embryonic fibroblasts (MEF), 
which might be particularly useful in case mutations in LINC com-
plex components result in embryonic lethality. The availability of 
these cells offers the possibility to carry out in  vitro functional 
tests, which otherwise would not have been possible at this level. 
Specifically, we describe the protocols that we implement to study 
directed fibroblast and keratinocyte migration. This particular 
experimental setup enables the documentation of the cell velocities 
but also allows the computation of various other valuable parame-
ters of migration such as direction of migration, persistence, and 
cell shape. These experiments can further be combined with immu-
nofluorescence experiments that indicate correct cell polarization 
and relocation of intracellular organelles [16]. Finally, a method 
for protein extraction for Western blotting from tissue and cells is 
also presented with a focus on the giant nesprin proteins, which 
have molecular weights up to 1 million Dalton [11, 12].

2 Materials

 1. RIPA lysis buffer: 50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 
0.1% SDS (sodium dodecyl sulfate), 1% Nonidet P-40, 0.5% 
sodium deoxycholate and protease inhibitors.

 2. Laemmli sample buffer (5×): 0.25 M Tris–HCl, pH 6.8, 20% 
glycerol, 4% SDS, 1.43 M β-mercaptoethanol, 0.2% bromo-
phenol blue.

 3. SDS gel running buffer (10×): 0.25 M Tris–HCl, pH 8.3, 2 M 
glycine, 1% SDS.

Precast commercially availabe SDS-PAGE gradient gels ensur-
ing high reproducibility.

 1. Sterile scissors and tweezers.
 2. Scalpel (No 21).
 3. 6 cm, 10 cm Petri dishes.
 4. Cell strainer, size 70 μm.
 5. Collagen I-coated six-well plates.
 6. Cryo tubes, 1 mL.
 7. Ibidi μ-slide eight-well glass bottom dish.
 8. Ibidi culture insert, two-well chamber.

2.1 Buffers

2.2 Equipment 
for Dissection 
and for Cell Culture
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 9. 25 and 50 mL Falcon tubes.
 10. 0.22 μm filters.
 11. 10 mL syringes.

 1. Antibiotic-antimycotic solution 100× (Sigma-Aldrich).
 2. Accutase (Sigma-Aldrich).
 3. Betaisodona (commercial disinfectant, iodine containing).
 4. Chelex 100.
 5. Collagenase I (stored at -20 °C).
 6. Dulbecco’s Modified Eagle Medium (DMDM).
 7. DMEM growth medium: DMEM containing 4.5 g glucose/L, 

1  mM sodium pyruvate, 0.1  mM nonessential amino acids, 
2 mM l-glutamine, 100 units/mL penicillin G, and 100 μg/
mL streptomycin.

 8. DMEM/Ham’s F12 Medium (keratinocyte medium; Merck), 
low calcium (50 μM Ca2+), containing 10% fetal bovine serum 
(FBS), which had been pretreated with Chelex 100 (see Note 
1) in order to remove all calcium ions, supplemented with 
0.18 mM adenine, 0.5 μg/mL hydrocortisone, 5 μg/mL insu-
lin, 10 ng/mL EGF, 0.1 nM cholera toxin, 5 μg/mL l-gluta-
mine, 0.05  mg/mL vitamin C, 100  units/mL penicillin G, 
and 100 μg/mL streptomycin.

 9. Dispase II, neutral protease grade II 5 mg/mL, dissolved in 
phosphate-buffered saline (PBS).

 10. FBS.
 11. Mitomycin C (0.4 mg/mL, dissolved in PBS), stored in ali-

quots at −20 °C.
 12. PBS, filter sterilized.
 13. 70% ethanol solution.
 14. Protease inhibitor cocktail.
 15. Trypsin solution 10×, (Sigma-Aldrich), stored in aliquots at 

−20 °C.
 16. Trypsin/EDTA solution: 10×: 0.5% Trypsin/0.2% EDTA in 

PBS. Store at −20 °C.

 1. Camera.
 2. Temperature-controlled mixer.
 3. 32 °C incubator, 5% CO2.
 4. 37 °C incubator, 5% CO2.
 5. Laminar flow hood.
 6. Microscope (we use Leica DMI6000 B).
 7. ULTRA-TURRAX.

2.3 Reagents 
for Establishment 
of Primary Cells

2.4 Other Equipment
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3 Methods

 1. Decapitate 1–3-day-old mice, then place the bodies into a 
10 cm Petri dish, and incubate on ice for 30–60 min to cool 
them down (see Note 2).

 2. Prepare in the meantime: One 50 mL Falcon tube containing 
50% Betaisodona solution in PBS; two 50 mL Falcon tubes 
containing 1× PBS; one 50 mL Falcon tube containing 70% 
ethanol; one 50 mL Falcon tube containing the 1× antibiotic- 
antimycotic PBS solution.

 3. Disinfect and wash the carcasses (one body after the other) 
sequentially in Betaisodona solution (1  min), PBS (rinse 
briefly), 70% ethanol (1  min), and PBS (rinse briefly), and 
incubate the body in the 1× antibiotic-antimycotic solution 
(2 min). Perform all these steps in a laminar flow hood (see 
Note 3).

 4. Transfer the body to a sterile dish for the removal of the skin. 
Mice that are not immediately dissected should be kept on ice.

 5. Pinch the neck skin with one tissue forceps, and insert below 
the neck skin a sterile blunt end scissor in closed position, and 
then open the scissor carefully. Repeat this step several times 
while proceeding toward the posterior end of the body in 
order to separate the skin from the underlying tissue (see Note 
4). Make two lengthwise head to the tail incisions on the dor-
sal side.

 6. Cut the skin flap and rinse with ice-cold PBS.
 7. Carefully remove the fat from the skin.
 8. Transfer the skin into a new culture dish (35 mm in diameter), 

and spread the tissue with the dermis facing down. Make sure 
that the skin lies flat, with the correct orientation, and avoid 
any curling of the tissue specimen.

 9. Fill the Petri dish from the side with 2 mL PBS solution con-
taining dispase II (5  mg/mL, sterile filtered using 0.22 μm 
filters), and ensure that only the underside of the suspended 
skin tissue (dermal compartment) is exposed to the solution.

 10. Incubate the Petri dish overnight at 4 °C.
 11. The next day, the epidermis can be separated from the dermis 

using sterile tweezers.

 1. Prepare on the previous day a feeder cell layer-coated six-well 
culture plate: Treat subconfluent feeder cells (NIH 3T3) 
grown on 10  cm dishes with mitomycin C (4  μg/mL in 
medium) for 2 h at 37 °C and 5% CO2.

 2. Wash the feeder cells twice with 10 mL PBS, then aspirate the 
PBS and add 3–4  mL Trypsin/EDTA, rinse the plate with 

3.1 Isolation 
of Mouse Skin

3.1.1 Isolation of Primary 
Keratinocytes from Mouse 
Skin [15, 17]
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Trypsin/EDTA, and discard the Trypsin/EDTA solution (see 
Note 5).

 3. Incubate at 37 °C and 5% CO2 for few minutes until cells are 
dislodged from the dish.

 4. Resuspend the trypsinized feeder cells in 12  mL DMEM/
Ham’s F12 medium, and rigorously pipette in order to gener-
ate a single cell suspension.

 5. Wash the collagen I-precoated six-well plates twice with PBS.
 6. Seed out 2 mL of feeder cells per well, and place the plate over-

night in the incubator.
 7. Take the skins out (step 9 from above), and gently peel the 

semitransparent epidermis from the dermis using a pair of 
tweezers.

 8. Transfer the epidermis to a fresh plastic dish (60 or 100 mm), 
and place it with the epidermal basal layer facing down on top 
of a 500 μL drop of Trypsin/EDTA solution (see Note 5). 
Using a pair of forceps, ensure that the tissue specimen is 
evenly spread out and avoid any tissue folds.

 9. Incubate the covered Petri dish at room temperature for up to 
20 min.

 10. Add 1.5 mL DMEM/Ham’s F12 Medium (low Calcium) to 
inactivate the Trypsin.

 11. Tilt the Petri dish at an ~30° angle to collect the cells, and filter 
the suspension through a 70 μm porous cell strainer fitted over 
a 50 mL centrifugation tube.

 12. Repeat the washing step vigorously shaking the epidermal 
fragment several times using the forceps within an additional 
2 mL DMEM/Ham’s F12 Medium (low calcium) in order to 
dislodge more basal layer cells.

 13. Repeat step 11 and collect the flow-through in the same 
50 mL centrifugation tube.

 14. Centrifuge the collected cells at 1000 × g for 5 min, at room 
temperature.

 15. Discard the supernatant, and resuspend the epidermal cell pel-
let in 2 mL DMEM/Ham’s F12 Medium (low calcium).

 16. Aspirate and replace the medium contained within a single well 
of the six-well feeder layer plate (step 6) with the 2 mL kerati-
nocyte-containing media obtained above (step 15; one well 
per newborn mouse).

 17. Incubate cells at 32 °C, 5% CO2, in a cell culture incubator.
 18. Colonies might become visible only after 2 or 3 weeks or even 

later.
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 19. Culture propagation: Feeders, once they die away, can be 
replaced with fresh feeders. Change medium on Mondays, 
Wednesdays, and Fridays. When the dish is confluent, split 1:2 
or 1:1 on collagen I-coated dishes. Wash cells 1× with PBS, 
incubate with PBS containing 0.02% EDTA for 5 min at RT, 
aspirate and incubate with Trypsin for 8 min at 37 °C in the 
CO2 incubator. Cells come off by tapping the cell culture ves-
sel. Resuspend cells in DMEM/Ham’s F12 low-calcium kera-
tinocyte medium, spin, resuspend cells in fresh medium, and 
seed.

 1. Mince the dermis from step 7 above (Subheading 3.1.1) into 
very fine tissue pieces using two scalpels (No 21) in a Petri 
dish, and digest the tissues in a collagenase I solution (400 U/
mL) for 1–2 h at 37 °C with mild shaking.

 2. Stop the reaction by adding DMEM growth medium contain-
ing 10% FBS, and pellet the cells (500 × g, 5 min).

 3. Resuspend the cells in medium, and filter them through a cell 
strainer with 70 μm pores.

 4. Centrifuge the flow-through at 500 × g for 5 min, and resus-
pend the pelleted cells in medium again, and transfer them to 
a fresh Petri dish.

 5. Incubate cells at 37 °C, 5% CO2, in a cell culture incubator.
All solutions were sterile-filtered for use (0.22 μm filters).

 1. Check for a mating plug in the female mice in order to track 
the estrous stage.

 2. Use cervical dislocation to sacrifice mice at day 8–12 of the 
pregnancy.

 3. Place the mouse on its back on a dissecting board, and spray 
70% ethanol on the fur.

 4. Make a small midline incision on the skin using a scissor, and 
grab with your two hands the skin, and pull away to expose the 
abdominal wall.

 5. Open the abdominal cavity to expose the intestines.
 6. Dissect the uterus out and wash the uterus in 70% ethanol in a 

Falcon tube.
 7. Wash the uterus twice in PBS in a Falcon tube.
 8. Place the uterus into a 10 cm Petri dish that contains PBS.
 9. Transfer the uterus to a sterile cell culture hood, and using a 

scissor cut the uterus into one embryo fragment.
 10. Slice carefully through one side of the exposed uterine wall in 

order to isolate the embryos.

3.1.2 Isolation of Primary 
Fibroblasts from Mouse 
Skin

3.2 Isolation 
of Mouse Embryonic 
Fibroblasts (MEFs)
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 11. Transfer the embryos into a fresh Petri dish containing PBS, 
and swirl to remove any blood.

 12. Decapitate the embryos and take a small tail biopsy for 
genotyping.

 13. Remove all internal organs very carefully from the abdominal 
cavity using a pair of forceps.

 14. Mince the remaining body finely using a pair of forceps in a 
new Petri dish.

 15. Transfer the embryo into a 1.5 mL centrifuge tube containing 
300 μL Trypsin/EDTA solution (0.05% Trypsin and 0.02% 
EDTA in PBS), and pipette up and down.

 16. Incubate for 35 min at 37 °C.
 17. Terminate the reaction with 600 μL pre-warmed medium.
 18. Transfer the cell suspension into a 6 cm dish containing 3 mL 

of medium (DMEM supplemented with 10% FBS).
 19. Incubate the cells at 37 °C, 5% CO2 in a cell culture incubator 

for several days until the cells can be split.

 1. Culture adherent fibroblast cells with DMEM growth medium 
supplemented with 10% FBS at 37  °C, 5% CO2 and 95% 
humidity. Culture keratinocytes in low-calcium DMEM/
Ham’s F12 medium supplemented with 10% FBS (Chelex 100 
pretreated, see Note 1), 0.18 mM adenine, 0.5 μg/mL hydro-
cortisone, 5 μg/mL insulin, 10 ng/mL EGF, 0.1 nM cholera 
toxin, 5  μg/mL l-glutamine, 0.05  mg/mL vitamin C, 
100 units/mL penicillin G, and 100 μg/mL streptomycin at 
32 °C, 5% CO2 and 95% humidity.

 2. Incubate cells for 5  min at 37  °C in 0.05% Trypsin, 0.02% 
EDTA for splitting.

 3. Terminate the reaction by adding culture medium containing 
serum.

 4. Seed cells at a ratio of 1:2 to 1:10 according to the experimen-
tal design.

 1. Trypsinize cells as described above and centrifuge at 200 × g 
for 10 min at 4 °C.

 2. Remove the supernatant, and resuspend the cells in ice-cold 
freezing medium (90% FBS, 10% DMSO) and fill into 1 mL 
cryo tubes.

 3. Place the tubes into a freezing container (Nunc) filled with 
isopropanol, and store for 1 day at −80 °C. Freezing of the 
cells happens at 1 °C per min.

 4. Thaw cells for a few minutes at room temperature.
 5. Add 37 °C warm culture medium and transfer the cells to a 

Falcon tube.

3.3 Culturing 
of Mammalian Cells

3.4 Freezing 
and Thawing of Cells
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 6. Centrifuge for 5 min at 500 × g and remove the supernatant.
 7. Resuspend the cells in fresh culture medium and plate on cell 

culture dishes.

 1. Wash cells in culture plates with PBS, and scrape them off 
using PBS containing protease inhibitors.

 2. Pellet cells by centrifugation at 500 × g for 5 min.
 3. Dissolve cells in RIPA lysis buffer.
 4. Homogenize the pellet by drawing through a 0.4 mm syringe.
 5. Incubate on ice for 15 min.
 6. Sonicate the solution to shear the genomic DNA (50% 

setting).
 7. Add 5× Laemmli sample buffer, and heat the sample to 95 °C 

for 5 min to denature the proteins.
 8. Separate Nesprin giant proteins using gradient gels and SDS- 

PAGE [18].
 9. Transfer proteins to nitrocellulose membranes (0.22 μm pore 

size) for 72 h using a wet blot tank followed by probing with 
antibodies [18].

 1. Determine the weight of the skin tissue.
 2. Shock freeze the skin in liquid nitrogen or on dry ice.
 3. Grind the skin with a pestle and mortar with liquid nitrogen.
 4. Add an equal volume of RIPA lysis buffer.
 5. Homogenize the skin using an ULTRA-TURRAX.
 6. Sonicate the homogenized sample.
 7. Add 5× SDS sample buffer and incubate at 95 °C for 5 min.
 8. The proteins are separated on gradient gels followed by 

Western blotting (Fig. 1).

3.5 Extraction 
of Proteins from Cells

3.6 Extraction 
of Proteins 
from the Skin Tissue

Fig. 1 Western blot analysis of mouse embryonic fibroblasts (MEFs). Cell lysates 
from MEFs from Nesprin-2 KO and wild-type (WT) mice were separated on a 
gradient gel (3–12% acrylamide) and the Western blot probed for Nesprin-2 with 
mAb K56-374-3 and lamin B1-specific antibodies for control
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 1. Plate 50,000 mouse primary fibroblasts each into ibidi culture 
inserts that are placed into wells of a microscope slide (ibidi, 
eight-well chamber). The culture insert provides two culture 
reservoirs each separated by a 500 μm wall. The cells are cul-
tured in both reservoirs.

 2. Incubate in CO2 incubator (5% CO2) at 37 °C.
 3. Next day, wash cells once with PBS.
 4. Remove the insert which results in two well-defined cell 

patches. The cells start immediately migrating into the gap 
generated by the insert.

 5. Place microscope slides with fibroblasts in a humidified 5% 
CO2 atmosphere. For 37 °C warm air incubation, the micro-
scope and objectives are encased (heater and ventilation ON).

 6. Capture images at 15 min intervals for 24 h with a Leica TIRF 
microscope (Leica DMI6000 B TIRF MC, LAS AF software 
version 2.0.2 build 2038) equipped with a camera (Hamamatsu) 
and using 10×/0.25 NA dry objective and magnification of 
1.6× (Fig. 2).

 7. Process and analyze the data using ImageJ “Manual Tracking” 
and “Chemotaxis tool.” Use only the inner four wells for 
analysis.

 1. Save pictures as TIFF overlay.
 2. Import files into ImageJ as image sequence.
 3. Open the manual tracking window.
 4. Add the value of the pixel size under “x/y calibration.”
 5. To track a cell, choose “show path” and “add track.”
 6. Track several cells (>10). The mean values will show up in an 

additional window.
 7. Save values in an Excel file.

3.7 Cell Migration 
Analysis

3.8 Image Analysis

Fig. 2 Cell migration assay. MEFs from wild-type mice were deposited in an eight-well chamber, and a gap was 
generated by an insert which was removed after overnight incubation. Gap closure was followed by live cell 
microscopy. Pictures from the indicated times after start of migration are shown. Scale bars, 150 μm
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 8. Then use the Chemotaxis plug-in in ImageJ.
 9. Define the time between two pictures under “setting.”
 10. Add the value for the pixel size in μm2 under “x/y calibration.”
 11. Import the Excel sheet into the Chemotaxis plug-in.
 12. Press “apply settings”: The migration velocity and directional-

ity are shown.
 13. Use results for evaluation.

4 Notes

 1. FBS pretreatment: 2 g Chelex 100 per 50 mL FBS, overnight 
on a rotating wheel at 4 °C, and then sterile filtered.

 2. All rules and regulations concerning animal work must be 
followed.

 3. Whenever possible, the work should be performed in a laminar 
flow hood.

 4. All equipment used for mouse dissection should be sterile.
 5. For isolation of keratinocytes, Trypsin/EDTA is often replaced 

by TrypLE (Thermo Fisher Scientific), recombinant cell- 
dissociation enzymes, which act more gently than Trypsin and 
preserve cell surface epitopes.
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Chapter 21

Detection of SUN1 Splicing Variants at the mRNA 
and Protein Levels in Cancer

Ayaka Matsumoto, Nariaki Matsuura, and Miki Hieda

Abstract

The linker of nucleoskeleton and cytoskeleton (LINC) complex, containing the proteins SUN and nesprin, 
is the fundamental structural unit of the nuclear envelope. The neoplastic-based regulation of the LINC 
complex in cancer tissues has become increasingly recognized in recent years, including the altered expres-
sion, somatic mutation, and methylation of genes. However, precisely how mutations and deregulated 
expression of the LINC complex contribute to the pathogenic mechanisms of tumorigenesis remain to be 
elucidated, mainly because of several technical difficulties. First, both the SUN and SYNE (encoding 
nesprin) genes give rise to a vast number of splicing variants. Second, immunoprecipitation experiments of 
endogenous SUN and nesprin proteins are difficult owing to the lack of suitable reagents as well as the 
limited solubility of these proteins in mild extraction conditions. Here, we describe three protocols to 
investigate these aspects: (1) immunohistochemistry to determine the expression levels and localization of 
the LINC complex in cancer tissue, (2) detection of SUN1 splicing variants at the mRNA level, and (3) 
detection of SUN1 splicing variants and binding partners at the protein level.

Key words SUN1, SUN2, Nesprin, Immunohistochemistry, Splicing variants

1 Introduction

Morphological changes in the nucleus are hallmarks of cancer cells. 
In particular, enlarged nuclei, abnormal nuclear shape, anisokaryo-
sis, increased chromatin staining, and altered nucleolar size are 
often observed in cancer cells [1–3]. These phenotypes are used 
for both diagnosing malignancy and to predict outcomes [4]. 
Further, the role of the nuclear envelope (NE) in the diagnostic 
and prognostic pathology of human cancers has also been described 
in recent years [5, 6]. A multifunctional nuclear membrane protein 
assembly called the linker of nucleoskeleton and cytoskeleton 
(LINC) complex consists of the inner nuclear membrane spanning 
SUN homology domain proteins (SUN proteins), and the outer 
nuclear membrane spanning nesprin proteins, which share a KASH 
homology domain [7]. Mammalian SUN proteins are encoded by 
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at least five genes: SUN1, SUN2, SUN3, SUN4, and SUN5. SUN1 
and SUN2 are widely expressed in mammalian somatic cells [7, 8], 
whereas SUN3, SUN4 (also known as sperm-associated antigen 4, 
SPAG4), and SUN5 (also known as SPAG4-like, SPAGL) are 
largely, but not entirely, restricted to the germ cells [9–11]. The 
human genome contains six different nesprin-encoding genes, 
which are defined by the presence of a C-terminal KASH domain. 
Nesprin-1 and nesprin-2 each have multiple isoforms resulting 
from alternative transcriptional initiation, termination, and splicing 
and are expressed in a wide variety of tissues [12, 13]. The LINC 
complex performs diverse functions, including nuclear shaping and 
positioning, maintenance of the centrosome-nucleus connection, 
DNA repair, nuclear membrane spacing, cell migration, and mov-
ing chromosomes within the nucleus during meiosis [14–22]. In 
addition, lamins—intermediate filaments that interact with SUN 
proteins underneath the NE—also play various roles such as main-
tenance of nuclear integrity, cell cycle regulation, mechanotrans-
duction, cellular signalling, and DNA repair [23]. Accordingly, 
deregulated LINC complex components, including both nesprin 
and SUN proteins, have been observed in several cancers.

The downregulation of SUN2 protein expression was first 
observed in atypical teratoid/rhabdoid tumor (AT/RT), a rare 
and highly aggressive form of embryonal tumor, and was subse-
quently observed in lung and breast cancer tissues [24–26]. Hsieh 
et al. [24] showed that SUN2 is a direct downstream target of 
miR-221/miR-222, which is abundantly expressed in AT/
RT. Moreover, SUN2 expression inhibited cell proliferation and 
colony formation in embryonal tumor and lung cancer cell lines, 
pointing to the role of SUN2 as a tumor suppressor [24, 25]. 
SUN2 was also shown to exert its tumor suppressor functions by 
decreasing the expression levels of the glucose transporter 1 
(GLUT1) and lactate dehydrogenase A (LDHA) genes to ulti-
mately inhibit the Warburg effect in lung cancer cell lines [25]. In 
addition, breast cancer tissues also showed decreased SUN1 expres-
sion [26]. Depletion of SUN1 mediated by small interfering RNA 
in cultured mammary epithelial cells induced nucleolar hypertro-
phy, and a negative correlation was observed between SUN1 
expression and the size of the nucleoli in human breast cancer tis-
sue [27]. Human SUN4 (also known as SPAG4) is expressed in a 
limited number of normal tissues, with notable expression detected 
in the pancreas and testis; however, SUN4 expression has been 
detected in a large number of human cancer cell lines [28] and was 
shown to be upregulated in human renal clear cell carcinoma 
(RCC) [29]. The hypoxic regulation of SUN4 is mediated through 
hypoxia-inducible transcription factor 1 [29, 30]. SUN4 knock-
down reduced the invasion capability of RCC cells in vitro, and its 
overexpression led to enhancement of tumor cell migration [30]. 
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SUN4 is thus suggested as an independent prognostic factor in 
RCC [29, 30].

In addition to the altered expression of SUN proteins, nesprins 
are also deregulated in several cancer types. SYNE1 and SYNE2 are 
unusually large genes on chromosomes 6q and 14q and contain 
146 and 115 exons, respectively. These genes give rise to a large 
majority of tissue-specific nesprin isoforms of different sizes [31]. 
A large genotyping study demonstrated that a missense single 
nucleotide polymorphism, located 19 kb downstream of the estro-
gen receptor alpha gene (ESR1) in the coding COOH- terminal 
region of the SYNE1 gene, was most strongly associated with an 
increased risk of invasive ovarian cancer among the hormone-
related genes tested [32]. In addition, somatic mutations in SYNE1 
have been observed in breast and colorectal cancer [33]. 
Methylation in the SYNE1 gene has also been detected in cases of 
lung adenocarcinoma [34] and colorectal cancer [35]. One of the 
shorter transcripts of nesprin-1 that lacks the KASH domain, 
termed Drop1, is encoded at the 5′ end of the SYNE1 gene, and 
striking downregulation of Drop1 expression has been observed in 
ovarian, mammary, and other carcinomas [36]. In addition to 
alterations of the SYNE1 gene, array analysis of gastrointestinal 
stromal tumor (GIST) samples revealed recurrent copy number 
variations of chromosomal arm 14q, which includes the SYNE2 
locus [37]. The same study also revealed that the high expression 
of nesprin-2 in GIST was associated with a relatively high mitotic 
rate and shorter disease-free survival [37]. One of the nesprin-2 
variants tethers active mitogen-activated protein kinase (MAPK)1 
and MAPK2 at promyelocytic leukemia protein nuclear bodies and 
acts to regulate smooth muscle cell proliferation [38]. Another 
nesprin-2 variant was shown to interact with MAPK8IP2 [39]. 
Therefore, it is possible that deregulation of the SYNE2 gene is 
of crucial importance in GIST progression via altered MAPK 
signalling [37].

Although deregulation of the LINC complex components has 
been observed in various cancer tissues, whether or how the altered 
expression of these components and the contributions of their 
cancer-associated mutations to tumorigenesis and tumor progres-
sion remain poorly understood. In addition, SUN1 and SUN2 are 
essential factors in cell migration, a characteristic feature of cancer 
cells; however, the expression levels of SUN1 and SUN2 are dra-
matically decreased in several cancer tissues. This mystery suggests 
that the roles of LINC complex components are likely context-
dependent, and thus further study of the alterations in diverse 
LINC complex components will provide deeper insight into their 
physiological and pathological roles. Here, we describe three 
methods to explore the functions of the LINC complex in tumor 
development and progression. The first method is immunohisto-
chemical (IHC) staining of the LINC complex. There are various 
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methods available to determine the expression levels of the LINC 
complex in cancer cells, including IHC, real- time polymerase chain 
reaction (PCR), western blotting, in situ hybridization, array anal-
ysis, and tandem mass spectrometry. However, cancer tissues are 
very heterogeneous, and it is highly possible that some of these 
methods would point to downregulation of the LINC complex, 
while others would point to upregulated expression for the same 
component, even within an individual specimen; moreover, expres-
sion levels are also likely to vary among patients. Therefore, among 
the possible methods listed above, clinical studies with IHC have 
two key advantages: statistical power and the ability to show a 
direct association between malignancy and expression level in a 
patient. The second assay system described herein is detection of 
SUN1 splicing variants at the mRNA level. Although the SYNE1, 
SYNE2, and SUN1 genes all give rise to a vast number of different 
variants, investigations of nesprin variants are quite well docu-
mented; thus, we here focus on the SUN1 variants. For detailed 
discussion of the nesprin variants, please refer to previous excellent 
papers on the topic [31, 40, 41]. The last method is the detection 
of SUN1 splicing variants and SUN1 binding partners at the pro-
tein level. In contrast to the SUN2 gene, which generates only 
several isoforms, the SUN1 gene generates various splicing variants 
that may have different functions [21, 42, 43]. Therefore, the 
identification and verification of SUN1 variants at the protein level 
is crucial to understanding the functions of SUN proteins. 
However, this investigation is difficult because of two main factors. 
First, except for the predominantly expressing variant SUN1_916, 
most of the SUN1 splicing variants have low protein expression 
levels in humans, making their expression difficult to verify. Second, 
the LINC complex and related proteins such as lamins and nuclear 
pore complex components are highly insoluble. Therefore, we 
used three lysis conditions to investigate SUN1 variants and bind-
ing partners.

2 Materials

 1. Formalin-fixed, paraffin-embedded (FFPE) specimens. Ready- 
to- use tissue sections are commercially available from several 
companies. We recommend the use of thin sections (~2 μm 
thick) to obtain high-quality images, although 4 μm-thick sec-
tions can also be used.

 2. Primary antibodies specific to the LINC complex compo-
nents. We verified the activities of the following polyclonal 
anti- LINC complex components antibodies: rabbit anti-
SUN1 polyclonal antibody (1:200; Sigma, HPA 008346), 
rabbit anti-SUN2 polyclonal antibody (1:200; Millipore, 

2.1 IHC Staining 
of the LINC Complex
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anti- UNC84B, 06-1038), rabbit anti-nesprin-1 polyclonal 
antibody (1:200, Sigma, HPA019113), and rabbit anti- 
nesprin- 2 polyclonal antibody (1:200; Sigma, HPA003435). 
However, polyclonal antibodies may suffer from lot-to-lot 
variations. Thus, we recommend that the activities and speci-
ficities of antibodies be confirmed with western blotting (for 
size and specificity) and immunofluorescent microscopy using 
cultured cells before beginning the experiments.

 3. Biotinylated secondary anti-rabbit IgG antibodies (DAKO).
 4. Antigen retrieving buffer: DAKO Target Retrieval Solution 

(pH 9.0) or 0.01 M citrate buffer (pH 6.0).
 5. 3,3-diaminobenzidine (DAB) solution, prepared fresh: (1) 

dissolve 20 mg of DAB in 100 mL of 0.05 M Tris–HCl 
(pH 7.6); (2) let stand for 10–15 min; (3) add 16.7 μL of 
H2O2.

 6. Counter-staining solution: hematoxylin solution.
 7. Xylene, Lemosol (Wako Pure Chemical Industries Ltd., 

Japan), or Lemosol ACE (Wako Pure Chemical Industries 
Ltd., Japan) (see Note 1).

 8. Tris-buffered saline with Tween-20 (TBST): 0.05 M Tris–HCl 
(pH 7.6), 0.3 M NaCl, 0.1% Tween-20.

 9. Blocking solution: 5% bovine serum albumin (BSA) in TBST.
 10. Mounting medium such as Malinol (see Note 2).

 1. Splicing variant-specific SUN1 primer set (sense primer, 
GACCACTTCTGGGGTCTTGA; antisense primer, 
GTTTCGAAGGCACCTGGTAA); the amplicon size is shown 
in Fig. 1.

 2. Universal SUN1 primer set (sense primer, GTGGACG 
TGCAAGTCAGAGA; antisense primer, CCCGGTCT 
TATCTTGGGAAT); amplicon size of 312 bp.

 3. PCR reagents: most commonly used PCR reagents found in 
standard molecular laboratories can be used.

 4. 5× Tris-borate- EDTA (TBE): dissolve the following reagents 
in 1000 mL H2O: 54.0 g Tris base, 27.5 g boric acid, 3.7 g 
EDTA·2Na(2H2O); the pH of the 1× solution is 8.3 without 
using an acid or base to adjust the pH.

 5. 1× TBE buffer: 89 mM Tris base, 89 mM boric acid, 2 mM 
EDTA, pH 8.3. To prepare the 1× TBE running buffer, add 
200 mL 5× TBE running buffer to 800 mL of H2O.

 6. 6% TBE polyacrylamide (commercially available from 
Invitrogen, Novex) (see Notes 3 and 4).

 7. Gel caster for the mini gel.

2.2 Detection 
of Human SUN1 
Variants at the mRNA 
Level
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 8. 5× sample buffer for the TBE-acrylamide gel: mix the following 
reagents and adjust to 10 mL with H2O (see Note 5): 2.0 mL 5× 
TBE buffer, 1.5 g Ficoll type 400, 1.0 mL 1% bromophenol 
blue, and 1.0 mL 1% xylene cyanol.

 9. Nucleic acid gel staining solution: conventionally used nucleic 
acid gel staining solutions can be employed, such as GelRed 
(Wako Pure Chemical Industries Ltd., Japan), ethidium 
bromide, SYBR Green, or other solutions (see Note 6).

 10. Appropriate molecular weight marker such as 100-bp DNA 
ladder.

 11. Power supply.

 1. Phosphate-buffered saline (PBS).
 2. RIPA buffer: 0.025 M Tris–HCl (pH 7.6), 150 mM NaCl, 1% 

NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate 
(SDS); store at 4 °C. Available from Thermo Fisher Scientific.

 3. Lysis buffer A: 0.1 M Tris–HCl (pH 8.3), 0.5 M NaCl, 0.5% 
Triton X100; store at 4 °C

 4. Lysis buffer B: 1× PBS, 0.05 M Tris–HCl (pH 7.5), 0.15 M 
NaCl, 1% Triton X100; store at 4 °C. Mix the following 
reagents and adjust to 50 mL with H2O: 5.0 mL 10× PBS, 
2.5 mL 1.0 M Tris–HCl (pH 7.5), 1.5 mL 5.0 M NaCl, 
5.0 mL 10% Triton X100.

 5. Cell scrapers.
 6. Transfection reagents: typical reagents used for transfection in 

your lab can be used.
 7. Protease inhibitor cocktail.
 8. Rabbit anti-GFP polyclonal antibody (MBL, Japan) (see Note 7).
 9. Rabbit anti-SUN1 polyclonal antibody (Sigma, HPA008346).

2.3 Detection 
of SUN1 Variant 
Proteins and Binding 
Partners

SUN1_916

SUN1_888

SUN1_879

SUN1_822

SUN1_812

SUN1_785 

SUN1_702 

231 3 5 84 6 972 1110 12 13 14 15 16 17 18 2019 21 22

231 3 54 6 972 1110 12 13 14 15 16 17 18 2019 21 22

231 3 5 84 6 92 1110 12 13 14 15 16 17 18 2019 21 22

231 3 54 972 1110 12 13 14 15 16 17 18 2019 21 22

231 3 5 84 92 1110 12 13 14 15 16 17 18 2019 21 22

231 3 54 92 1110 12 13 14 15 16 17 18 2019 21 22

231 3 542 1110 12 13 14 15 16 17 18 2019 21 22

CALCULATED
AMPLICON SIZE

819 BP

624 BP

621 BP

537 BP

507 BP

426 BP

327 BP

Fig. 1 The human SUN1 gene contains 22 exons, which are indicated by white boxes. Exons 6–9 are alternatively 
spliced to generate numerous SUN1 variants [21]. Arrow indicates the position of primers used in the text
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 10. Rabbit anti-SUN2 polyclonal antibody (Millipore, anti- 
UNC84B, 06-1038).

 11. Control rabbit IgG.
 12. SDS-polyacrylamide gel.
 13. 2× SDS sample buffer.
 14. Dynabeads Protein G (Thermo Fisher Scientific).
 15. Materials for Western blotting (e.g., transfer buffer, nitrocellu-

lose membrane, primary and secondary antibodies, and an 
appropriate detection system such as enhanced 
chemilumine scence).

3 Methods

 1. To deparaffinize specimens on slides, incubate the FFPE slides 
in Lemosol (or Lemosol ACE or xylene) for 5 min (see Notes 
1 and 8).

 2. Repeat step 1 three times using three jars.
 3. Wash the specimens in ethanol to remove Lemosol (or Lemosol 

ACE/xylene).
 4. Repeat step 3 four times using four jars.
 5. Wash with running water for 5 min (tap water can be used).
 6. Process samples for antigen retrieval using an appropriate pro-

cedure. Antigen retrieval is one of the most critical steps and 
should be optimized for the target antigen and tissues, because 
many epitopes may be masked or altered by certain fixatives. In 
addition, some antibodies may not be able to recognize epit-
opes that are altered by the fixative or hidden within subcellu-
lar structures. We usually use DAKO Target Retrieval Solution 
(pH 9.0) or 0.01 M citrate buffer (pH 6.0) in a Pascal pressure 
chamber (DAKO) at 125 °C for 2 min and 90 °C for 10 s. 
Both buffers work effectively for anti-SUN1, anti-SUN2, anti- 
nesprin- 1, and anti-nesprin-2 antibodies. If this equipment is 
not available, try a boiled water bath (place a staining jar con-
taining the appropriate retrieval solution and slides into a 
100 °C water bath for 20 min, followed by a 20-min cool-
down period); also see Note 9.

 7. Block endogenous peroxidase in a 3% H2O2 solution in metha-
nol for 10 min.

 8. Wash with running water for 5 min.
 9. Block the section with 5% BSA/TBST for 30 min in a humid 

chamber to prevent drying.

3.1 IHC Staining 
of the LINC Complex

3.1.1 Preparation 
of Tissue Sections 
on a Slide
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This step involves choosing antibodies and antibody-binding con-
ditions, including the concentration, incubation time, and tem-
perature. Even when selecting an antibody that is well-validated 
and/or of guaranteed quality, optimization is still required to 
determine the best concentration and incubation period; these 
parameters also depend on the tissue samples analyzed.

 1. Incubate the slides with primary antibodies at 4 °C overnight 
in a humid chamber (see Note 10).

 2. Wash the slides three times with TBST for 5 min each.
 3. Incubate the slides with biotinylated secondary antibody at 

room temperature (RT) for 30 min in a humid chamber.
 4. Wash the slides three times with TBST for 5 min each.
 5. Incubate the slides with peroxidase-conjugated streptavidin at 

room temperature for 30 min in a humid chamber.

 1. Wash the slides three times with TBST for 5 min each.
 2. Place the sections in freshly prepared DAB solution. Incubate 

for ~5 min to develop.
 3. Place the sections in water or TBST to stop development.
 4. Wash the sections with running water for 5 min.
 5. Counterstain with hematoxylin for 2 min.
 6. Wash the sections with running water for 10 min.
 7. Dehydrate the sections three times in 100% ethanol.
 8. Incubate in Lemosol (or Lemosol ACE/xylene) three times 

for 5 min each.
 9. Mount with a coverslip using mounting medium.
 10. Observation (see Notes 12 and 13). The assessment should be 

unbiased, and the procedure requires adequate internal nega-
tive and positive controls. To achieve unbiased assessment, at 
least two people should evaluate each sample independently. 
In addition, all independently scored samples should be 
assessed without knowledge of clinicopathological data.

The human SUN1 gene contains 22 exons and generates various 
splicing variants that are distinguished by identification of variable 
deletions just upstream from the transmembrane domain, between 
exons 6 and 9 (Fig. 1). The largest splicing variant of human SUN1 
is composed of 916 amino acids (EAW87177). In this report we 
refer to this variant as SUN1_916, which predominates in most 
human tissues and corresponds to the largest mouse SUN1 variant, 
composed of 913 amino acids. SUN1 expression tends to be ubiq-
uitous when a universal SUN1 primer set is used (see Subheading 2). 
To examine the expression levels of individual SUN1 splice 

3.1.2 Antibody Reaction

3.1.3 Detection 
and Observation  
(See Note 11)

3.2 Detection 
of Human SUN1 
Variants at the mRNA 
Level
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variants, a primer set can be designed at the junctions of exon 3/4 
and exon 10/11, which would amplify the variable region as dif-
ferent amplicon sizes (Fig. 1). Reverse transcription- PCR analysis 
of mRNA levels from various human tissues identified at least seven 
discrete SUN1 transcripts, including a testis-specific variant [21]. 
Amplicon sizes can be confirmed using plasmids as positive 
controls.

 1. Mix the following materials (another PCR mixture can also be 
used): 10.0 μL 2× Emerald master mix, 0.4 μL 10 μM sense 
primer, 0.4 μL 10 μM antisense primer, 1.0 μL cDNA, 8.2 μL 
H2O.

 2. Perform the PCR under the following conditions: initial dena-
turation at 94 °C for 5 min; 25–30 cycles of 98 °C for 10 s, 
55 °C for 30 s, 72 °C for 1.5 min; final extension at 72 °C for 
5 min; and hold at 16 °C. The temperature and incubation 
time are highly dependent on the PCR reagent used.

 3. Mix 5× TBE sample buffer, PCR product, and an adequate 
volume of H2O.

 4. Set up the TBE gel to the gel caster and gently pull the comb 
out of the gel.

 5. Fill the upper and lower buffer chambers of the gel caster with 
TBE buffer. The buffer level must exceed the level of the wells.

 6. Load the molecular weight markers and samples.
 7. Run the gel at a constant voltage of 200 V until the bromo-

phenol blue tracking dye reaches the bottom of the gel; this 
usually takes about 50 min but depends on the gel type. The 
expected current is 10–18 mA at the start and 4–6 mA at the 
end (see Note 14).

 8. Remove the gel from the plate and incubate to stain in an 
appropriate staining solution such as GelRed or SYBR Green 
for an appropriate time (see Note 6).

SUN1_916 is a predominant variant among the SUN1 variants 
present in most tissues. Although it is difficult to design a variant- 
specific antibody and no such antibody is commercially available, 
the size of variants differs from each other, and they are thus dis-
tinguishable. However, Western blot analysis of the total cell lysate 
of various cultured human cells using an anti-SUN1 antibody, 
which recognizes a domain common to all variants, mainly showed 
a single band around 100 kDa, which corresponds to SUN_916. 
The protein expression level of other splicing variants is usually too 
low to be verifiable, whereas the smaller SUN1 variant proteins are 
actually expressed, and a concentration procedure can reveal the 
smaller endogenous SUN1 variants [21]. To detect these minor 
SUN1 variants, the cells should be lysed with an appropriate lysis 

3.3 Detection 
of SUN1 Variant 
Proteins and Binding 
Partners
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buffer, and then a concentration procedure should be performed. 
Here, we describe methods to lyse cells and concentrate the SUN1 
variants and their binding partners. The following protocol is opti-
mized for HeLa cells. Thus, if another cell line is used, the specific 
conditions should be optimized, such as the volume of the lysis 
buffer and incubation time. To determine the variant-specific bind-
ing partners, SUN1 variant expression can be forced in SUN1 
knockout cells [21].

 1. Cells are transfected with the target variants. To focus on 
the endogenous SUN1 variants and their binding partners, 
please start from step 2.

 2. The next day, remove the media from confluent culture plates.
 3. Wash the cells twice with cold PBS
 4. Add 500 μL lysis buffer (A, B, or RIPA buffer) to the cells. For 

Nups and lamins, use lysis buffer A and lysis buffer B, respec-
tively. To detect the SUN2-SUN1 variant interaction, use 
RIPA buffer. Use 0.5 mL of buffer per 75 cm2 (10-cm dish) 
containing 5 × 106 HeLa cells, and swirl the plate for uniform 
spreading of the lysis buffer on ice.

 5. Scrape the cells and transfer to a microcentrifuge tube.
 6. Rotate for 30–60 min at 4 °C.
 7. During step 6, wash Dynabeads protein G with lysis buffer, 

and mix with appropriate antibodies (anti-GFP, anti-SUN1, 
anti-SUN2 antibodies or control IgGs) and rotate at 4 °C.

 8. Centrifuge the lysed samples (from step 6) at ~14,000 × g for 
30–60 min to pellet the cell debris.

 9. During step 8, wash the Dynabeads protein G from step 7 with 
lysis buffer twice, and mix with the supernatant from step 8.

 10. Incubate for 2 h with constant rotation at 4 °C.
 11. Remove the supernatant, wash Dynabeads protein G four 

times with lysis buffer, and add 2× SDS sample buffer.
 12. Boil the Dynabeads in SDS sample buffer and load onto the 

SDS-polyacrylamide gel electrophoresis (PAGE) gel.
 13. Perform Western blotting using appropriate antibodies or 

directly perform silver staining to detect novel protein bands.

4 Notes

 1. Although xylene has long been used in IHC, it is a highly 
volatile reagent and is hazardous to health. Thus, it can be 
substituted by Lemosol or Lemosol ACE (Wako Pure Chemical 
Industries Ltd., Japan).
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 2. Besides Malino, there is a wide range of commercially available 
resin-based mounting media.

 3. An agarose gel can be used for this assay. However, TBE- 
PAGE is a more sensitive, accurate, and high-resolution 
technique. DNA fragments ranging from 10 to 3000 bp are 
clearly resolved into sharp, tight bands. The commercially 
available TBE polyacrylamide gel provides rapid results with 
good reproducibility.

 4. The packing buffer contains sodium azide and a residual acryl-
amide monomer. Wear gloves when handling the gels.

 5. A ready-to-use sample buffer is available from Invitrogen 
(Novex, Hi-density TBE sample buffer).

 6. Ethidium bromide can be used for staining, but ethidium 
bromide staining of polyacrylamide gels requires at least 10 ng 
of DNA for detection due to the quenching of the fluorescence 
by polyacrylamide. Since ethidium bromide is a powerful muta-
gen, it is important to wear gloves when using this reagent.

 7. Anti-GFP antibodies are available from various companies. 
However, their activities show striking variation. Thus, before 
starting the experiments, comparison of antibodies is 
recommended.

 8. We start this protocol from paraffin-embedded specimens on 
glass slides, which are commercially available. The conven-
tional methods for fixation, sectioning, and mounting on 
slides are not described here because various well-established 
methods are already available, and these steps can considerably 
vary depending on the tissues of interest.

 9. Various procedures can also be used, including limited prote-
ase treatment, microwaving, or autoclaving. Limited protease 
treatment sometimes, but not always, helps to unmask hidden 
epitopes.

 10. Incubation conditions such as temperature and time should be 
optimized.

 11. Several detection procedures are also available. Methods 
involving fluorescence detection offer higher resolution, 
whereas enzyme-labelled chromogenic detection methods 
offer higher sensitivity and are compatible with most histo-
logical stains such as hematoxylin and eosin staining, which 
can provide detailed information about the tissue. We here 
describe enzyme-labelled methods using a biotin- streptavidin 
system for signal amplification.

 12. Cancer-associated non-cancerous regions, leukocytes, endo-
thelial cells, or fibroblasts in the same tissue section can often 
be used as internal positive and/or negative controls.
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 13. HE staining allows pathologists to distinguish between  
epithelial and stromal cells, but specific markers such as pan- 
cytokeratin of epithelial and stromal cells can be used to 
discriminate cancerous and non-cancerous cells.

 14. The size of the DNA fragments visualized at the front edge of 
the dye on a 6% TBE gel is 65 bp with bromophenol blue 
(dark blue) and 250 bp with xylene cyanol (blue green).
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Chapter 22

Next-Generation Sequencing and Mutational Analysis: 
Implications for Genes Encoding LINC Complex Proteins

Peter L. Nagy and Howard J. Worman

Abstract

Targeted panel, whole exome, or whole genome DNA sequencing using next-generation sequencing 
(NGS) allows for extensive high-throughput investigation of molecular machines/systems such as the 
LINC complex. This includes the identification of genetic variants in humans that cause disease, as is the 
case for some genes encoding LINC complex proteins. The relatively low cost and high speed of the 
sequencing process results in large datasets at various stages of analysis and interpretation. For those not 
intimately familiar with the process, interpretation of the data might prove challenging. This review lays 
out the most important and most commonly used materials and methods of NGS. It also discusses data 
analysis and potential pitfalls one might encounter because of peculiarities of the laboratory methodology 
or data analysis pipelines.

Key words DNA sequencing, DNA sequence analysis, LINC complex, Mutation, Next-generation 
sequencing, Polymorphism, Sequence variants

1 Introduction

Mutations in genes encoding LINC complex proteins have been 
linked to human disease. Mutations in SYNE1 encoding nesprin-1 
cause autosomal recessive cerebellar ataxia, either pure or with 
associated features such as motor neuron involvement [1–4]. 
SYNE1 mutations also cause autosomal recessive arthrogryposis 
multiplex congenita, a disorder characterized by congenital joint 
contractures and reduced fetal movements [5–7]. Linkage of 
SYNE1 mutations to these autosomal recessive diseases is robust, 
as the pathogenic alleles clearly segregate with affected individuals 
in several families. Similarly, homozygosity for a protein truncating 
mutation in SYNE4, which encodes nesprin-4 expressed in the hair 
cells of the inner ear, has been shown to segregate with progressive 
high-frequency hearing loss in two families of Iraqi-Jewish ancestry 
[8]. An autosomal dominantly inherited point mutation in SYNE2 
leading to an amino acid substation in nesprin-2β1 has also been 
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shown to segregate among first-degree relatives with an Emery- 
Dreifuss muscular dystrophy-like phenotype [9].

There have been other reports of mutations in genes encoding 
LINC complex proteins leading to disease where segregation 
within families has not been demonstrated. Autosomal dominant 
sequence variations in SYNE1 have been reported in individuals 
with Emery-Dreifuss muscular dystrophy-like phenotypes [9–11]. 
Sequence variations in SUN1 and SUN2 have also been reported 
in individuals with Emery-Dreifuss muscular dystrophy-like phe-
notypes [12]. Functional abnormalities in cells expressing the pro-
tein variants and in the case of Syne1 genetically modified mice 
suggest that these sequence variants could be pathogenic [9–15]. 
Furthermore, mutations in EMD and LMNA, respectively, encod-
ing the LINC complex-associated proteins emerin and A-type lam-
ins that bind to SUNs, also cause Emery-Dreifuss muscular 
dystrophy [16, 17].

The advent of next-generation sequencing (NGS) has allowed 
for the analysis of large panels of genes and even whole exomes in 
disease gene discovery research as well as in clinical practice [18, 
19]. NGS using the predominant Illumina technology, which is a 
highly parallelized version of Sanger sequencing generating short 
(up to 300 bp) reads, involves library preparation, target capture, 
and the sequencing process proper followed by data processing and 
analysis. The initial step in library generation is DNA fragmenta-
tion. Unless whole genome sequencing is performed (in which case 
the genomic DNA library is directly sequenced), various PCR- 
based or hybridization-based methodologies are used to capture 
the genomic regions of interest to be sequenced. Subsequently, 
adaptors are ligated to the DNA fragments that allow attachment of 
the individual library molecules to a solid surface for amplification 
(cluster generation) and sequencing by synthesis through annealing 
of sequencing primers followed by template-dependent extension. 
Mixing of multiple samples in a shared sequencing process is made 
possible by individual specific molecular tags also introduced via the 
adaptor molecules. If cost is an important consideration, multiple 
adaptor-ligated individually tagged libraries can be used for capture, 
although that might compromise efficiency of the process. Cluster 
generation is a solid phase amplification step that results in hun-
dreds of millions of clusters each consisting of thousands of clones 
of the individual library molecules densely scattered on a glass slide, 
called the flowcell. During the sequencing process, the fluorescent 
signal corresponding to the incorporating nucleotides in the indi-
vidual clusters is electronically converted to hundreds of millions of 
individual DNA sequences corresponding to the DNA molecule 
clones in individual clusters. Sequence data must then be aligned so 
variants relative to the reference can be identified and evaluated for 
their potential role in pathogenesis.

As more researchers utilize this technology and as more data 
becomes available from its use in routine clinical practice, care must 
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be taken in concluding that sequence variants cause disease. This 
applies to genes encoding LINC complex proteins [3, 7]. 
Determining the pathogenicity of sequence variants, especially with-
out precise phenotypic descriptions and sequences of family mem-
bers, requires review of the literature and available databases, careful 
consideration of population allele frequency, and variant data from 
other individuals or other families that have the same variant. Analysis 
programs can also be used to determine how a variant potentially 
affects protein structure or expression. Complementary analyses 
such as repeat expansion testing, methylation testing, transcriptome 
analysis, and copy number assessment can provide additional infor-
mation. Ultimately, bench experimentation may be required to con-
firm that a rare variant uncovered by NGS is functionally disruptive 
and potentially pathogenic. For example, when whole exome 
sequencing identified a missense mutation in LMNA reported in the 
literature to abolish prelamin A processing in vitro, we performed 
cell biological experiments on the patient’s fibroblast to confirm 
there was accumulation of the unprocessed pathogenic protein [20].

We review the materials and methods used for Illumina NGS 
and the identification of disease-causing variants. The scope of this 
chapter does not allow for a detailed description of the entire NGS 
process. Rather, we provide a general overview for non-geneticists 
who study molecular machines/systems such as the LINC complex 
and how alterations in their components may cause human disease.

2 Materials

Several different kits, reagents, and devices are commercially avail-
able for library preparation, target capture, and sequencing. With 
regard to sequencers, Illumina has emerged as the unequivocal 
leader. We describe some of the instruments, reagents, and kits we 
use for NGS.

 1. Sonicator for DNA fragmentation. We recommend the Covaris 
S2 System Sonicator from VWR or its derivatives that can han-
dle multiple samples simultaneously. Reproducible fragment 
size and size distribution of the library is essential requirement 
for NGS sequencing. The Covaris sonicator can perform this 
task in a highly reproducible manner without direct contact of 
the instrument with the sample. The multiplexing, automated 
versions can handle eight samples at a time, making this tedious 
and time-consuming process somewhat less of a challenge.

 2. Hardware for DNA quantitation and library quality assess-
ment. We use the Qubit Fluorometer from Invitrogen 
(Q32857) to obtain highly accurate measurements of DNA 
concentration before fragmentation. This is absolutely essen-
tial for NGS sequencing. Besides concentration, the size 
and size distribution of the sonicated DNA fragments is also 
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critical. This is best assessed using the Fragment Analyzer, the 
Advanced Analytical Quantitation, or the Bioanalyzer from 
Agilent. Quantitation of the library with the successfully 
attached adaptors is best done using real-time PCR with 
CFX96 Real-Time System, BioRad, or equivalent. Precise 
assessment of the quality and quantity of library generated is 
essential for efficient clustering and representative mixing of 
libraries if more than one sample is sequenced at a time. Within 
the recommended cluster density range, sequence yield corre-
lates directly with the cluster density obtained on the flowcell.

 3. Hardware for DNA capture. Standard PCR machines with 
heated lids are used for hybridization-based capture (Agilent 
Sureselect reagents or their equivalents).

 4. Sequencers. Illumina is the leader in the manufacturing of 
NGS instruments. Most laboratories currently use the models 
HiSeq 1500 or 2500 and 3000 or 4000. The numbers refer to 
whether the machine can run a single (1500; 3000) or two 
flowcells (2500; 4000) at the same time or whether cluster 
generation on the flowcell is randomly spaced (1500, 2500) or 
patterned (3000, 4000). Larger laboratories use customized 
and serially linked versions of these instruments (HiSeq XTen 
and XFive) to sequence exclusively genomes. The names of 
these instruments reflect their price in millions of US dollars 
and are out of reach of most academic research, hospital-based, 
or even private laboratories. New technology on the horizon is 
the NovaSeq machine that is predicted to drive down the cost 
of whole genome sequencing during its production cycle 
within the next few years from approximately $1000 to $300 
dollars. Other NGS machines, such as Life Technologies’ 
Proton machine, use a different chemistry and a pH-based 
incorporation detection system that is less accurate around 
homopolymer regions [21]. This limits its usefulness for dis-
covery of novel variants on a genomic scale. The platform pro-
vided by Pacific Biosystems allows for sequencing of individual 
DNA molecules over 10,000 base pairs but has a high error 
rate and has a limited throughput. Large genome centers use it 
as a corollary instrument, but it is rarely seen in the clinical 
molecular laboratory environment [22]. We therefore focus on 
generation and analysis of data obtained using the Illumina 
instrument product line.

 1. SureSelect Exome V6 Capture Library from Agilent (5190- 
8865); one per sample.

 2. TruSeq Custom Amplicon kit for 96 samples from Illumina 
(FC-130-1001); one per 96 sample.

 3. SureSelectXT Reagent kit for 96 samples from Agilent 
(G9641B); one per sample.

2.2 Kits and Custom 
Reagents
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 4. Dynabeads MyOne Streptavidin T1 from Thermo Fisher 
(65602); one per sample.

 5. Herculase II Fusion DNA Polymerase from Agilent (600677); 
one per sample.

 6. Library Quant Kit (Illumina Universal) from Kapa Biosystems 
(KK4824); three per sample.

 7. AgenCourt AMPure XP from Beckman Coulter (A63882); 
one bottle.

 8. Qubit dsDNA Broad Range Assay Kit from Life Tech 
(Q32853); one kit.

 9. Qubit dsDNA High Sensitivity assay kit Life Tech (Q32854); 
one kit.

Details regarding the use of these kits and reagents are pro-
vided in the manufacturers’ instructions and Illumina library prepa-
ration and sequencing protocols. In the Subheading 3, we address 
some important considerations relating to their use.

 1. Network attached storage (NAS) capable of storing 20 tera-
bytes of data.

 2. Linux virtual machine: 4 processors and 32 GB RAM, running 
CentOS.

 3. Windows Workstation: two 12 core Intel E5-2690v3 proces-
sors and 128 GB RAM.

 4. Windows Server 2012: R2 Standard 64-bit.

 1. CentOS Linux operating system.
 2. NextGENe v2.4.02 from Softgenetics.
 3. bcl2fastQ Conversion Software v1.8.4 from Illumina.
 4. Variant annotation and filtering software: Golden Helix SNP 

or Variation Suite.
 5. Genome MaNaGer™; current availability is limited to data 

reanalysis by MNG Laboratories (fee for service).

3 Methods

The cost and computational complexity of whole genome sequenc-
ing makes it impractical for most laboratories. The alternative is to 
enrich and select genomic regions to sequence. Methodology such 
as targeted PCR or hybridization-based capture can be used to 
select relatively small targeted regions, such as specific genes, or 
more expansive regions, such as whole exomes. Selection of the 
best approach is based on the scenario, test volume, laboratory 
setup, and affordability.

2.3 Computational 
Hardware 
(Recommended 
Minimum)

2.4 Computational 
Software

3.1 Library 
Preparation 
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Long-range PCR amplification is a necessity for thorough assess-
ment of ambiguously mapping regions of the genome. Primers 
flanking ambiguously mapping regions should be used to avoid arti-
facts due to divergent variation in highly similar genomic regions. A 
list of such problematic regions can be found in Mandelker et al. 
[23]. An example is mitochondrial genome sequencing, which is 
performed optimally on a single amplicon of the mitochondrial 
genome, removing the possibility of artifacts due to sequencing of 
mitochondrial pseudogenes located in the nuclear genome. Long-
range PCR is not easily scalable, and thus most laboratories resign to 
the increased false negative and false positive rates in these regions 
due to ambiguous mapping and unpredictable representation per-
centage of specific alleles. This is a serious issue, since these sequences 
represent about 2% of all exomic coding regions.

Multiplex PCR approaches are best suited for sequencing of 
relatively small (less than a megabase) noncontiguous genomic 
regions such as specific exons of genes. This approach allows fast, 
high-volume testing even with limited starting material available. 
Targeted screens for carriers of mutations in a specific gene are a 
good application for this method. We have found TruSeq Amplicon 
reagents by Illumina to be well suited for most applications. 
Limitation of this method is that it cannot be used to identify large 
deletions, even if the precise position of the deletion is known. 
Since the amplified regions from a specific target region are all the 
same size, the experiments should be designed to take into account 
the danger of duplicate reads that arise if a low number of template 
DNA molecules are used as starting material.

Hybridization-based selection of regions of interest is recom-
mended if the region to be sequenced is greater than one mega-
base, although it also works for smaller regions. Kits containing 
oligonucleotide baits (RNA or DNA) synthesized using various 
technologies are commercially available, such as the Agilent 
SureSelectXT or equivalents from other manufacturers such as 
Illumina or IDT. Some allow or encourage capturing multiple 
libraries simultaneously with a single capture reagent. The smaller 
the region of interest, the more one can save on sequencing cost 
using a single capture reagent for a large number of combined 
libraries. Using individual capture for each sample, however, allows 
greater reproducibility between experiments and thus allows 
obtaining copy number information from the sequencing data 
with great reliability. This approach requires at least 100 ng DNA 
to perform. Agilent Sureselect reagents perform well for both cus-
tom and off-the-shelf (e.g., exome) panels. The flexibility of this 
platform is important if the panel of targeted genes changes over 
time. Since hybridization capture uses randomly fragmented 
DNA as an input, duplicate reads are easier to identify. The ratio of 
forward and reverse reads over specific nucleotides is also much 
better balanced than with multiplexed PCR-based methods.
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Transcriptome analysis can be thought of as another approach 
to focus on a subset of genomic regions without the need to specifi-
cally amplify or capture by hybridization the regions of interest. The 
cellular transcriptional machinery essentially does the work for you. 
All that needs to be done is removal of the high abundance struc-
tural RNAs using a hybridization-based approach. Transcriptomes 
provide an integrated output of the actual living state of the cell/
tissue which could be very difficult or impossible to establish from 
analysis of even whole genome sequencing. Transcriptome analysis 
is also invaluable to assess the effects of splice site variants and even 
regulatory mutations that are outside the scope of most capture-
based targeted amplification schemes. This method is essential in 
cancer genomics, and in that case, generally the tumor is available 
for “tissue-specific” transcript evaluation.

Illumina technology is based on synthesis of a new DNA molecule 
complementary to a template strand. The main difference from the 
Sanger method is that the sequencing reaction is massively parallel-
ized, meaning that results can be recorded from hundreds of mil-
lions of template DNA molecules simultaneously. Another 
important difference is that this technology generates relatively 
short (100–150 base pair) paired-end reads compared to the 500–
1000 base pair reads that can be generated by traditional Sanger 
methodology. This is a significant limitation when it comes to pre-
cise mapping of variants in non-unique sequences within the 
genome. In addition, identification and sizing of repeat expansions 
are also limited to a size of approximately 100 base pairs. However, 
detection of variants in a subset of the DNA molecules interro-
gated is more sensitive than what can be achieved using Sanger 
methodology. This is because each original interrogated DNA 
molecule generates an independent sequence and, depending on 
the depth of sequencing, many dozens or hundreds of molecules 
are investigated for each region of interest. Detection of a muta-
tion at less than 1% representation, as can occur in patients with 
mitochondrial heteroplasmy, chimerism, or mosaicism, requires 
additional indexing [24]. Following the initial couple of cycles, the 
sequencer gives a quantity and quality estimate of the reads that 
will be obtained from the run. This is an important step that allows 
decision to be made whether the run should be continued or 
aborted potentially preventing completion of a very expensive 
failed experiment.

The overall quality of the sequences obtained is largely dependent 
on four components: (1) the expertise of the technologist, (2) the 
quality and quantity of the starting material, (3) the quality of the 
capture, and (4) the sequencing reagents and the reliability and 
precision of the sequencing instrument itself. The most reliable 
way to assess the performance of the instrument is through the use 
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of an internal control library generated of the phage Phi X 174 
(PhiX Control v3 (catalog # FC-110-3001)). When this control 
library is mixed in with the sample(s), it will yield sequence and 
sequence quality information independent of the quality of the 
sample library. The machine aligns the phage-derived sequence to 
an internal reference, providing information about the error rate 
associated with the run and the overall quality of the sequences 
obtained. An average Phred quality score of ≥Q30 for ≥90% of the 
reads indicates a successful run. Setting a lower cutoff for quality 
depends on particular circumstances and specific limitations in 
sample quality and quantity. If there is a significant difference 
between the quality of the reads obtained from the Phi X 174 con-
trol and the sample library, there is a set of troubleshooting steps 
in the Illumina instruments’ users’ manuals to identify the source 
of the problem. The projected total yield (in gigabases) from a run 
is one metric provided by the machine that allows predictions 
about the number of reads that the run will generate. This is vari-
able depending on the specific instrument used and the success of 
the clustering but allows generation of a very good estimate about 
the depth of coverage to be expected for the specific region of 
interest. The Illumina instruments users’ manuals also provide a 
plethora of other metrics that allow troubleshooting of the 
sequence generation process.

Most NGS runs, depending on the size of the targeted regions, 
contain multiple samples in a single flowcell lane. Sample-specific 
reads are sorted from the mixed data using demultiplexing. 
Demultiplexing is a process whereby the sample specific indexes 
(short DNA sequences, usually 6-mers), introduced into the 
 sample during the library preparation process, are read and used 
for sorting the reads into individual bins corresponding to the sam-
ples sequenced. The indexes are read in an independent priming 
reaction (Read2) and are kept in association with the forward 
(Read1) and reverse (Read3) reads obtained from the same cluster. 
This association allows assignment of the reads from specific clus-
ters to specific samples. Selection of compatible indices for a spe-
cific run is a crucial process that has to be carefully supervised to 
avoid misassignment of reads to the wrong sample (or to no sample 
at all). In some cases, 96 or more indices can be used in the same 
batch. However, for most large panels and exomes, the number is 
more likely to be up to 20 or up to 6 samples, respectively. At the 
end of the process, “FastQ” files are generated which contain the 
individual sequences obtained from a sample with a quality score 
(Q1- 40) assigned to each nucleotide.

Sequence alignment and mutation calling pipelines such the 
Genome Analysis Toolkit (GATK; Broad Institute) have been 
described in detail and also have recommendations available (Best 
Practices) to guide the user in setting them up either in the 
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laboratory or in the “cloud” [25–27]. Setting up these pipelines 
requires significant computational hardware and an experienced 
bioinformatics staff, which is often beyond the resources of smaller 
laboratories [28]. For smaller laboratories, we recommend soft-
ware packages will well developed graphical user interfaces such as 
NextGENe produced by Softgenetics. These can be run on PCs 
and sometimes on MACs and provide a primary data analysis capa-
bility with some basic annotations. Knowing exactly what the soft-
ware is doing or not doing, as well as being able to adapt it to the 
task at hand, is of huge importance. From this perspective, open- 
source software is preferred to software packages with inaccessible, 
unmodifiable code. That said, the algorithms used by most pipe-
lines, open-source or commercial, use Burrows-Wheeler aligner 
and the Genome Analysis Toolkit pipeline as described in the Best 
Practices guidelines for mutation calling [26, 27]. The input into 
these pipelines is FastQ files (individual reads with quality scores 
for each base called) generated by the sequencer. The output of the 
alignment software is a Binary Alignment/Map (BAM) file that 
contains the genomic coordinates corresponding to the beginning 
and end of each read. The information relating to the variants 
called is summarized in a variant call format (vcf) file ordered 
according to specific chromosomal positions. Information in the 
BAM files also allows for the visualization of the aligned reads and 
the variants called and can be used for assessment of coverage 
depth throughout the region of interest. These files can be 
 conveniently viewed using the integrated genome viewer (refer-
ence) generated by the Broad Institute.

It is important to understand the significance of mean or aver-
age coverage depth and what that means for the specificity and sen-
sitivity of the testing. These are the metrics generally provided on 
clinical reports of panels/whole exome or genome sequencing and 
can be used to compare the products of various laboratories. Average 
coverage in itself provides no information about poorly covered 
regions and their size. We recommend the service provider gives 
three coverage statistics: the percent of region of interest (ROI) 
covered 5-, 10-, and 30-fold. Thirtyfold coverage is generally con-
sidered the desirable minimum coverage to avoid false positive and 
false negative calls for constitutional samples for unique genomic 
regions. Tenfold coverage is generally considered to be sufficient to 
provide a good indication for the absence of a mutation at a specific 
position; if the variant does not show up even once out of ten reads, 
the sample is almost certainly wild type at that site. Fivefold cover-
age is helpful to pick up homozygous or apparently homozygous 
variants in poorly covered regions, thus decreasing the false negative 
rate. In our experience, all variants that make it into a report need 
to be confirmed using an alternative method (such as targeted 
PCR). This is especially true for variants with less than 30-fold cov-
erage. However, the most significant cause of false negative results 
is due to limitations in the size and content of the ROI. One has to 
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verify the completeness of the inclusion of regions with known 
pathogenic variants in the capture reagent used. Not all ROIs/cap-
ture reagents are created equal. An exome capture reagent from one 
company can represent half of the ROI of the exome capture reagent 
of another company, and they might both omit a significant per-
centage of hard to capture regions with pathogenic variants.

The vcf files listing the position and nature of the identified vari-
ants in a tab delimited text file format generated from most NGS 
platforms are too large and too poorly annotated for human inter-
pretation. When faced with the hundreds of thousands to millions 
of variant calls in partial, whole exome or genome datasets, respec-
tively, interpretation cannot be done without a database providing 
variant annotation and filtering. There are many publicly available 
databases with indications of pathogenicity of previously identified 
variants, such as ClinVar (National Center for Biotechnology 
Information), HGMD (Institute of Medical Genetics in Cardiff), 
OMIM (Johns Hopkins), and COSMIC (Sanger Institute). Others 
have data on allele frequency in the general population, such as 
1000 Genomes Project (The International Genome Sample 
Resource), Exome Variant Server (University of Washington), 
ExAC (Broad Institute), and gnomAD (Broad Institute). However, 
having an internal dataset reference, generated with the same 
methodology and thus containing the same set of artifacts, is 
extremely helpful to provide accurate classification and reporting 
of variants [29]. Many off-the-shelf software packages for variant 
interpretation emphasize phenotype-based filtering as one of the 
early steps in the process. In our experience, this is not recom-
mended, since medical and family histories for the patients are 
often scarce or nonexistent. Therefore, filtering should use pheno-
type information only as one of the last steps to avoid discarding 
unexpected pathogenic variants. This may be just as important for 
targeted panels as for interpretation of a whole exome. For this 
reason, most large centers have developed their own analysis pipe-
line/database that can be updated regularly and allow the filtering 
algorithm to be controlled depending on the particular dataset. 
The list of variants requiring expert human review can be signifi-
cantly shortened if informative family members are sequenced 
along with the proband. Most commonly these are the parents, but 
if they are not available, having healthy unaffected first-degree rela-
tives and affected distant relatives can be of great help to predict 
the pathogenicity of a given rare variant not previously described in 
public databases.

The MNG Genome MaNaGer filtering strategy for variants is 
summarized in Fig. 1. Briefly, it classifies variants first into four 
categories using reference and reportable range filters:

Category 1: variants with a clear pathogenic or likely pathogenic 
annotation in ClinVar that are present in the patient

3.6 Data 
Interpretation 
and Reporting
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Category 2: variants with a clear pathogenic or likely pathogenic 
annotation in ClinVar that are not covered in the patient

Category 3: all variants in disease-associated genes in ClinVar and 
other scientific literature (all category 1 variants are also pres-
ent in this list)

Category 4: all variants in genes that have not been associated with 
disease yet

With the exception of the first two categories, these files are 
too large to be reviewed without further filtering. In a following 
step, we therefore use a frequency filter to generate four additional 
categories that contain the variants in categories 1–4 that are not 
present in any known population at greater than 1% allele 
frequency:

Category 5: rare known pathogenic variants
Category 6: rare known pathogenic variants not covered (filled in 

using targeted method such as PCR followed by Sanger 
sequencing)

Category 7: rare variants in known disease-associated genes
Category 8: rare variants in non-disease associated genes

The lists in categories 5–8 are more manageable for human 
review. We have developed a specific order to review them based 
on information obtained from individual and family histories as 
well as functional predictions (the most important five subcatego-
ries are listed in Fig. 1):
 1. Homozygous variants
 2. Disruptive variants; splice site, frameshift, stop codon variants
 3. Variants unique to proband sample
 4. Variants unique to case (trio)
 5. De novo variants; not present in parents
 6. Compound heterozygous changes
 7. Variants that cause an amino acid change (missense)

Variants that after review (preferably) by three independent 
reviewers are judged by any one of the reviewers as of interest are 
further discussed in a grand rounds-like forum to determine if they 
should be further considered or reported based on American 
College of Medical Genetics and Genomics criteria.

The American College of Medical Genetics and Genomics has 
developed specific guidelines for the classification of variants as 
“pathogenic,” “likely pathogenic,” “unknown significance,” 
“likely benign,” and benign [30]. These guidelines are based on 
medical knowledge about disease frequencies, modes of inheri-
tance, in silico prediction of the disruptive nature (nonsense, 
frameshift, splice site, predicted damaging/disruptive) of the 
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variants as well as data available about specific genomic regions 
where known pathogenic variants cluster. The guidelines also take 
into account the presence or absence of the variants in healthy or 
affected parents (whether inherited or de novo). We use these 
guidelines in our daily clinical routine conservatively, recognizing 
that there is a danger to use many weak lines of evidence for 
declaring a variant pathogenic or likely pathogenic [30, 31].

Reporting variants in the clinical setting carries great responsi-
bility. The same is true for publishing them in the biomedical litera-
ture. The public, physicians and non-physician scientists vary greatly 
in their ability to rationally evaluate the significance of a reported 
variant. What is reported to a physician and patient or in the litera-
ture, even if properly qualified as a variant of unknown significance, 
may be perceived as a cause of the disease. This becomes a more 
significant problem as the number of the genes sequenced increases, 
while knowledge about the genes’ functions lags behind. In such 
instances, it is critical to obtain parental DNA to assess whether the 
mutation is present in unaffected parents or it arose de novo. Every 

Fig. 1 The MNG Genome MaNaGer strategy for variant filtering and annotation. See text for details. American 
College of Medical Genetics and Genomics (ACMG) secondary findings are those unrelated to the indication 
for ordering the sequencing but of medical value for patient care. Other abbreviations used in figure: het 
heterozygous, SS splice site, FS frameshift, SC stop codon
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clinical report should contain a sentence stating that such testing 
needs to be performed before the significance of the reported find 
can be properly established. This is even true in situations when 
variants carry a pathogenic or likely pathogenic label based on out-
dated or insufficient evidence. Notably, such information is lacking 
for some rare variants of genes encoding LINC complex proteins 
that have been claimed to cause disease [10–13].

Although estimates vary, greater than 10% of variants labeled 
as pathogenic in ClinVar are rare ethnicity-specific variants with no 
clinical significance. There have been many efforts to increase data 
sharing among laboratories to assist with correct interpretation but 
much remains to be done. [32]. Until a time when the number of 
sequenced genomes allows a better phenotype-genotype correla-
tion, sequencing trios (proband and parents), rather than probands 
alone, should be used for clinical and research studies. Reporting 
should be performed cautiously and in a conservative manner, 
both as to the number of variants reported and assessment of their 
clinical significance.

Another important concept generally applied throughout 
medicine but somewhat neglected in clinical genetics is compre-
hensive rather than method-specific testing. Many successful NGS 
companies emphasize the low cost of their platform but fail to 
emphasize that NGS—even whole exome sequencing—can only 
provide answers to the patient’s clinical problem in about 30% of 
cases. Combining tests for other genetic alterations or their mani-
festations, such as repeat expansions, methylation/imprinting dis-
orders, copy number changes, chromosomal rearrangements, and 
transcript processing defects, and offering a synthesis of their 
results in a single report is something that needs to become the 
norm rather than the exception. Finally, despite comprehensive 
genetic testing, bench research using cultured cells or model 
organisms/animals is sometimes necessary to determine if a newly 
discovered rare variant actually affects protein function or expres-
sion that can underlie pathology.

Unfortunately, only a fraction of variants discovered in clinical 
practice make it to basic scientists, and there is often an unneces-
sary delay in the transfer and review of information. This handicap 
can be overcome by forming strong collaborations between clinical 
molecular diagnosticians and basic scientists to develop and apply 
predictive screening tools and functional verification methodology 
for newly discovered variants. Of utmost importance is establish-
ment of a system that facilitates or automates mapping human 
phenotype-associated mutations onto the functional models of not 
only individual genes and proteins but also multi-molecular com-
plexes, such as the LINC complex. Clearly there are some 
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encouraging examples of such efforts, but we believe this area 
requires much more attention and resources [33].

Another prerequisite for discovering new disease-gene associations 
is developing better structural and functional interaction networks con-
necting genes and encoded proteins. A systems approach focusing on 
disruption of molecular assemblies and pathways rather than individual 
proteins is a highly promising yet not fully exploited area of modern 
molecular diagnostic practice. Incorporating transcriptome analysis 
with both transcript level and processing assessment into routine genetic 
testing is already a reality in some laboratories. Furthermore, combining 
genetic data with proteomic data to identify protein levels and modifi-
cations using mass spectrometry might further enhance an under-
standing of the metabolic homeostasis of cells and tissues [34]. This is 
particularly true for molecular machines/systems such as the LINC 
complex, in which different protein isoforms may be expressed at 
different levels in various cell types or tissues.

4 Conclusions

The field of genomic scale molecular diagnosis is rapidly expand-
ing. Genomic datasets from individuals of diverse genetic back-
grounds are accumulating at an ever-increasing rate. Analysis and 
processing of these data and deposition of the frequency and effect 
prediction information for individual variants gained from it will 
make an increasing portion of data analysis amenable to automa-
tion. That said, there will continue to be a need for basic scientists 
giving “personalized” attention to newly identified variants, includ-
ing those in protein components of the LINC complex.
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