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Abstract

Organelle positioning is important in many cellular and developmental processes, especially for
the function of polarized and spatially extended cells. For example, in mammalian myofibers,
most nuclei are evenly spaced out at the periphery of the fiber, except for a few that group into
small clusters anchored under the neuromuscular junction. Disruption of nuclear positioning is
found in many muscular diseases. Nuclear positioning is mediated by the conserved bridge
termed the LINC (Linker of nucleoskeleton and cytoskeleton) complex, which is formed by the
interaction between inner nuclear membrane SUN domain proteins and the outer nuclear
membrane KASH domain proteins. The SUN proteins pair with different KASH proteins which
contains various cytoskeleton interacting domains, to perform distinct functions. For example, in
Caenorhabditis elegans, SUN protein UNC-84 either interacts with the KASH protein UNC-83 to
move nuclei during development, or the KASH protein ANC-1 to anchor nuclei in the hyp7
syncytium. Interestingly, UNC-83 KASH is shorter and lacks the conserved cysteine predicted to
be important to stabilize SUN/KASH interaction by structural and molecular dynamic

simulations.

In collaboration with other lab mates, we showed that the conserved intermolecular disulfide
bond plays important roles for UNC-84/ANC-1 mediated nuclear anchorage but is dispensable
for UNC-84/UNC-83 mediated nuclear migration. In addition, the longer KASH containing the
DDEY residues predicted to be associated with the membrane also is necessary for ANC-1

KASH to function.

ANC-1 has been proposed to physically tether nuclei to the actin cytoskeleton through its C-
terminal KASH domain and the N-terminal calponin homology (CH) actin-binding domains.
However, | found that deletion of the KASH domain causes less severe nuclear anchorage
defects than null mutations. Moreover, the short isoform anc-1b lacking CH domains is sufficient

for hyp7 nuclear anchorage. It was completely unknown how ANC-1 functions without CH and

Vi



KASH domains. Interestingly, other than nuclear anchorage defects, the ER, mitochondria, and
lipid-droplets were also severely unanchored and sometimes moved throughout the cytoplasm
in anc-1 but not unc-84 null mutants. Unlike most KASH proteins which are enriched on the
nuclear envelope, | found that GFP-tagged ANC-1 was mostly colocalized with the ER. To
understand the mechanism by which ANC-1 regulates organelle positioning, | used
CRISPR/Cas9 gene editing to delete different domains of ANC-1 and found that the spectrin-like
repeat structures and the transmembrane domain play important roles in organelle anchorage.
Deletion of the spectrin-like repeat region disrupted the protein’s ER-localization. These results
led to a cytoplasmic integrity model where ANC-1 localizes to the ER and functions in

positioning nuclei, the ER, mitochondria, and likely other organelles in place.

The cytoplasm is a crowded environment filled with macromolecules. To test if ANC-1 anchors
organelles through regulating the intracellular crowding, | expressed and analyzed the diffusion
of 40nm GEMs (genetically encoded multimeric nanoparticles) in C. elegans hypodermal and
intestine tissues. The diffusion of the 40nm GEMs is significantly increased in the cytoplasm of
anc-1 null mutants in both tissues, indicating that ANC-1 may regulate the crowding of the
cytoplasm. Ribosome concentration has been reported to play an important role in cytoplasmic
crowding. RNAI of small ribosome protein rps-15 or rps-18 caused nuclear anchorage defects.
In addition, in anc-1 mutants, the ribosome distribution is altered. These results indicate that

ANC-1 may regulate the biophysical properties of the cytoplasm through the ER and ribosomes.

vii
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SUN/KASH interactions facilitate force transmission across the nuclear envelope

Hongyan Hao and Daniel A. Starr

Department of Molecular and Cellular Biology, University of California, Davis, CA USA

ABSTRACT

LINC complexes (Linker of Nucleoskeleton and Cytoskeleton), consisting of inner nuclear mem-
brane SUN (Sad1, UNC-84) proteins and outer nuclear membrane KASH (Klarsicht, ANC-1, and
Syne Homology) proteins, are essential for nuclear positioning, cell migration and chromosome
dynamics. To test the in vivo functions of conserved interfaces revealed by crystal structures, Cain
et al used a combination of Caenorhabditis elegans genetics, imaging in cultured NIH 3T3
fibroblasts, and Molecular Dynamic simulations, to study SUN-KASH interactions. Conserved
aromatic residues at the -7 position of the C-termini of KASH proteins and conserved disulfide
bonds in LINC complexes play important roles in force transmission across the nuclear envelope.
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KEYWORDS

LINC complex; mechanical
force transduction; nuclear
envelope; nuclear
positioning

Other properties of LINC complexes, such as the helices preceding the SUN domain, the longer
coiled-coils spanning the perinuclear space and higher-order organization may also function to
transmit mechanical forces generated by the cytoskeleton across the nuclear envelope.

LINC complexes are essential for force
transmission across the nuclear envelope

Eukaryotes are distinguishable from prokaryotes by
the presence of a nuclear envelope separating the
genetic material from the cytoplasm. The nuclear
envelope is composed of two lipid bilayers and
a perinuclear space continuous with the lumen of
the endoplasmic reticulum (ER). Communication
between the nucleoplasm and the cytoplasm is cru-
cial for cellular functions [2]. There are three inde-
pendent ways to transmit information across the
nuclear envelope. Classically, small proteins and
molecules can diffuse through nuclear pores while
larger complexes, including ribosomal subunits, can
be specifically transported through nuclear pores [3].
Alternatively, other complexes, including some virus
coats, bleb from the inner nuclear membrane, diffuse
across the perinuclear space in membrane-bound
compartments, and fuse to the outer nuclear mem-
brane [4]. Third, mechanical forces can be trans-
ferred directly across the nuclear envelope through
conserved physical bridges termed LINC (Linker of
Nucleoskeleton and Cytoskeleton) complexes. Such
mechanical force transmission across the nuclear
envelope is essential for nuclear positioning and
meiotic chromosome dynamics [5,6].

LINC complexes are made of SUN (Sadl,
UNC-84) proteins in the inner nuclear membrane
and KASH (Klarsicht, ANC-1, and Syne Homology)
proteins in the outer nuclear membrane [7]. The
central interaction occurs in the lumen of the nuclear
envelope near the outer nuclear membrane, between
a trimer of conserved SUN domains about 175 resi-
dues each and C-terminal KASH peptides of 10 to 32
residues (Figure 1) [8-12]. SUN proteins then extend
across the perinuclear space, cross the inner nuclear
membrane and interact with lamins or other proteins
in the nucleus, including chromatin and telomeric
proteins [6,13,14]. The large, cytoplasmic portions of
KASH proteins associate with various components of
the cytoskeleton, including actin filaments, microtu-
bule motors, or intermediate filaments [7,15].

LINC complexes are conserved across eukaryotes,
and likely played a role in the formation of the nuclear
envelope before the last eukaryotic common ancestor
[16]. Furthermore, LINC complexes facilitate diverse
functions, ranging from pronuclear migration, skele-
tal muscle nuclear positioning, nuclear migration in
the hair cells of the inner ear, and chromosome pair-
ing during meiosis [5,6,17,18]. A common feature of
these processes is that mechanical forces generated by
the cytoskeleton need to be transferred across the
nuclear envelope to the nucleoskeleton. Mutations in

CONTACT Daniel A. Starr @ dastarr@ucdavis.edu e Department of Molecular and Cellular Biology, University of California, Davis, CA USA

© 2019 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. Conserved residues at SUN-KASH interfaces function in LINC complex assembly and force transmission at the nuclear envelope. Each
panel shows a cartoon simulation focusing on the SUN-KASH interface. SUN proteins (salmon, light green and blue) trimerize and span the
inner nuclear membrane (INM). Coiled-coils reach toward the outer nuclear membrane (ONM). A trimer of conserved SUN domains (at the top
of the coils) interacts with three KASH peptides in the ONM (blue, green, and red) to form a hetero-hexamer. In wild type, the PPPX motif
(rectangle) at the C terminus of KASH fits into a pocket in one SUN protomer (P1), the —7 tyrosine (oval) interacts with a hydrophobic binding
site between the KASH lid of SUN P1 and the SUN core of second protomer (P2) and the —23 cysteine forms an intermolecular disulfide bond
(star) with SUN. (A, C, and E) Representations of the LINC complexes without any forces. (B, D, and F) Representations of LINC complexes under
mechanical strain from pulling forces generated in the cytoplasm. (A-B) wild type; when force is applied on the LINC complex, a stable LINC
transfers forces across the nuclear envelope to the nucleoskeleton, resulting in nuclear movements. (C-D) KASH with a tyrosine mutation at
position —7 from the C terminus; LINC complexes still form, but fail when force is applied. (E-F) KASH with a mutation in the —23 cysteine. LINC
complexes form, and are able to transfer some forces across the nuclear envelope to move nuclei. However, without the intermolecular
disulfide bond, LINC will break under maximal force in some systems (not shown).



LINC components are linked to a wide variety of
diseases including muscular diseases, hearing loss,
neurological disorders, and cancers [19]. Thus, it is
critical to study the molecular mechanisms for the
assembly of the LINC complexes as well as how forces
are transmitted through the LINC complex.

Crystal structure of the SUN/KASH complex

A major breakthrough for understanding LINC com-
plexes came in 2012 when the crystal structures of the
interaction between human SUN and KASH domains
were revealed [8,20]. Overall, three SUN domains
(SUN2s549 717) and their adjacent, short, coiled trimer-
ization domains (SUN2sy5.540) interact with
C-terminal 29 residues of Nesprin-1 or Nesprin-2
KASH domains to form a clover-like hetero-
hexamer complex [8]. The SUN domain folds into
a P-sandwich core with a protruding 20-residue B-
hairpin (SUN2s4;.557) termed the KASH-lid. Each
KASH peptide interacts with three interfaces of
a SUN trimer. First, the core of a SUN2 protomer
formed by hydroxyl groups of S641, Y703 and Y707,
together with H628 and stabilized by the C601-C705
intermolecular disulfide bond, forms a binding pocket
for the three prolines of a PPPX motif at the
C terminus of the KASH peptides (Figure 1a). Second,
the KASH-lid of SUN2 protomer 1 (P1) and the -
sandwich core of protomer 2 (P2) form a groove that
interacts with the —4 to —14 residues of the KASH
peptide. The —4, —5 and —6 residues of KASH do not
interact strongly with SUN2, whilea Y at -7 anda L
at —9 are buried into the cleft between P1 and P2
(Figure 1a). Third, the KASH peptide kinks between
the P-11 and —12 residues. Next, residues —13 to —23
of the KASH peptide bind along the surface of SUN2
P2, except for a large, conserved hydrophobic residue
at —17 buried into a hydrophobic pocket. Finally, the
crystal structures showed that a cysteine at —23 of the
KASH peptide forms a disulfide bond with
a conserved cysteine in SUN2 (C563), to further sta-
bilize the interaction (Figure 1a) [8]. Thus, the crystal
structures predict that a number of conserved residues
that are likely important for the interaction between
SUN and KASH proteins and their ability to transfer
mechanical forces across the nuclear envelope
(Figure 1b).

To test the crystal structure predictions, Sosa et al.
[8], performed in vitro pull-down assays with SUN
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and KASH domains. They showed that a disulfide
bond is formed between SUN and KASH proteins in
HeLa cells. However, a truncated KASH peptide of
only 14 amino acids still interacts with SUN proteins
in vitro, indicating that the cysteine at —23 and the
disulfide bond between SUN and KASH are not
required for their interaction. In contrast, extending
the C terminus of the KASH peptide by a single
alanine residue, or mutating conserved residues at
-7 or -9 of KASH peptides abolishes SUN-KASH
interactions in vitro [8]. The in vivo functional sig-
nificance of the different SUN-KASH interaction
interfaces and the implications for LINC complex
mechanisms were yet to be uncovered. It was
hypothesized that strong interactions between SUN
and KASH domains are required to resist forces
generated from the cytoskeleton and to ensure effec-
tive force transmission across the nuclear envelope.
We set out to test this model in live cells.

Conserved residues are required for
functional LINC complex in live cells

In our recent study [1], we tested the ability of con-
served residues for SUN-KASH interactions and
force transmission. To examine these processes in
cells, we used C. elegans developing hypodermal
tissues. During C. elegans embryogenesis, hypoder-
mal precursor nuclei migrate to the opposite side of
the cell in a SUN-KASH dependent manner [21].
The SUN protein UNC-84 recruits the KASH pro-
tein UNC-83 to the outer nuclear membrane [22].
UNC-83 then serves as the cargo adaptor to recruit
microtubule motors kinesin-1 and dynein to the sur-
face of nuclei [7,23,24]. The motors facilitate nuclear
migration towards the plus end of microtubules [24].
Failure of this nuclear migration leads to ectopic
localization of nuclei in the dorsal cord of the L1
larva [25]. After nuclear migration, hypodermal cells
fuse to form a syncytium and nuclei are anchored in
place. In adult C. elegans more than a hundred nuclei
are evenly spaced in the hyp7 syncytium [26]. The
KASH protein ANC-1 interacts with the SUN pro-
tein UNC-84 to anchor nuclei to the actin cytoske-
leton. In unc-84 and anc-1 null mutants, hyp7 nuclei
form clusters [27,28].

We used a mammalian tissue culture model to
complement our C. elegans studies. NIH3T3 fibro-
blasts cultured in a monolayer polarize with
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centrosomes in front of nuclei in response to a scratch
wound [29]. To achieve this polarization, nuclei move
rearward, away from the wound edge [30]. The forces
to move nuclei arise by tethering nuclei to rearward-
moving actin cables. During migration, the
N-terminal calponin homology (CH) domains of
Nesprin-2G bind actin while its KASH domain con-
nects to SUN2 in the nuclear envelope to form a LINC
complex [31]. The LINC complex is under tension in
this process, indicated by a fluorescence resonance
energy transfer (FRET)-based tension biosensor [32].
A mini-Nesprin-2G (EGFP-mini-N2G) construct
containing CH domains and the KASH domain is
sufficient for the nuclear movement in polarizing
NIH3T3 fibroblasts [31]. Interestingly, the luminal
domains of KASH proteins differ in length; Nesprin-
2G and ANC-1 contain a long KASH domain that
harbors the —23 conserved cysteine while the UNC-83
KASH domain only contains 18 residues and is miss-
ing the conserved cysteine.

To test the function of conserved residues of
SUN-KASH interfaces in live cells, our collabora-
tors, Natalie Cain and Gant Luxton, led teams that
tested predictions from the crystal structure and
in vitro assays in the context of nuclear positioning
in developing C. elegans hypodermal cells and
polarizing NIH 3T3 fibroblasts, respectively [1].
We first showed that extending the C terminus
of the UNC-83 KASH domain by a single alanine
completely disrupts nuclear migration during
C. elegans embryonic hypodermal development.
Moreover, the SUN-KASH interaction is likely
abolished since UNC-83(KASH+A) was undetect-
able on the nuclear envelope by immunostaining.
These results fit the crystal structure and the
in vitro pull-down data [8]. However, not all of
our findings matched the crystal structural predic-
tions. Mutating the -7 tyrosine of the UNC-83
KASH domain did not completely block the SUN-
KASH interaction (Figure 1c). UNC-83(Y967A)
still localized to the nuclear envelope prior to
nuclear migration, suggesting that it was able to
at least weakly interact with UNC-84. However,
nuclear migration failed, indicating that the
UNC-83(Y967A) mutant could not interact with
UNC-84 SUN domains strongly enough to trans-
fer the mechanical forces needed to move nuclei
across the nuclear envelope (Figure 1d). Since the
UNC-83 KASH domain is normally only 18 amino

acids in length and the 18-mer KASH peptide used
in the pulldown assay to introduce the Y-7A muta-
tion also lacks the conserved -23 cysteine, it
remained unclear how the mutation at the -7
aromatic residue could be tolerated in long
KASH domains with intermolecular disulfide
bonds between SUN and KASH. We developed
nuclear positioning assays in adult C. elegans
hypodermal syncytia as a model to test the func-
tion of longer KASH domains [25]. Interestingly,
mutating the phenylalanine residue at —7 of the
ANC-1 KASH domain did not cause nuclear
anchorage defects [1]. This indicates that nuclear
anchorage in C. elegans hyp7 syncytia might not
require as high of forces to be transmitted through
LINC complexes as nuclear migration does. In
contrast, mutating the Nesprin-2G KASH tyrosine
at —7 to an alanine disrupted rearward nuclear
movement in polarizing NIH 3T3 fibroblasts,
indicating that Y-7 is important for force transmis-
sion across the SUN2/Nesprin-2 LINC complex
(Figure 1d). Thus, the —7 conserved aromatic resi-
due is important for LINC complexes under
mechanical tension, but not required for initial
interactions between SUN and KASH domains.

Conserved cysteines regulate LINC complex
function during nuclear positioning

The longer KASH domains of C. elegans ANC-1 and
mammalian Nesprin-2 harbor a conserved cysteine at
position —23, which forms an intermolecular disulfide
bond with SUN trimers in the crystal structures.
However, the shorter KASH domain of C. elegans
UNC-83 does not contain the interface with P2 or
the —23 cysteine. We, therefore, tested the role of the
—23 cysteine in nuclear anchorage in C. elegans and
nuclear rearward movement in polarizing NIH 3T3
fibroblasts. In support of our model, mutating the —23
cysteine in ANC-1, Nesprin-2, or their partner
cysteines in UNC-84 or SUN2, disrupted nuclear
positioning [1]. Since the cysteine is not required for
the SUN/KASH interaction in the in vitro pulldown
assay [8], we proposed that the nuclear positioning
defects might be caused by insufficient force transmis-
sion across the LINC complex (Figure le-f). To
further test our hypothesis that a disulfide bridge is
needed for maximal force transduction across LINC
complexes, our collaborators Zeinab Jahed and



Mohammad Mofrad used Molecular Dynamic simu-
lations to apply a constant velocity of 0.05m/s pulling
on the N termini of KASH peptides associated with
the wild type or C953A SUN2 trimer. When an inter-
molecular disulfide bond was present, the pulling
forces were transmitted effectively through the LINC
complex to the coiled-coil regions (Figure 1b).
However, in the cysteine mutant, the SUN/KASH
interactions were not strong enough to withstand
the forces and the KASH peptide and KASH lid of
the SUN protein underwent significant stretching
(Figure 1f) [1]. Taken together, our cellular and
modeling data support the hypothesis that an inter-
molecular disulfide bridge is needed to stabilize
SUN-KASH interactions to transmit maximal forces
through LINC complexes.

Many other KASH domains, including mamma-
lian KASH5 and C. elegans UNC-83 and ZYG-12,
contain short KASH domains without the con-
served cysteine. All three of these proteins func-
tion during brief windows in development to
move nuclei and/or chromosomes inside meiotic
prophase nuclei. In our assay, UNC-83-mediated
nuclear migration was not affected in wunc-84
(C953A) mutants. Thus, short KASH domains
can interact with SUN domains in the absence of
disulfide bonds and can transmit enough force to
move nuclei or chromosomes. Interestingly, the
anc-1(CC-23, —24-AA) mutation caused nuclear
anchorage defects while the anc-1(F-7A) mutant
was nearly wild type [1]. Further molecular
dynamic simulations or in vivo assays are required
to investigate force transmission across LINC
complexes formed by longer or shorter KASH
domains, with or without the disulfide bond, and
with or without the -7 aromatic amino acid. In
addition, it could be valuable to use FRET tension
biosensors to determine the amplitude and direc-
tion of force across the LINC complex during
different processes [32].

Other factors that influence force
transmission through LINC complex

Besides the strong interaction between SUN and
KASH domains, four other properties of LINC com-
plexes may be important for force transmission across
the nuclear envelope. First, helical domains of SUN
proteins are predicted to regulate when SUN domains
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interact with KASH proteins to turn LINC complexes
on and off. Second, the predicted extended coiled-
coils in SUN proteins transmit forces by spanning the
perinuclear space. Third, SUN and KASH domains
could directly interact with the inner nuclear mem-
brane. Finally, coiled-coils and other domains in
LINC complexes appear to contribute to higher
order oligomerization of LINC complexes. Together,
these properties of LINC complexes would maximize
the transfer of mechanical forces from the cytoskele-
ton to the nucleoskeleton. Further studies of these
mechanisms are required to fully understand how
LINC complexes function.

The timing of SUN protein activation and LINC
complex assembly must be regulated. Structural and
biochemical studies revealed that the helical region
closest to the SUN domain serves as the minimal
trimerization domain [8,33]. Moreover, recent crys-
tal structures identified a nearby short alpha-helical
bundle that is able to engage with a single SUN
domain through the KASH-lid, locking the protein
in a monomeric, presumably inactive state [34,35].
Mutating residues at the interface between this alpha
helix and the KASH-lid restored the KASH-binding
capacity of the SUN domain [35]. Interestingly, the
KASH-lid is released from the autoinhibited state in
the presence of the trimerization coiled-coil in
Molecular Dynamic simulations [36]. Both the crys-
tal model and simulations indicate that a calcium ion
can occupy a cation loop formed in the extended
coiled-coil domain of the SUN protein, which might
play a role in activating the LINC complex. When
a conserved residue (E452) in the mouse SUN2
trimerization coil is not occupied by Ca®", it interacts
with the SUN domain and potentially inactivates
LINC complex formation. Both the E452 mutation
in SUN2 and Ca** concentration changes monomer
to trimer ratios in gel filtration assays [36]. Notably,
the E452D mutation in human SUN2 was identified
in muscular dystrophy patients [34-36]. Further
in vivo studies are needed to demonstrate the sig-
nificance and mechanisms for the SUN protein acti-
vation, which is essential to form LINC complex and
transfer force across the nuclear envelope.

A second mechanism influencing force transmis-
sion involves predicted coiled-coils in SUN proteins.
These coiled-coils are thought to span the perinuc-
lear space and connect SUN domains near the outer
nuclear membrane to the inner nuclear membrane.
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Coiled-coil domains are elastic structures often
found in cytoskeletal proteins such as kinesin, myo-
sin and vimentin intermediate filaments [37,38].
How SUN proteins span the perinuclear space is
not clear at a structural level. Mammalian germ cell-
specific SUN proteins, SUN3-SUNS5, contain shorter
coiled-coil domains, which is predicted to bring the
two nuclear envelope membranes closer together
[39]. However, shortening the coiled-coil domains
of UNC-84 did not shrink the perinuclear space and
had little effect on UNC-83-mediated nuclear migra-
tion in C. elegans [40]. It will be interesting to further
test the role of the coiled-coils in force transmission
across LINC complexes in other processes and to
determine more complete structures of LINC
complexes.

The third potential aspect of force transmission
across the nuclear envelope is how LINC components
could directly interact with the lipid bilayer or chro-
matin to further stabilize the complex. How LINC
complexes interact with lipid membranes is poorly
understood. For example, in vitro reconstituted
LINC complexes on artificial nuclear membranes
indicate that SUN2 contains a single transmembrane
domain while SUN1 has three [41]. In addition,
hydrophobic patches in the nucleoplasmic region of
SUN proteins may associate with the inner nuclear
membrane and the lamin network to distribute forces
inside the nucleus [41]. Additional studies are
required to determine how SUN and KASH domains
might be directly interacting with the outer nuclear
membrane.  Crystal  structures showed that
a conserved hydrophobic patch exists on the surface
of the SUN domain at a position facing the outer
nuclear membrane, suggesting that SUN domains
are extending into the outer nuclear membrane lipid
bilayer when binding KASH [8,20,34]. Finally, the
interaction between KASH proteins and the cytoplas-
mic leaflet of the outer nuclear membrane is poten-
tially stabilized to maximize force transmission.
Recently, an outer nuclear membrane protein Kuduk
was shown to interact with LINC complexes in the
outer nuclear membrane in Drosophila. Kuduk
(TMEM258 in mammals) has a cytoplasmic amphi-
pathic helix as well as a trans-membrane helix that
both interact with the outer nuclear membrane and
stabilize LINC [42]. Future experiments should
uncover how Kuduk/TMEM258 might function to
stabilize the LINC complexes in vivo.

A fourth mechanism that may allow LINC com-
plexes to maximize the force transfer across the
nuclear envelope might involve assembly into
higher-order structures. There are many examples
of LINC complexes organizing in larger groups. In
C. elegans, immunostaining of UNC-84 and UNC-83
shows punctate distribution of LINC complexes on
the nuclear envelope during nuclear migration
[21,22]. SUN1 punctate are also observed in Hela
cells [43-45]. Another case for higher-order organi-
zation of LINC complex involves how nuclei move
rearward in wounded NIH3T3 fibroblasts. During
nuclear migration, linear arrays of SUN2-Nesprin
-2G LINC complexes, termed transmembrane actin-
associated nuclear (TAN) lines, assemble to tether
the nuclei to moving actin cables [9,31]. As a more
extreme example, LINC complex proteins involved
in meiotic chromosome dynamics and telomere
bouquet formation redistribute and concentrate in
large patches associated with chromosome ends
[6,46-48].

Recent studies suggest possible mechanisms for
LINC complexes to assemble into larger structures.,
Mammalian SUN1 proteins form oligomers larger
than trimers detected in living cells by fluorescence
fluctuation spectroscopy [49]. SUN1 has also been
observed to form clusters in a reconstituted, cell-free
expression system on artificial lipid bilayers [41].
Computer modeling predicts that SUNI trimers
can associate with each other laterally through their
SUN domains to form higher-order clusters [41,43].
It has also been proposed that a cysteine adjacent to
the SUN domain of SUNI1 protein is able to form
intermolecular disulfide bonds with neighboring
SUN trimers [44,50]. The specific requirement of
mammalian SUN1, but not SUN2, during meiotic
chromosome pairing, might be associated with the
ability of SUN1 to more easily form higher-order
structures than SUN2 [9,43,44,49]. Interestingly,
a recent study has shown different mechanisms
involved in homeostatic nuclear positioning under
centrifugal force. Rearward nuclear recentration
requires TAN lines formed by SUN2 and Nesprin-
2G while the same KASH protein Nesprin-2G inter-
acts with SUN1 and the microtubule motor dynein
to facilitate forward recentration [51]. It is not clear if
distinct higher-order structures are specialized for
force transmission or if oligomerization states of
SUN protein are involved in selection between



SUNI1 and SUN2 by Nesprin-2G in different nuclear
positioning processes. Further studies are required to
determine the physiological significance and mole-
cular mechanism of higher-order LINC organization
and force transmission.
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SUMMARY

Many nuclear positioning events involve linker of nu-
cleoskeleton and cytoskeleton (LINC) complexes,
which transmit forces generated by the cytoskeleton
across the nuclear envelope. LINC complexes are
formed by trans-luminal interactions between inner
nuclear membrane SUN proteins and outer nuclear
membrane KASH proteins, but how these inter-
actions are regulated is poorly understood. We
combine in vivo C. elegans genetics, in vitro
wounded fibroblast polarization, and in silico molec-
ular dynamics simulations to elucidate mechanisms
of LINC complexes. The extension of the KASH
domain by a single alanine residue or the mutation
of the conserved tyrosine at —7 completely blocked
the nuclear migration function of C. elegans UNC-
83. Analogous mutations at —7 of mouse nesprin-2
disrupted rearward nuclear movements in NIH
3T3 cells, but did not disrupt ANC-1 in nuclear
anchorage. Furthermore, conserved cysteines pre-
dicted to form a disulfide bond between SUN and
KASH proteins are important for the function of
certain LINC complexes, and might promote a devel-
opmental switch between nuclear migration and nu-
clear anchorage. Mutations of conserved cysteines
in SUN or KASH disrupted ANC-1-dependent nuclear
anchorage in C. elegans and Nesprin-2G-dependent
nuclear movements in polarizing fibroblasts. How-
ever, the SUN cysteine mutation did not disrupt nu-
clear migration. Moreover, molecular dynamics sim-
ulations showed that a disulfide bond is necessary
for the maximal transmission of cytoskeleton-gener-
ated forces by LINC complexes in silico. Thus, we
have demonstrated functions for SUN-KASH binding
interfaces, including a predicted intermolecular di-
sulfide bond, as mechanistic determinants of nuclear
positioning that may represent targets for regulation.

3086 Current Biology 28, 3086-3097, October 8, 2018 © 2018 Elsevier Ltd.
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INTRODUCTION

The precise intracellular positioning of the nucleus is essential for
many cellular and developmental processes including fertiliza-
tion, cell migration, cell polarization, gametogenesis, neuronal
development, and muscle development. Defects in nuclear posi-
tioning result in developmental disorders in tissues, including the
central nervous system, reproductive organs, and skeletal mus-
cle [1-4]. Most nuclei are positioned by the cytoskeleton, which
is physically coupled to the nuclear envelope via a conserved
nuclear envelope-spanning molecular bridge known as the linker
of nucleoskeleton and cytoskeleton (LINC) complex [5].

The LINC complex is formed by a trans-luminal direct interac-
tion between Sad1/UNC-84 (SUN) proteins in the inner nuclear
membrane and Klarsicht/ANC-1/Syne homology (KASH) pro-
teins spanning the outer nuclear membrane (Figure 1) [7-10].
SUN proteins contain a conserved KASH protein-binding luminal
C-terminal SUN domain [11] and divergent N termini that interact
with lamins and chromatin within the nucleoplasm [9, 12, 13].
KASH proteins contain a conserved C-terminal KASH domain,
comprising a trans-membrane domain followed by the ~10- to
32-residue luminal KASH peptide [14]. The divergent N termini
of KASH proteins extend into the cytoplasm and engage the
cytoskeleton [5, 15, 16]. Thus, LINC complexes enable force
transmission across the nuclear envelope [5, 15].

Crystal structures of mammalian SUN2 in complex with KASH
peptides from Nesprin-1 or -2 provide insights into the molecular
mechanisms of LINC complex-dependent mechanotransmis-
sion and nuclear positioning [6, 17]. The structures predict that
SUN2 functions as a homo-trimer where each protomer consists
of a non-conventional coiled-coil region followed by a 8 sand-
wich core with an ~20-residue B hairpin extension, known as
the KASH lid. Three independent KASH peptides interact with
a single SUN2 homo-trimer [6, 17]. Our recent studies show
that the luminal domain of SUN2 does homo-trimerize in living
cells [18, 19].

Each KASH peptide forms three binding interfaces with a SUN
trimer (Figure 1C) [6, 20]. First, the last four residues of KASH pro-
teins (0 to —3; gray in Figure 1C), consisting of the PPPX moitif, fit
into a binding pocket formed primarily by a single SUN protomer
(P1; green in Figure 1C). Second, positions —4 to —14 of KASH
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Figure 1. SUN and KASH Proteins Form a Bridge across the Nuclear Envelope
(A) SUN trimers (gray, blue, and green) cross the inner nuclear membrane (INM) and span most of the perinuclear space (PNS). SUN proteins interact with the
luminal domains of KASH proteins (orange and tan), extending from the outer nuclear membrane (ONM). Cytoplasmic domains of KASH proteins interact with a

variety of cytoskeletal components.
(B) Sequence alignment of C. elegans and human KASH domains.

(C) A close-up of the interaction between a KASH peptide (Nesprin-2; gray, pink, and purple) and two SUN2 protomers (green and blue). The gray circles in the

SUN protomers represent cations. Based on PDB: 4DXS [6].

proteins (pink in Figure 1C) fit into a groove between two SUN
protomers (P1 and P2), with the conserved hydrophobic residues
at —7 and —9 facing into the cleft between P1 and P2. Third, res-
idues —15 to —23 (purple in Figure 1C) bind along the surface of
P2. At position —23 of the KASH peptide, a conserved cysteine
is oriented to form a disulfide bond (yellow star in Figure 1C)
with a conserved cysteine in SUN2 (C563 in human SUN2,
C577 in mouse SUN2, and C953 in C. elegans UNC-84) [20].
Furthermore, an intermolecular disulfide bond was detected be-
tween transiently expressed SUN and KASH domains in HelLa
cells [6, 20]. Although this covalent bridge was determined by
in vitro pull-downs to be dispensable for the SUN2-KASH interac-
tion, it was hypothesized to be important for LINC complexes to
resist the considerable cytoskeleton-generated forces neces-
sary for nuclear positioning [6, 20]. However, the physiological
relevance of each of the three conserved SUN-KASH interaction
domains and the conserved disulfide bond during intracellular
nuclear movement and positioning remains to be tested experi-

mentally. Here, we examine the effect of disrupting SUN-KASH
interactions in two established experimental assays for intracel-
lular nuclear positioning: nuclear migration and anchorage in
developing C. elegans hypodermal cells [21, 22], and rearward
nuclear positioning during centrosome orientation in migrating fi-
broblasts [23-25]. Furthermore, we used molecular dynamics
simulations of SUN2-KASH complexes under tension to model
how disrupting SUN-KASH interactions might influence the abil-
ity of LINC complexes to withstand the mechanical forces
required for nuclear positioning.

Nuclear positioning in C. elegans consists of two related
processes—nuclear migration to a specific location and then
anchoring in place. Nuclear migration in hyp7 precursors re-
quires the SUN protein UNC-84 and the KASH protein UNC-
83, which recruit microtubule motors to the surface of nuclei
[11, 26, 27]. After the hyp7 syncytium is formed, UNC-84 and
the KASH protein ANC-1 anchor nuclei to the actin cytoskeleton
[11, 14]. In mammals, KASH proteins Nesprin-4 and KASH5 play
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analogous roles recruiting microtubule motors to the surface of
nuclei [28, 29]. In other mammalian cell types, giant isoforms of
Nesprin-1 and -2 tether mammalian nuclei to actin networks
[30-32]. However, it remains unknown how UNC-84-UNC-83
complexes that move nuclei eventually yield to UNC-84-ANC-1
complexes to mediate nuclear anchorage. Interestingly, the
KASH domain in UNC-83 is much shorter than in ANC-1; the
UNC-83 perinuclear luminal domain is only 17 residues and lacks
the cysteine at —23 (Figure 1B) [7]. We hypothesized that an
intermolecular disulfide bond formed between conserved cyste-
ines at —23 of KASH peptides and at 563 of human SUN2 (resi-
due 577 of mouse SUN2) or 953 of C. elegans UNC-84 plays
a central role in LINC complex function. In order to elucidate
potential molecular mechanisms for LINC complex regulation,
we addressed the following. How important is the interaction be-
tween conserved residues in SUN and the PPPX motif of KASH?
What happens when the interaction between the aromatic resi-
due at the —7 position of KASH and the cleft between P1 and
P2 is disrupted? And, what is the physiological relevance of
the disulfide bond between SUN and KASH domains?

RESULTS

Extension of the C Terminus of the UNC-83 KASH
Domain Disrupts Nuclear Migration In Vivo

The crystal structures of mammalian SUN-KASH complexes
show the C terminus of KASH pointed into the SUN protomer
P1, where it is coordinated by conserved hydroxyl groups
[6, 17] (Figure 1C). Furthermore, the addition of a single alanine
to the end of KASH peptides was shown to abolish in vitro
pull-down interactions between SUN2 and KASH [6], whereas
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Figure 2. Extension of the KASH Domain of
UNC-83 Blocks Nuclear Migration

(A-C) GFP expression in comma-stage embryos
with the version of UNC-83 indicated. Anterior is left;
dorsal is up. Scale bar, 10 pm.

(A) UNC-83::GFP::KASH.

(B) unc-119, which serves as the wild-type UNC-83
(no GFP) control.

(C) UNC-83::GFP::KASH+A.

(D) Quantification of nuclear migration defects by
counting the average number of hyp7 nuclei in the
dorsal cords of larval stage (L)1 animals. Error bars are
95% Cl.

the extension of KASH peptides by 13 resi-
dues blocks their function in binding assays
and acts as a dominant-negative construct
in tissue-culture cells [33]. Therefore, we
predicted that the extension of the KASH
domain of UNC-83 by one residue would
disrupt the interaction between UNC-84
and UNC-83 and disrupt nuclear migration
in vivo. We used UNC-83::GFP::KASH,
which has normal function for nuclear migra-
tion [34], as a starting point (Figures 2A
and 2D) and added a single alanine onto
the C terminus of UNC-83 to express UNC-
83::GFP::KASH+A at endogenous levels.
UNC-83::GFP::KASH+A failed to localize to the nuclear enve-
lope, similar to when the entire KASH domain of UNC-83 was
deleted [7]. As a control, we measured the relative fluorescence
in the GFP channel in a standardized region of interest. UNC-
83::GFP::KASH+A had 48.7 + 7.6 (mean + SD) arbitrary units of
fluorescence per embryo compared to 27.1 + 6.5 arbitrary units
in wild-type embryos (t test; p < 0.0001), suggesting that the
UNC-83::GFP::KASH+A construct was expressed but failed
to localize to the nuclear envelope. The resulting animal had a
severe nuclear migration defect (Figures 2C and 2D). Thus, the
KASH+A mutation blocks SUN-KASH function in vivo.

Mutation of the Tyrosine at -7 of KASH Disrupts
SUN-KASH Function In Vivo

Residues —5 to —14 of KASH proteins (pink in Figure 1) fit into a
cleft between two SUN protomers. The conserved hydrophobic
aromatic residue at —7 faces directly into the cleft in the crystal
structure and a KASH(Y-7A) mutation blocked SUN2-KASH inter-
actions in vitro [6]. Overexpressed mutant UNC-83(Y-7A) in a
transgenic animal localized to the nuclear envelope, but did not
rescue unc-83(null) nuclear migration defects [7]. To rule out the
effects of overexpression and test the role of Y-7 more directly,
we used CRISPR/Cas9 genome editing to introduce the Y-7A mu-
tation into the unc-83 locus. The resulting unc-83(Y-7A) mutant
animal completely blocked nuclear migration in hyp7 cells (Fig-
ures 3A-3E). However, UNC-83(Y-7A) localized normally to the
nuclear envelope of hyp7 cells (Figures 3C and 3D), suggesting
that unlike UNC-83(KASH+A), the UNC-83(Y-7A) mutant protein
can partially interact with the SUN domain of UNC-84 for localiza-
tion but that the interaction fails to withstand forces across the
nuclear envelope required to move nuclei in these cells.
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Figure 3. Mutation of Tyrosine -7 of KASH Disrupts SUN-KASH Interactions
(A-D) Anti-GFP immunolocalization (A and C) and DAPI staining (B and D) in pre-bean embryos around the time of hyp7 nuclear migration. Scale bar, 10 pm.
(E) Quantification of nuclear migration defects as in Figure 2. Error bars are 95% ClI.

(legend continued on next page)
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We used molecular dynamics simulations to examine the
extent to which the KASH(Y-7A) mutation might compromise
SUN-KASH interactions. We performed simulations of the
human SUN2 trimer bound to wild-type Nesprin-2 or
Nesprin-2(Y-7A) KASH peptides. Within 100 ns of simulation
time, the KASH(Y-7A) peptides partially detached from the
SUNB2 trimer (Figure 3F). We calculated the non-bonded interac-
tion energies between the KASH(Y-7A) peptide and P1 or P2
over the 100-ns simulation and compared it with wild-type (Fig-
ures 3G and 3H). Because the KASH domain of UNC-83 only
contains residues 0 to —17, we included the analogous 18 resi-
dues of the Nesprin-2 KASH peptide in our energy calculations.
The van der Waals (VdW) and electrostatic (ELEC) interactions
between the 17 residues of KASH(Y-7A) and P1 were signifi-
cantly reduced compared with wild-type (Figure 3G). Because
the KASH(Y-7A) peptide was partially released from P1, it at-
tempted to form new ELEC contacts with P2 during the simula-
tion time before it partially detached from P2 as well (hence the
two peaks in the density of ELEC energies of KASH(Y-7A) with
P2 in Figure 3H). Note that the KASH(Y-7A) peptide did not fully
detach from P1 or P2 during our simulation (Figures 3G and 3H),
which supports our in vivo data. We further examined SUN-
KASH crystal structures to identify the main interacting partners
of SUN2 for the tyrosine at —7 of KASH. The side chain of
tyrosine —7 reaches into the trimer and interacts with a highly
conserved motif of SUN2 (E552-S557) in P2 (Figure 3l). An
alanine at position —7 is not able to reach this motif. To verify
this, we computed the non-bonded interaction energies be-
tween the residue at position —7 and the E552-S557 motif in
P2. This interaction was completely lost with the KASH(Y-7A)
mutation (Figure 3J). Additionally, a hydrogen bond between
tyrosine —7 of KASH and the E552-S557 motif was lost in simu-
lations with the Y-7A mutation (Figure 3K). Thus, these simula-
tions support in vivo data that the tyrosine at —7 of KASH is
necessary to transfer forces across the nuclear envelope.

The Cysteine at -23 of the ANC-1 KASH Domain Is
Required for Nuclear Anchorage
Residues —15 to —23 of KASH peptides (purple in Figure 1) tra-
verse along the surface of P2 before they disengage from SUN
proteins and extend toward the outer nuclear membrane. This
interaction domain has been proposed to stabilize LINC com-
plexes and allow for maximal force to be transferred across
the nuclear envelope [35]. We hypothesized that mutating the
conserved cysteine at —23 of the KASH domain of ANC-1 would
disrupt nuclear anchorage in C. elegans.

Previous assays for nuclear anchorage defects were qualita-
tive and tended to overestimate anchorage defects [11, 36]. To

quantify nuclear anchorage, we expressed nuclear GFP in
adult syncytial hypodermal cells. In wild-type young adults, an
average of 2.4% + 1.3% (mean + 95% confidence interval [CI])
GFP-positive nuclei per lateral side of an animal were clustered
(Figures 4A and 4H). In contrast, an anc-1(e1873) null animal
had an average of 57.3% + 6.1% (p < 0.0001 in a t test) clustered
nuclei per lateral side (Figures 4B and 4H). Also, ANC-1 nuclei
appear smaller and misshapen. Surprisingly, this assay showed
that unc-84(n369) null animals have a much less severe nuclear
anchorage defect, with only 26.5% + 5.3% clustered nuclei per
lateral side (p < 0.0001 in a t test compared to wild-type or
anc-1(e1873)) (Figures 4C and 4H). This suggests that ANC-1
functions to anchor nuclei through at least two pathways—one
through UNC-84 and a second, KASH-independent pathway
that will require future investigation.

To test the contribution of the cysteine at —23 of the
ANC-1 KASH domain to nuclear anchorage, we edited the
conserved cysteine at —23 of the ANC-1 KASH domain and an
unconserved cysteine at —24 (Figure 1B) to alanines to make
anc-1(CC-23,-24AA). The double-cysteine mutant had a signifi-
cant nuclear anchorage defect of 11.3% + 6.0% clustered nuclei
(p < 0.0001 in a t test compared to wild-type) (Figures 4D and
4H). Thus, the cysteines near —23 of ANC-1 are necessary for
normal anchoring of nuclei.

The Cysteine at 953 of the SUN Domain of UNC-84 Is
Required for Nuclear Anchorage but Dispensable for
Nuclear Migration

Although ANC-1 has a full-length KASH domain with the
conserved cysteine at —23, UNC-83 lacks the third interaction
domain and connects from residue —18 directly to the trans-
membrane domain [7]. We therefore hypothesized that an
intermolecular disulfide bridge between SUN and KASH
would be dispensable for nuclear migration but needed for
nuclear anchorage. Genome editing was used to make unc-
84::9fp(C953A). We previously reported that the CRISPR/
Cas9-edited strain unc-84::gfp is functional (Figures 3E, 3H,
5B, and 5C) [37]. In two independent lines, UNC-84::GFP(C953A)
localized in a pattern indistinguishable from otherwise wild-type
UNC-84::GFP (Figures 5A and 5C), recruited UNC-83 to the
nuclear envelope (Figures 5B and 5D), and displayed nearly
normal levels of nuclear migration (Figure 5E). In contrast,
unc-84::gfp(C953A) mutant animals had significant nuclear
anchorage defects with 16.2% + 4.0% and 17.2% + 2.6% clus-
tered nuclei per lateral side of an adult (p < 0.0001 compared to
UNC-84::GFP for both t tests) (Figures 4F-4H). We conclude that
the conserved cysteine at 953 of UNC-84 is dispensable for
nuclear migration but required for normal nuclear anchorage.

(F-K) Modeling the effect of Y-7A on SUN-KASH interactions.

(F) Superimposed structures of wild-type (orange) and Y-7A (gray) after 100 ns of molecular dynamics simulation time. Only two of three SUN2 protomers are

shown (P1 and P2).

(G and H) Electrostatic (ELEC) and van der Waals (VdW) energies between KASH (residues 0 to —17) and the P1 (G) or P2 (H) SUN2 protomer for wild-type (WT)

(orange) and Y-7A (gray) (shown as densities over a 100-ns simulation time).

(I) Sequence and structure of a3 and the first few residues of the SUN domain showing that the major interacting partners of Y-7 on SUN P2 (E552-S557) are highly

conserved.

(J) ELEC and VdW energies between residue —7 and residues E552-S557 on SUN2 P2 for wild-type (orange) and Y-7A (gray) (shown as densities over a 100-ns

simulation time).

(K) Number of H bonds between residue —7 and residues E552-S557 on SUN2 P2 for wild-type (orange) and Y-7A (gray).
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Figure 4. Mutating Conserved Cysteines in UNC-84 or ANC-1 Disrupts Nuclear Anchorage

(A-G) Lateral views of L4 or young adult animals expressing GFP in hypodermal nuclei in the following genotypes: (A) wild-type; (B) anc-1(e1873); (C) unc-
84(n369); (D) anc-1(CC-23-24AA); (E) unc-84::gfp; (F) unc-84(C953A)::gfp line I; and (G) anc-1(F-7A). Scale bar, 25 pm.

(H) Quantification of nuclear anchorage defects assayed by counting the average number of hypodermal nuclei in clusters of two or more nuclei on one lateral side
of an animal. Error bars are 95% CI; ***p < 0.0001 in a t test when compared to wild-type; all sample sizes are >20 animals.

Cysteines 577 of Mouse SUN2 and -23 of Nesprin-2 Are
Required for Rearward Nuclear Positioning in Migrating
NIH 3T3 Fibroblasts

Our results in C. elegans are consistent with a role for a covalent
link between UNC-84 and ANC-1 in nuclear anchoring. We next
tested whether a similar role could be observed during mamma-
lian nuclear positioning. Actin-dependent rearward nuclear posi-
tioning in wounded monolayers of fibroblasts polarizing for
migration is an established assay for LINC complex-dependent
nuclear positioning [23, 38, 39]. Following serum starvation,
monolayers of NIH 3T3 fibroblasts are wounded and stimulated
with lysophosphatidic acid (LPA), which induces the movement
of nuclei away from the wound edge [24]. This process is medi-
ated by the retrograde flow of perinuclear actin cables, which
are coupled to the nuclear envelope via linear arrays of LINC
complexes [23, 40]. As previously shown, knockdown of either
SUN2 or Nesprin-2 blocked rearward nuclear movements and
centrosome orientation (Figure 6) [23]. The SUN2 and Nesprin-2
small interfering RNA (siRNA) defects were efficiently rescued by

2T or EGFP-mini-Nesprin-

transient expression of EGFP-SUN
2G"T, respectively (Figure 6) [23].

The siRNA rescue assays were used to test the importance of
the predicted disulfide bond between SUN2 and Nesprin-2G.
Mutating either conserved cysteine, in EGFP-SUN2°%77S or
EGFP—mini—Nesprin—2GC'235, blocked the rescue of centrosome
orientation (Figure 6B) and the rearward nuclear positioning
defects (Figure 6C) caused by the depletion of SUN2 or
Nesprin-2G, respectively. These results suggest that the
ability of SUN2 to form an intermolecular disulfide bond with
Nesprin-2G is critical for actin-mediated rearward nuclear posi-
tioning in migrating fibroblasts.

The Role of the Conserved Aromatic Residues at -7 of
KASH Domains in the Presence of the Disulfide Bond

We next tested the extent to which conserved aromatic residues
at —7 of KASH domains (Figure 1B) were required in the context
of a longer KASH domain predicted to form disulfide bonds with
SUN partners. Mutation of the phenylalanine at —7 in the ANC-1
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Figure 5. The Conserved Cysteine in UNC-84 Is Not Required for Nuclear Migration
(A-D) Anti-GFP (A and C) and anti-UNC-83 (B and D) immunolocalization in comma-stage embryos. Anterior is left; dorsal is up. Scale bar, 10 um.
(E) Quantification of nuclear migration defects as in Figure 2. Error bars are 95% ClI.

KASH domain did not cause a nuclear anchorage defect in adult
C. elegans hypodermal cells; an average of 4.3% + 1.2%
(mean = 95% CI) of hypodermal nuclei per lateral side of an
animal were clustered (Figures 4G and 4H), which is not signifi-
cantly different from the wild-type number of 2.4% + 1.3%
(p =0.058 in a t test compared to wild-type). Thus, the presence
of an intermolecular disulfide bond could at least partially
compensate for a mutation in the KASH —7 aromatic residue in
the UNC-84-ANC-1 interaction. In contrast, expression of an
EGFP-mini-nesprin-2G construct harboring a mutation of the
tyrosine at —7 in the KASH domain failed to rescue rearward
nuclear positioning in nesprin-2-depleted NIH 3T3 fibroblasts
during centrosome orientation (Figure 6). These results suggest
that the conserved aromatic residues at the —7 position of
KASH domains may be necessary for the transmission of forces
generated by the actin cytoskeleton to move nuclei, whereas
they are dispensable for resisting the forces experienced by
nuclei anchored to the actin cytoskeleton in moving C. elegans
animals. In agreement with this, our molecular dynamics results
showed that despite the detachment of residues 0 to —17 in the
KASH(Y-7A) mutation, the remaining residues (—18 to —23)
remained intact due to the presence of the intermolecular disul-
fide bond (Figure 3).

Modeling Force Transfer across LINC Complexes by
Molecular Dynamics

Our working model predicts that mechanical forces generated in
the cytoskeleton are transferred across the nuclear envelope
through LINC complexes and that disulfide bonds between
SUN and KASH domains are important for the transfer of forces.
We therefore modeled how SUN-KASH interactions would be
affected with and without the disulfide bond. We used molecular
dynamics to simulate constant-velocity pulling on the amino-ter-
minal residue of the KASH peptide of human Nesprin-2 attached
to SUN2 at a constant velocity of 0.05 m/s in wild-type (Figure 7A)
and the SUN2 (C563A) mutation (Figure 7B). Each simulation
was run three times. In a previous study, we applied tension on
KASH domains by exerting a constant force on each KASH pep-
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tide [35]. As opposed to constant-force simulations, in this study,
constant-velocity pulling was used and the changes in the
magnitude of forces that the complex was able to withstand
were extracted. In the SUN2 (C563A) mutation model, the
KASH peptide begins to detach from the SUN protomer under
virtually zero forces and both KASH peptides and the KASH
lids of SUN domains are stretched to accommodate the pulling
(Figures 7B and 7C). In contrast, the wild-type KASH peptide
remains closely associated with the SUN trimer throughout
the simulation, withstanding significantly higher forces, up to
250 pN (N =29,700; p < 0.0001, obtained from a two-sample Kol-
mogorov-Smirnov test) (Figure 7C). Instead, the pulling forces
are transferred past the SUN-KASH interaction and SUN domain
and are relieved by stretching the coiled-coil domains (formed
by 3) of SUN2 (Figures 7A, 7C, and 7D).

DISCUSSION

Interactions between conserved SUN and KASH domains
form the core of the nuclear envelope-spanning LINC complex
[3-5, 15, 41]. Here, we performed structural/functional analyses
of the three interaction interfaces between SUN and KASH pro-
teins. The C-terminal 4 residues of KASH proteins (0 to —3)
interact with a binding pocket in SUN protomer P1, residues
—4 to —14 interact with a cleft that is formed between the
“KASH lid” of P1 and the core of the adjacent P2 protomer,
and residues —15 to —23 interact with the surface of P2 [6].
We found that mutating any of the three interfaces disrupted
the formation of LINC complexes and/or reduced the transfer
of forces generated in the cytoplasm to the nucleoskeleton.
Our results uncovered potential regulatory mechanisms for the
formation and function of LINC complexes.

Mutational analysis of the two interfaces at the C terminus of
KASH domains (consisting of KASH residues 0 to —14) showed
they were necessary in vivo to move C. elegans hypodermal
nuclei. These results are supported by the previous findings
that the C-terminal 18 residues of the Nesprin-2 KASH domain
are sufficient for binding SUN2 in vitro [6] and that the extension
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Figure 6. SUN2 C577 and Nesprin-2G C-23 Are Required for Rearward Nuclear Positioning during Centrosome Orientation
(A) Representative epifluorescence images of centrosome orientation in NIH 3T3 fibroblasts treated with siRNA and expressing the indicated cDNA constructs
(arrowheads and bottom row of images). Asterisks, oriented centrosomes. Scale bar, 10 um. MTs, microtubules.

(B) Centrosome orientation in the cells described in (A).

(C) Average nuclear positions from the cells described in (B). The cell center is defined as “0.” Positive values are toward the leading edge, and negative values are

away.

Two-tailed t tests were used to calculate p values (*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant). Error bars are 95% CI.

of the C terminus of KASH prevents its ability to interact with
SUN2 in vitro [6, 33].

We also tested the extent to which the conserved aromatic
residue at position —7 of KASH proteins functions in LINC as-
sembly in our various experimental models and found significant
differences. In C. elegans hyp7 precursors, UNC-83(Y-7A) ex-
pressed at endogenous levels localized to the nuclear envelope,
but nuclear migration failed (Figures 3A-3E). These results sug-
gest UNC-83(Y-7A) can weakly interact with UNC-84 at a level
sufficient for localization to the nuclear envelope, but the interac-
tion is unable to sustain the forces transferred across the LINC
complex during nuclear migration. Our molecular dynamics sim-
ulations support this model. Without the tyrosine at position —7,
KASH was unable to reach into the cleft between the two SUN
protomers, resulting in the loss of several important interactions
between the KASH tyrosine and a conserved motif on SUN
(E552-S557 of SUN2; Figure 3). Likewise, the —7 tyrosine in
the mouse nesprin-2G KASH domain was required for rearward

nuclear migration and centrosome orientation in NIH 3T3
cells (Figure 6). In contrast, hypodermal syncytial nuclei were
anchored normally in anc-1(F-7A) mutant animals. Perhaps
the cysteine at —23 of KASH is sufficient to overcome the
ANC-1(F-7A) mutation for nuclear anchorage, but both
the —23 cysteine and the —7 tyrosine are required in NIH 3T3
cell rearward nuclear movements. Together, these findings sug-
gest that the forces transmitted by LINC complexes required to
move nuclei in polarizing fibroblasts may be greater than those
required to anchor C. elegans hypodermal nuclei.

The third KASH-SUN interaction interface (—15 to —23) may
solidify KASH-SUN complexes by forming an intermolecular
disulfide bond between highly conserved cysteine residues
in certain SUN and KASH pairs. Such a disulfide bond was
observed between transiently expressed SUN and KASH pro-
teins in Hela cells [6]. We propose a model where the regulation
of this third interface might enable a SUN protein homo-trimer to
switch between different KASH proteins. In C. elegans, the SUN
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Figure 7. Modeling Force Transfer across LINC Complexes

(A and B) Snapshots of the trajectory of wild-type (A) and C563A (B) SUN2-KASH2 complexes under constant-velocity pulling. Pink arrows represent the location
and direction of the applied constant velocity. Pink circles represent the fixed atoms.

(C) Forces on each KASH peptide required to displace the SUN-KASH complex at a constant velocity for wild-type (green) and C563A (blue) averaged over three
molecular dynamics simulation runs. Error bars are the range. Right: a density plot shows the forces on each KASH peptide at each time point throughout the

three simulations.

protein UNC-84 would first interact with the KASH protein UNC-
883, which lacks the conserved cysteine, to move hypodermal
nuclei. Then, UNC-84 would primarily interact with ANC-1 to an-
chor hypodermal nuclei. Because nuclear anchorage occurs over
longer timescales, it might be advantageous to stabilize the
UNC-84-ANC-1 interaction with a disulfide bond. The conserved
cysteines in SUN2 and nesprin-2 were also necessary for actin-
dependent rearward nuclear positioning during centrosome
orientation in NIH 3T3 fibroblasts. In this manner, the rearward
nuclear positioning in fibroblasts may be analogous to nuclear
anchorage in the C. elegans hypodermis, as both processes
use giant KASH proteins to tether nuclei to actin networks.

In further support of our proposed model for the role of an
intermolecular disulfide bond in LINC complex function, molec-
ular dynamics simulations suggested that the disulfide bond
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allows for maximal force transduction across the nuclear enve-
lope. In the absence of a disulfide bond, constant pulling rapidly
stretched KASH domains and the KASH lid of SUN domains.
Only ~50 pN of force was transferred across the interface
without the disulfide bond. In contrast, the presence of SUN-
KASH intermolecular disulfide bonds transferred the forces on
the KASH peptides directly to the coiled-coil trimerization
domain in the luminal parts of SUN proteins while maintaining
the stability of the SUN-KASH interface in our simulations. In
this case, forces could be transferred across the LINC complex
and ultimately to the nucleoskeleton and/or chromatin. These
findings suggest that higher forces and/or a more stable inter-
action may be required to anchor nuclei to actin networks
more permanently, versus the interactions to microtubules dur-
ing C. elegans nuclear migration that are only required for brief



times. It is likely that other nuclear movements or other roles of
LINC complexes in human development and disease will have
a similar mode of regulation.

If the cell regulates the formation and reduction of the pre-
dicted SUN-KASH intermolecular disulfide bond, an interesting
question is how it might do so. There are three protein disulfide
isomerases in C. elegans. However, these three genes are
understudied and their expression patterns could be develop-
mentally regulated. A second possibility is that pulling across a
disulfide bond could expose it to reduction [42]. Third, it has
been proposed that the AAA+ ATPase Torsin could regulate
the formation of LINC complexes [38, 43-45]. Future experi-
ments could distinguish between these and other possible regu-
latory mechanisms.

The KASH domains in C. elegans UNC-83 and mammalian
KASHS5 are well conserved but significantly shorter than those
in other KASH proteins. Nevertheless, both bind canonical
SUN proteins UNC-84 in C. elegans, or SUN1 and SUN2 in mam-
mals [7, 8, 15, 28]. UNC-83 and KASHS5 are transiently required
during development, whereas ANC-1 and the other Nesprins
tend to play longer-term roles. For example, UNC-83 is required
for a few specific nuclear migration events that take ~10-30 min
during C. elegans development [26, 27]. After migration, nuclei
remain anchored in place for days by way of the interaction of
ANC-1 with the actin cytoskeleton [14]. Similarly, KASH5 only
functions a short time during meiotic prophase | [28], whereas
other Nesprins function just before and after this narrow win-
dow [4]. These findings suggest that evolution has maintained
the disulfide bond in C. elegans and mammalian LINC com-
plexes that function long term and/or require maximal force
transduction but selected against the disulfide bond in LINC
complexes that function transiently. The disulfide bond and third
interaction domain may have been lost in KASH5 and UNC-83
after the divergence of nematodes, insects, and vertebrates,
as both canonical KASH proteins in Drosophila, Klarsicht and
MSP-300, have the conserved cysteine [5].

In summary, we have demonstrated here that all three interac-
tion interfaces between conserved SUN and KASH proteins
contribute to LINC complex function in nuclear positioning. Our
findings from C. elegans development, mammalian cultured fibro-
blasts, and molecular dynamics simulations have led to a more
complete mechanistic understanding of SUN-KASH interactions,
which form the core of LINC complexes. Because LINC
complexes are central to a multitude of cell and developmental
functions and have been implicated in multiple pathologies [4, 5,
15, 46, 47], our mechanistic findings are likely to be important for
understanding a variety of cell and developmental processes.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse monoclonal anti-UNC-84 [48] L72/6

mouse monoclonal anti-UNC-83 [27] 1209D7

rabbit polyclonal anti-GFP Novus Biologicals RRID:AB_10003058; NB600-308
mouse monoclonal anti-GFP Clontech RRID:AB_10013427; JL-8

rabbit polyclonal anti-pericentrin Covance RRID:AB_291635; PRB-432C

rat monoclonal anti-tyrosinated a-tubulin

AlexaFluor secondary antibody 488 donkey anti-rabbit
AlexaFluor secondary antibody 555 goat anti-mouse
AlexaFluor secondary antibody 594 donkey anti-mouse
Lipofectamine RNAIMAX

Fluoromount-G

European Collection of
Animal Cultures

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

YL1/2

Cat#A-21206
Cat#A-21422
Cat#R37115
Cat#13778075
Cat#00-4958-02

Bacterial and Virus Strains

E. coli OP50 Caenorhabditis Genetics N/A

Center
Chemicals, Peptides, and Recombinant Proteins
LPA Avanti Polar Lipids Cat#857130P
tetramisole Sigma-Aldrich Cat#L9756
Cas9 protein QB3 UC Berkeley N/A
Critical Commercial Assays
Lipofectamine RNAIMAX Thermo Fisher Cat#13778150
Q5 Site-directed mutagenesis kit New England Biolabs Cat#E0554

Experimental Models: Cell Lines

NIH 3T3 fibroblasts ATCC ATCC CRL-1658
Experimental Models: Organisms/Strains

C. elegans strain: wild type [49] N2

C. elegans strain: unc-84(n369) [11] MT369

C. elegans strain: unc-83(e1408) [27] CB1408

C. elegans strain: anc-1(e1873) [14] CB3440

C. elegans strain: unc-83(yc26[unc-83::gfp::kash + LoxP])V [34] uD473

C. elegans strain: unc-84(yc24[unc-84::gfp+LoxP])X [37] UD476

C. elegans strain: unc-19(ed3)l, yc28[unc-83::gfp::kash+A, this paper UD478
LoxP::unc-19(+)::LoxP]V.

C. elegans strain: unc-84(yc35[unc-84(C953A)::gfo + LoxP])X this paper UD497 & UD498
C. elegans strain: anc-1(yc48[kash(CC,-24,-23,AA)]);dpy-10 this paper UD558

C. elegans strain: unc-83(yc50[unc-83::gfp::kash(Y-7A) +LoxP])V this paper uD568

C. elegans strain: ycEx249[pcor.19::9f0::1aCZ, Pmyo-2::mCherry] this paper uD522

C. elegans strain: anc-1(yc56[F-7A]) I; ycEx249[pcor-19::9fp::lacZ, this paper uD584

Pmyo-2::mCherry]
Oligonucleotides
See Table S1 N/A N/A
Recombinant DNA

Per-3::Cas9 + Empty sgRNA

gift from Bob Goldstein [50]
unc-83::gfp::kash homologous repair template [34]

pDD162; Addgene plasmid # 47549
pSL718
pSL724

unc-83::gfp::kash+A homologous repair template this paper

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Cas9 sgRNA construct for unc-83 ctatgataattgtgtccac [34] pSL715
Cas9 sgRNA construct for unc-84 gttgtgtcaacaagatgct this study pSL771

Cas9-sgRNA vector

gift from Geraldine

AP568-2; Addgene plasmid # 70047

Seydoux [51]
promoterless gfp::lacZ::nls expression construct gift from Andrew Fire pPD96.04; Addgene plasmid #1502
Peor-19::9fp::lacZ::nls expression construct this paper pSL779
SUN2 siRNA rescuing construct [23] EGFP-SUN2"T
SUNZ2 siRNA rescuing construct with C577S this paper EGFP-SUN2C577S
Nesprin-2G siRNA rescuing construct [23] EGFP-mini-Nesprin-2"V"
Nesprin-2G siRNA rescuing construct with C-23S this paper EGFP»mini-Nesprin—2Gc’238

Pmyo-2::mCherry

gift from Erik Jorgensen

pCFJ90; Addgene plasmid # 19327

Software and Algorithms

NAMD with CHARMM27 Molecular dynamics [52] http://www.ks.uiuc.edu/Development/
Download/download.cgi?
PackageName=NAMD

Langevin’s piston and Hoover’s method [52] N/A

VMD [53] http://www.ks.uiuc.edu/Development/
Download/download.cgi?
PackageName=VMD

LAS X Life Science Leica https://www.leica-microsystems.com/
products/microscope-software/details/
product/leica-las-x-Is/

NIS-Elements software Nikon https://www.nikoninstruments.com/
Products/Software/NIS-Elements-
Confocal/NIS-Elements-Viewer

ImageJ NIH https://imagej.nih.gov/ij/

R The R Foundation https://www.r-project.org/

Excel Microsoft https://products.office.com/en-US/excel

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel A.
Starr (dastarr@ucdavis.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Caenorhabditis elegans were cultured on nematode growth medium plates spotted with OP50 bacteria and maintained at 15°C
or room temperature (approximately 22°C). N2 was used as the wild-type control strain [49]. Some strains were provided by the Cae-
norhabditis Genetics Center, funded by the National Institutes of Health Office of Research Infrastructure Programs (P40 OD010440).
Only healthy animals that were not used in previous procedures and were naive to testing were used. See the Key Resources Table
for strain list.

Low-passage NIH 3T3 fibroblasts (authenticated by ATCC and of unknown sex) were cultured in DMEM with 10% bovine calf
serum (Thermo Fischer). For polarization assays, cells were serum starved for 2 days, wounded and stimulated with 10 uM LPA
(Avanti Polar Lipids) [24, 54]. Cells were grown at 37°C in 5% COs,.

METHOD DETAILS

C. elegans CRISPR/Cas9 editing
Knock-in strains were constructed using CRISPR/Cas9-mediated genome editing [50, 55-57]. Some Cas9 targeting sequences were
cloned into pDD162 (pes-3::Cas9 + Empty sgRNA, a gift from Bob Goldstein, Addgene plasmid # 47549) [50], using Q5 site-directed
mutagenesis (New England Biolabs). For others, guideRNAs were synthesized and pre-complexed with purified Cas9 protein.
Targeting sequences for each strain are listed in Table S1.

unc-83::gfp::kash(+A) was generated using unc-19(ed3) rescue [34, 50]. An alanine codon was inserted before the stop
into pSL718 [34] using Q5 site-directed mutagenesis to create the homologous repair template pSL724, which was used with
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Cas9-sgRNA construct pSL715 and injection markers as reported [50] to make UD478: unc-19(ed3)l, yc28[unc-83::gfp::kash+A,
LoxP::unc-19(+)::LoxP]V.

The unc-84::gfp(C953A) mutation was introduced into unc-84::gfp (UD476) by CRISPR co-conversion with single stranded oligo-
deoxyribonucleotide repair templates containing unc-84(C953A) and dpy-10(cn64) [51, 56], using Cas9-sgRNA constructs pSL771
and AP568-2 (gift from Geraldine Seydoux, Addgene plasmid #70047) [51]. Two independent integrated lines were isolated and
analyzed UD497 and UC498: yc35[unc-84(C953A)::gfp + LoxP]X.

The anc-1(yc48), anc-1(yc56), and unc-83(yc50) mutations were made by directly injecting RNA/Cas9 complexes into C. elegans
gonads [56-58]. To make anc-1(yc48), 17.5 pM of pre-complexed Alt-R CRISPR anc-1 crRNA #1 (synthesized by Integrated
DNA technologies, see Table S1), tracrRNA (Integrated DNA Technologies), and Cas9 purified protein (QB3 Berkeley) were injected
with 6 M ssDNA repair templates (Integrated DNA Technologies, see Table S1). anc-1(yc48) mutates cysteine residues at —23
and —24 of the KASH domain to alanines to make ANC-1(CC-23-24AA) in strain UD558. To make unc-83(yc50) and anc-1(yc56),
4 ng crRNA against unc-83 or crBNA #2 against anc-1, 1.25 ng crRNA against dpy-10, 10 pg tracrBNA (Dharmacon), 25 pg of
Cas9 protein, 1.1 ug ssDNA repair template (See Table S1), and 0.15 pg ssDNA repair for dpy-10 in a total of 10 uL was injected
into young adult gonads [57]. unc-83(yc50) mutates the conserved tyrosine at residue 967 of UNC-83 to make UNC-83(Y-7A) in strain
UD568. anc-1(yc56) mutates the conserved phenylalanine at position —7 from the C terminus of ANC-1 to make ANC-1(F-7A).

A fluorescent marker to identify hypodermal nuclei in the adult animal was constructed by insertion of a 1 kb fragment upstream
of the col-19 gene [59] into pPD96.04 (gift from Andrew Fire, Addgene plasmid #1502) to create pco.-19::9fp::lacZ (pSL779). N2
animals were injected with pSL779 at 40 ng/ul, pBluescript SK+ at 50ng/ul, and pCFJ90 at 2 ng/ul to make strain UD522:
YCEX249[0cor-19::9f0::1aCZ, Pmyo-2::mCherry]. Transgenic animals were identified by red fluorescent pharynx in larval stages. Green
hypodermal nuclei were observed in transgenic animals beginning at the L4 molt. The marker was introduced into other strains by
crossing to UD522 transgenic males.

Nuclear migration and anchorage assays in C. elegans

Defects in hyp7 nuclear migration were quantified by counting the number of hyp7 nuclei found abnormally, using Nomarski optics, in
the dorsal cords of L1 or L2 hermaphrodites. We scored all the hyp7 nuclei abnormally in the dorsal cord between the second bulb of
the pharynx and the anus [12, 27]. Hyp7 nuclear clustering was assayed in adult animals expressing pco-19-:gfp::lacZ. Young adult
hermaphrodites were mounted on 2% agarose pads with 10 mM tetramisole in M9 buffer. Nuclei were counted 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 microscopy. 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. 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. Only one lateral side of each
animal was scored.

For both the nuclear migration and anchorage assays, C. elegans animals of the appropriate age were randomly selected at the
dissecting microscope for scoring using the compound microscope and all scorable animals on the slide were counted. Animals
were only scored if the entire animal was easily viewable. Although the genotypes were not blinded, animals from multiple plates
were included in the datasets. In one case, the unc-84::gfp(C953A) mutant, two independently generated lines were assayed.

NIH 3T3 fibroblast manipulations

siRNA experiments were performed using 50nM siRNA duplexes (Shanghai GenePharma), which were transfected using Lipofect-
amine RNAIMAX (Thermo Fisher). The noncoding, Nesprin-2G, and SUN2 siRNA sequences were previously validated and listed in
Table S1[23]. EGFP-SUN2°%77S was made by in vitro mutagenesis of EGFP-SUN2T [23]. EGFP-mini-Nesprin-2G°23S was similarly
generated from EGFP-mini-Nesprin-2"V" [23]. The primers used to generate these constructs are in Table S1. Purified plasmid
DNA was microinjected into NIH 3T3 cell nuclei at concentrations between 5 and 30 pg/mL [38]. Injections were performed on a
TS100 microscope (Nikon) equipped with a chrome-free infinity Apochromat long working distance apodized dark low 20A~/NA
0.4 objective (3-mm working distance) and a Narishige NT-88 B [27, 48].

Immunofluorescence

For C. elegans experiments: Anti-UNC-84 mouse monoclonal antibody L72/6 [48] was used at 1:100 dilution. Mouse monoclonal
anti-UNC-83 antibody 1209D7 [27] was used undiluted. Rabbit polyclonal anti-GFP antibody NB600-308 (Novus Biologicals) was
used at 1:500 dilution. AlexaFluor secondary antibodies 488 donkey anti-rabbit, 555 goat anti-mouse, and 594 donkey anti-mouse
(Thermo Fisher) were used at 1:500 dilution. Images were captured with a HCX Plan Apochromat 63, 1.40 NA objective on a
compound microscope (DM6000) with LAS X software. Images were uniformly enhanced using the background subtraction and
brightness/contrast commands in ImagedJ.

For experiments with NIH 3T3 cells: NIH 3T3 fibroblasts were cultured in DMEM with 10% bovine calf serum (Thermo Fischer Sci-
entific) on number 1.5 coverslips. Fibroblasts were serum starved for 2 d, wounded, and stimulated with 10 uM LPA for 2 hr before
being fixed in in —20° methanol for 10 min. The fixed cells were then stained as follows. Anti-EGFP mouse monoclonal antibody JL-8
(Clontech) was used at a 1:200 dilution, anti-percentrin rabbit polyclonal antibody PRB-432C (Covance) was used at 1:200 dilution.
Anti-tyrosinated a-tubulin rat monoclonal antibody YL1/2 (supernatant collected from hybridomas purchased from the European
Collection of Animal Cell Cultures, Salisbury, UK) was used at 1:50 dilution. Goat anti-mouse, -rabbit, and -rat secondary antibodies
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conjugated to AlexaFluor488, AlexaFluor555, AlexaFluor594, AlexaFluor650 (Thermo Fisher) were used at 1:200 dilution. Stained
cells were mounted on slides using Fluoromount (Thermo Fisher).

Images were obtained with a Nikon Eclipse Ni-E microscope driven by NIS-Elements software using a Nikon oil immersion
40A~/1.30 NA Plan Fluor Eco-Glass oil immersion objective lens (0.20-mm working distance), a Lumencor SOLA solid state
white-light excitation subsystem, and a Photometrics CoolSNAP ES2 12-bit 20-MHz digital monochrome charge-coupled device
camera. A custom DAPI filter for the SOLA light source was used, which consisted of an ET 395/25A~excitation filter and an ET
460/50-m emission filter purchased from Chroma Technology Corp (Bellows Falls, VT). EGFP (C-FL EGFP hard coat high signal
to noise Zero Shift; Nikon), Texas Red (C-FL Texas Red hard coat high signal to noise Zero Shift; Nikon), and Cy5 (C-FL CY5 hard
coat high signal to noise Zero Shift; Nikon) filter sets were also used.

To quantify centrosome orientation, a fibroblast is divided by drawing a “v” that begins and ends at the left- and rightmost wound-
edge, respectively. The middle of the “v” is defined by the center of the nucleus. The cell is scored as having an oriented centrosome
if the centrosome resides within the “v” between the nucleus and the wound-edge. Since the “v” occupies ~1/3 of the cell, ~33% of
wound-edge cells will have an oriented centrosome. Experiments were repeated at least 3 times.

To quantify nuclear positioning, fluorescence images of the stained cells described above were pseudocolored, combined and
aligned such that the wound-edge was parallel to the x axis using Imaged. Custom-made MATLAB software (MathWorks,
Natick, MA) was then used to calculate the cell centroid and equivalent radius of the wound-edge cells, which were outlined by
hand. Segmentation was used to identify the centroid of the nucleus and therefore the position of the organelle. A vector representing
the distance from the nuclear centroid to the cell centroid was drawn and resolved into x and y coordinates (parallel and perpendic-
ular to the leading edge, respectively). Measurements were normalized to cell size to allow for comparison between cells. Only the
y-coordinate was used in plots as the x-coordinate (position of the nuclear centroid or centrosome along the x axis) did not change
significantly. The difference between the cell centroid and the nucleus centroid or centrosome was then divided by the radius to
determine the percentage of the cell radius the nucleus traveled.

Regarding the wounded fibroblast monolayer assay for rearward nuclear positioning during centrosome orientation, at least three
independent biological replicates were performed and analyzed for each experiment. To compensate for the lack of blinding, five
images of at least eighty cells were collected from three different wounds and all of the scorable wound edge cells were analyzed
for the non-injected control experiments. For the injected experiments, all of the scorable EGFP-positive wound edge cells were
analyzed. Cells were deemed unscorable if they were not entirely visualized within the field of view of an image.

Molecular Dynamics

All molecular dynamics simulations were performed with NAMD using the CHARMM27 force field [52] and visualized using VMD soft-
ware [53]. The crystal structure used in these simulations was obtained from the protein data bank (PDB ID: 4DXS). Mutations were
introduced using the VMD mutator plugin. All modeled structures were then solvated in water and an ion concentration of 150 mM of
KCl and 50 uM of CaCl, was added to each system. Next, periodic boundary conditions were applied in all three directions and the
systems were minimized for 5000 steps and equilibrated for ~3ns at 1 atm and 310 K using Langevin’s piston and Hoover’s
method [52], For constant velocity pulling experiments, we attached a dummy atom to the position of the center of mass of the
amino-terminal residue of the KASH peptide (C-23) via a virtual spring and fixed the C-terminal residue of SUN2. We then measured
the forces between the dummy atom and C-23 using NAMD [52] as the dummy atom was moved at a constant velocity of 0.05 m/s.

QUANTIFICATION AND STATISTICAL ANALYSIS

The C. elegans nuclear migration and anchorage data in Figures 2, 3, 4, 5, and 6 are displayed as means with 95% Cl as error bars;
t tests were performed on indicated comparisons and the sample sizes were at least 20. For Figure 6 pertaining to the NIH 3T3
cells, sample sizes are indicated within the figure. Molecular dynamic simulations were performed in triplicate, plots were prepared
using R software. The mean and range of data are shown in Figure 7C. A two-sample Kolmogorov-Smirnov test was performed to
determine whether the observed difference in average forces obtained from molecular dynamics simulations is significantly lower in
C563A versus wild-type. This test was conducted using the ks.test function in R stats package.
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Table S1. Oligonucleotides used in this study. Related to STAR Methods.

oligonucleotides used for targeting Cas9 in C. elegans

Plasmid or RNA Target DNA or RNA target Strain Reference
pSL715 unc-83 ctatgataattgtgtccac ubD478 [34]
5’ of TM domain UNC-83+A
pSL771 unc-84 gttgtgtcaacaagatgct UD497, 498 This study
SUN domain UNC-84(C953A)
crRNA unc-83 ccgcauguaaccuaugugaa UD568 This study
KASH domain UNC-83(Y-7A)
crRNA anc-1 #1 cauugcgacgacgaguacug UD558 This study
KASH domain ANC-1(CC-AA)
crRNA anc-1 #2 caguacucgucgucgcaaug UD584 This study
KASH domain ANC-1(F-7A)
AP568-2 or dpy-10 gcuaccauaggcaccacgag co-CRISPR [54]
crRNA
oligonucleotides used CRISPR/CAS9 repair templates
Repair target ssODN Sequence Strain Reference
unc-84(yc35) gttgactatgccctggagagcetcaggtggagcetgttgtgtcgac uUD497, 498 This study
UNC-84(C953A) aagagcctcagagacgtacaaaagctacacaaggctggaa
unc-83(yc50) ctattatcacgtgttcggaaaaccatttggcccgcatgtcaccge uD568 This study
UNC-83(Y-7A) tgtcaatggaccaccaccggtttaactgaatcatcagtattctga
ttgaaatccc
anc-1(yc48) gcactgcttgttctacttatgggagccgcttgtttggttccacactg UD558 This study
ANC-1(CC-23-24AA)  tgatgatgaatatgctgctcaacttctcaataatttcgctaaaagtt
ttgacccttcgctagaattc
anc-1(yc56) gacgacaaagatcccgttggagacgggtactcagaactgcttt UD584 This study
ANC-1(F-7A) gccacttcaggtttgtttatattttttaatattaataactaatgtctctc
attttcaggcactgcttgttctacttatgggagccgcttgtttggttc
cacattgtgatgatgaatactgttgccaacttctcaataatttcgct
aaaagttttgacccttcgctagaagccgtaaacggceccgecac
cattttaatctttaattttttattttcattactattcactattgtttcattc
cacttgaacttcaatacggcaagatgagaatgactggaaacc co-CRISPR [52]

dpy-10(cn64)

gtaccgcatgcggtgcctatggtagcggagcttcacatggcttc
agaccaacagcctat
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siRNA sequences for tissue culture

siRNA target siRNA Sequence Reference
noncoding uucuccgaacgugucacgutt [23]
Nesprin-2G ccaucauccugcacuuucatt [23]
SUN2 gggucauucugcagccagatt [23]
primers for making mutations in siRNA rescue constructs
Rescue construct Sequence Reference
EGFP-SUN2°%%""® gaggagccagtgttatcagcacccgctcctctgagacttatg- This study
agaccaagacggcac
EGFP-SUN2°%""8 gtgccgtcttggtctcataagtctcagaggage- This study
gggtgctgataacactggctccte
EGFP-mini-Nesprin-ZGC'238 gactacagcagcacccaggc This study
EGFP-mini-Nesprin-2GC'23s gcctgggtgctgctgtagte This study
EGFP-mini-Nesprin-ZGY'7A ccaccaacgggccacct This study
EGFP-mini-Nesprin-ZGY'7A cccgcagcatggggtaga This study
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ABSTRACT The linker of the nucleoskeleton and cytoskeleton (LINC) complex is formed by
the conserved interactions between Sad-1 and UNC-84 (SUN) and Klarsicht, ANC-1, SYNE
homology (KASH) domain proteins, providing a physical coupling between the nucleoskele-
ton and cytoskeleton that mediates the transfer of physical forces across the nuclear enve-
lope. The LINC complex can perform distinct cellular functions by pairing various KASH do-
main proteins with the same SUN domain protein. For example, in Caenorhabditis elegans,
SUN protein UNC-84 binds to two KASH proteins UNC-83 and ANC-1 to mediate nuclear
migration and anchorage, respectively. In addition to distinct cytoplasmic domains, the lumi-
nal KASH domain also varies among KASH domain proteins of distinct functions. In this study,
we combined in vivo C. elegans genetics and in silico molecular dynamics simulations to un-
derstand the relation between the length and amino acid composition of the luminal KASH
domain, and the function of the SUN-KASH complex. We show that longer KASH domains
can withstand and transfer higher forces and interact with the membrane through a con-
served membrane proximal EEDY domain that is unique to longer KASH domains. In agree-
ment with our models, our in vivo results show that swapping the KASH domains of ANC-1
and UNC-83, or shortening the KASH domain of ANC-1, both result in a nuclear anchorage
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defect in C. elegans.

INTRODUCTION

The double-layered nuclear envelope acts as a physical barrier be-
tween the constituents of the nucleus and the cytoplasm. The linker
of the nucleoskeleton and cytoskeleton (LINC) complexes span this
physical barrier and regulate the physical connection between the
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interior of the nucleus and the cytoplasm during various cellular
functions. Through this physical connection, the LINC complex with-
stands and transfers mechanical forces across the nuclear envelope
(Lombardi et al., 2011; Cain et al., 2014; Arsenovic and Conway,
2018; Jahed and Mofrad, 2018, 2019). LINC complexes are com-
posed of Sad1/UNC-84 (SUN) proteins that are anchored to the in-
ner nuclear membrane (INM), and Klarsicht/ANC-1/SYNE homology
(KASH) proteins that are anchored to the outer nuclear membrane
(ONM). The large cytoplasmic domains of KASH proteins bind to
various elements of the cytoskeleton, whereas their 10-30 amino
acid KASH domains reside in the perinuclear space (PNS) where
they bind to SUN proteins (Figure 1). Several SUN-KASH pairs have
been identified to date and each performs distinct functions within
the cell (Padmakumar et al., 2005; Crisp et al., 2006; McGee et al.,
2006; Kim et al., 2015; Jahed et al., 2016).

Interestingly, different KASH domain proteins can independently
bind to the same SUN protein to mediate distinct cellular functions.

Molecular Biology of the Cell
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FIGURE 1: Structure of LINC complexes at the nuclear envelope. (A) Schematic representation of LINC complex: inner
nuclear membrane (INM) protein SUN, and outer nuclear membrane (ONM) protein KASH. (i) Structure of the human
SUN2-KASH2 hexamer and (ii) structure of the coiled-coil (CC1) region of mouse SUN2. (B) Model of SUN-KASH
interactions at the ONM. SUN1 or SUN2 in humans binds to Nesprin1, Nesprin2. In C. elegans, ANC-1 binds to
UNC-84. KASH5 (human), and UNC-83 (C. elegans) are shorter in the length of their KASH domains and also bind to
SUN1/2 and UUNC-84, respectively. (C) Sequences of transmembrane and KASH domains of longer KASH domains
(Nesrpin1-4 in humans and ANC-1 in C. elegans), as well as shorter KASH domains (KASH5 in humans and UNC-83,
KDP-1, and ZYG-12 in C. elegans). The transmembrane domains are highlighted; a conserved C-23 and EEDY motif
are highlighted on the sequences of KASH domains of longer lengths, namely, Nesprin1-3 and ANC-1.

For example, in mammals the SUN protein SUN1 can transiently as-
sociate with KASH protein KASH5 in the PNS, and with telomeres in
the nucleus to mediate microtubule-dependent meiotic chromo-
some movement (Horn et al., 2013b). On the other hand, SUN1 can
bind to Nesprin1 and Nesprin2 to mediate actin-dependent nuclear
movement (Padmakumar et al., 2005; Haque et al., 2006; Yu et al.,
2011; Nishioka et al., 2016). Similarly, in Caenorhabditis elegans
SUN protein UNC-84 transiently binds to KASH protein UNC-83 in
embryonic hypodermal cells to mediate microtubule-dependent
nuclear migration during development (Starr et al., 2001; McGee
et al., 2006; Fridolfsson et al., 2010; Bone et al., 2014). Later, the
same SUN protein UNC-84 independently binds to a different KASH
protein, ANC-1, to anchor nuclei in place for several days (Starr and
Han, 2002; Cain et al., 2018).

Crystal structure of the SUN-KASH complex

The crystal structure of the conserved regions of SUN2 in complex
with the KASH domain of Nesprin1/2 revealed a trimeric SUN do-
main that binds to three KASH peptides simultaneously (Figure 1;
PDB ID: 4DXS; Sosa et al., 2012, 2013). In this structure, residues 0
to =17 of each KASH peptide of Nesprin2 bind in a groove formed
by two neighboring promoters of the SUN trimer. This groove is
formed by an ~20 residue B-hairpin extending from the SUN domain
of protomer 1, known as the “KASH-lid,” and the B-sandwich core
of SUN protomer 2 (Figure 1; Sosa et al., 2012). After interactions
with this groove, membrane proximal regions consisting of residues
—18 to —-23 interact exclusively with protomer 2. The SUN-KASH
interaction is further enhanced by a disulfide bond formed between
cysteine =23 on KASH and conserved cysteine 563 on protomer 2 of
SUN2. The remaining membrane proximal residues of KASH
between -23 and the transmembrane domain (residues —24 to —30),
including a conserved EEDY motif are thought to not interact with
SUN.
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Despite being well conserved, the luminal domains of KASH5
and UNC-83 are much shorter than the luminal domains of mam-
malian Nesprins 1-4, C. elegans ANC-1 (Figure 1). Both UNC-83
and KASHS5 lack the membrane proximal interaction domain, includ-
ing the conserved cysteine at =23 (Figure 1), which is suggested to
form a disulfide bond with the SUN domain (Sosa et al., 2012; Jahed
et al., 2015; Cain et al., 2018). Interestingly, UNC-83 and KASH5
have relatively short-term roles in nuclear migration and meiotic
chromosome movements, respectively. Herein, we combined in
silico molecular dynamics (MD) simulations with in vivo C. elegans
genetics to explore the role of the KASH domain length in the
dynamics and function of LINC complexes. Specifically, we asked:
how does the SUN-KASH complex with a shorter KASH domain
withstand and transmit tensile forces compared with longer KASH
domains? Does swapping long and short KASH domains between
ANC-1 and UNC-83 disrupt nuclear positioning? What is the role of
the membrane proximal residues in the dynamics of the LINC
complex at the membrane? Our results show that the specific length
of the KASH domain is important for force transmission and LINC
function in vivo and in simulations. Our results also suggest that the
membrane proximal EEDY motifs of longer KASH domains may play
a role in anchoring the SUN-KASH complex to the ONM.

RESULTS

Longer KASH domains transfer higher forces

We previously developed a molecular model of the LINC complex
under tensile forces and showed that the presence of a conserved
cysteine residue at position —23 plays an important role in nuclear
positioning, and the transmission of maximal forces across the
complex (Jahed et al., 2015; Cain et al., 2018; Jahed and Mofrad,
2018). In this work, we set out to determine whether the length of
the KASH domain bound to SUN also affects nuclear positioning
and force transmission across LINC. To this end, we deleted

KASH domain length and LINC regulation | 2077
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FIGURE 2: Force transmission from KASH to SUN. (A) Representative images of the final
simulation frames of each SUN-KASH model after 60 ns of pulling. (B) Magnitude of forces
required to pull on KASH for 60 ns at 0.5 A/ns (i.e., total displacement of 30 A), average values
of force for three independent 60-ns simulation runs are shown at the top (averaged over time
and simulation run; error bars correspond to 1 SD), density plots are shown at the bottom;

*** P value < 2.2e-16). (C) Conformation of S2K2_0to-23_C-23A model before and after force
application showing the detachment of residues —18 to -23 and zoomed view of SUN2-KASH2
interaction showing residues 0 to —17 and residues —18 to —23. (D) Nonbonded interaction
energies between residues 0 and =17 and SUN trimer (top) or residues -18 to -23 (bottom) in
S2K2_0to-23_C-23A indicating the dispensability of residues —18 to -23 in the absence of C-23.
(E) Average RMSF of KASH peptides under force, where average RMSF values of each KASH
residue are also averaged over three independent simulation runs, and three KASH peptides of
the SUN2-KASH hexamer in each run. Error bars show the range of data over three runs and
three KASH peptides in each run. (F) Average RMSF of SUN under force where average RMSF
values of each SUN2 residue are also averaged over three independent simulation runs, and
three SUN2 protomers of the SUN2-KASH2 hexamer in each run. Error bars show the range of
data over three runs and three SUN2 protomers in each run.
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60 ns at 0.5 A/ns) were compared among
the three models (Figure 2A). Note that the
reported forces were averaged over the 60
ns simulation times as well as over three in-
dependent runs for each model where
forces were sampled at 2000 fs (Figure 2B).
These results suggest that the model with
the longest KASH domain, which contains
C-23, can withstand average forces that are
on average 97 pN higher than S2K2_0to-17
and 131 pNhigherthanS2K2_0to-23_C-23A
(p value < 2.2e-16; Figure 2B). Interestingly,
a short KASH domain, S2K2_0to-17,
endured significantly higher forces than the
longer KASH with a cysteine mutation,
S2K2_0to-23_C-23A (p value < 2.2e-16)
suggesting that in the absence of C-23, a
longer KASH domain would transmit forces
less efficiently than a 17-residue-long
KASH domain (Figure 2B). We therefore hy-
pothesized that in the absence of C-23,
residues —18 to —23 interfere with the sta-
bility of the SUN-KASH complex under
tensile forces. This could be a reason why
these residues were rapidly lost in KASH
peptides that lack C-23 (i.e., mammalian
KASHS and C. elegans UNC-83; see Figure
1C). To test this, we calculated the non-
bonded interaction energies between two
regions of the KASH peptide (region1: resi-
dues 0 to —17, or region2: residues —18 to
-23; Figure 2C), and the SUN2 trimer in the
S2K2_0Oto-23  and  S2K2_0to-23_C-23A
models. Our results show that the energies
of both regions are highly stable under
force in the S2K2_0to-23 model (Figure
2D). Additionally, the energy between re-
gionT and the SUN2 trimer is highly stable
under force in the S2K2_Oto-23_C-23A
model (Figure 2D). However, once C-23 is
mutated, region2 consisting of residues
-18 to -23 dissociates with the SUN2 tri-
mer under force, and the energies between
this region and the SUN2 trimer abruptly
reduces to zero (Figure 2, C and D). These
results suggest that KASH domains that
lack the cysteine residues at position —23,
can transmit higher forces if residues
between positions -18 and -23 are also
absent.

In our previous models of SUN2-KASH2
under tension, we had also shown that forces
applied on KASH are directly transmitted to

residues in the membrane proximal part of KASH domains (-18 to
-23) and obtained a model of SUN2 in complex with a shorter
length KASH2 peptide (S2K2_Oto-17). We then compared the
molecular mechanisms of force transmission across this model with
the previously developed models of SUN2-KASH2, namely,
S2K2_0to-23 and S2K2_0to-23_C-23A by applying forces at a con-
stant velocity of 0.5 A/ns to the membrane proximal end residue of
the KASH peptide in each model (Figure 2A). The forces required
to displace the KASH peptide by 30 A (equivalent to pulling for
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the coiled-coil regions of SUN2 formed by 03, in the S2K2_0to-23
model, but not in the S2K2_0to-23_C-23A. This was evident from the
average root-mean-square fluctuations (RMSF) of KASH (Figure 2E)
and SUN2 (Figure 2, E and F) in each model under tension. We com-
puted and compared the RMSF of SUN2 and KASH in the
S2K2_0to-17 model with the previous models all pulled for 60 ns
(30A displacement; Figure 2, E and F). As shown in Figure 2E, in the
S2K2_0to-23_C-23A model, the highest RMSF values are observed
in residues —23 to —17, indicating that forces on residue —23 result in
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FIGURE 3: Dynamics of KASH peptides at the outer nuclear membrane. (A) Molecular dynamics (MD) model of KASH
domain proteins anchored to the outer nuclear membrane (KASH2 and KASH5 are shown on the left and right,

respectively). Each structural model consists of the transmembrane domain of KASH2 embedded in the membrane, and
the luminal domain of the corresponding KASH domain protein (i.e., KASH2, ANC-1, KASH5, or UNC-83). The position
of the Cat atoms of the terminal residue on the cytoplasmic side is fixed (shown with a white circle). (B) Sequences used

for modeling the KASH domain proteins KASH2, ANC-1, KASHS, and UNC-83. All models consist of the same
transmembrane domain. (C) The trajectories of KASH2 (left) and KASH5 (right) over 200 ns MD simulation time.

(D) Average RMSF of KASH2, ANC-1, KASH5, and UNC-83 (a gap is shown between residue —17 or —20 and the TM
domain for KASH5 and UNC-83 to better compare the fluctuations of KASH domains). (E) Dynamic cross-correlation
heatmap between various regions of each model averaged over MD simulation time. Positive cross-correlations
represent fluctuations/displacements in the same direction, whereas negative cross-correlation values represent
fluctuations/displacements in the opposite direction. (i) Dynamical cross-correlation between the TM domains and
luminal domain residues immediately after the TM domain in KASH2 and ANC-1. (ii) Dynamical cross-correlation
between the TM domains and residues 0 to —17 in KASH2, ANC-1, KASH5, and UNC-83.

fluctuations in residues —23 to —17 of the KASH peptide in this model.
Similarly, the average RMSF values of residues of the KASH peptide
in the S2K2_0to-17 model indicate that forces on the end residue of
this KASH peptide (residue —17) result in fluctuations in all residues of
the KASH peptide. On the other hand, in the S2K2_0to-23 model,
the RMSF values of all KASH residues are very small compared with
the other two models indicating that forces on the end residue of
KASH do not result in fluctuations of the KASH peptide in this model.
Instead, in the S2K2_0to-23 model, forces on KASH result in fluctua-
tions in SUN, and most prominently in the .3 regions as shown in
Figure 2F. In the S2K2_0Oto-17, some forces are transferred to the
KASH-lids of SUN, resulting in higher RMSF values for these regions.
These results suggest that forces are most efficiently transmitted to
the CC regions of SUN in longer KASH peptides.

Conserved EEDY motif links SUN-KASH to the membrane

The results from our model of SUN2-KASH2 under force provided
insights into the mechanism of force transfer along the LINC com-
plex for various lengths of KASH peptides. In the next step, we
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asked whether the length of the KASH peptide would alter the dy-
namics of KASH at the membrane. To answer this question, we de-
veloped a model of luminal KASH domains of KASH2, ANCT,
KASH5, and UNC-83 using homology modeling. To model the an-
chorage of KASH domains to the outer nuclear membrane, we also
included a transmembrane (TM) domain in each model (Figure 3, A
and B). For all four KASH peptides, the TM domain was modeled
using the sequence of the TM domain of KASH2 (Figure 3B). All TM
domains were inserted into a lipid bilayer as shown in Figure 3A.
After relaxation and equilibration of the model (see Materials and
Methods for more details), the position of the Co. atoms of the ter-
minal residue on the cytoplasmic side of the TM domains of all four
models were fixed in position (Figure 3A). Finally, the dynamics of
the four models embedded in the membrane were monitored over
180 ns MD simulation times. Representative trajectories of the posi-
tions of KASH2 and KASH5 at the membrane are shown over the
180 ns simulation time in Figure 3C. To compare the dynamics of all
four models, we computed the average RMSF of all residues in
each KASH peptide (Figure 3D), as well as the average dynamical
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FIGURE 4: Interactions of KASH domains with the outer nuclear membrane. (A) Total nonbonded interaction energies
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over simulation time. The conserved EEDY motif in KASH2 and ANC-1 interacts with the membrane. (B) Schematic
representation of EEDY motif interacting with the outer nuclear membrane.

cross-correlation of residues over the simulation time (Figure 3E). To
better compare the fluctuations of similar residue positions in KASH
peptides of various lengths, the RMSF values shown in Figure 3D
were aligned based on sequence alignment of the residues as
shown in Figure 3B (hence the gap between positions =31 and =20
in KASH5, and =31 and =17 in UNC-83). For KASH2 and ANC-1, the
residues immediately after the TM domain (=31 to -23) exhibited
lower fluctuations compared with residues —23-0 and the RMSF in-
creased after residue -23 in these two models. The dynamical
cross-correlation analysis also revealed a strong positive correlation
between the fluctuations of end residues of the TM domain, and
the luminal residues immediately after the TM domain in KASH2
and ANC-1 (Figure 3Ei). On the other hand, the TM domain did not
show significant correlations with residues 0 to =17 in KASH2 or
ANC-1, but showed strong negative correlations between the same
regions in KASH5 and UNC-83 (Figure 3Eii). These results suggest
that the movement of the KASH peptide is correlated with the TM
domain distinctly in the four different KASH peptides. In ANC-1 and
KASH2, the residues immediately after the TM domain move in the
same direction as the TM domain, in other words their movements
are coupled with the movement of their TM domains, and the re-
maining luminal residues either move in the opposite direction
(residues —27 to —14 in KASH2) or show no significant correlation
with the TM domain (residues =14-0 in KASH2 and -23-0 in ANC-
1). In KASH5 and UNC-83, the KASH domain residues 0 to —-17
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move in the opposite direction as the TM domain. This is also evi-
dent from the trajectory of KASH5 shown in Figure 3C where the
luminal domain moved farther to the right as the TM domain moves
to the left over the simulation time.

We predicted that interactions with the lipid membrane may be
responsible for the reduced fluctuations in residues =31 to —23 in
KASH2 and ANC-1, so we calculated the nonbonded interaction
energies between each KASH peptide and the lipid membrane. The
total pairwise nonbonded interaction energies were calculated be-
tween each residue in the four KASH peptides and the lipid mem-
brane over simulation time as shown in Figure 4A. These results
show that in KASH2, an EEDY motif forms long-term nonbonded
interactions with the lipid membrane over the time of our simula-
tions. ANC-1 also has a similar DDEY motif at the same position,
which also interacts with the membrane (Figure 4, A and B). No such
domains are present in the KASH domains of KASH5 or UNC-83;
however, a lysine residue at position —15 (K-15) in UNC-83 also
formed strong nonbonded interactions with the lipid membrane.
The results obtained from our MD simulations suggest that the con-
served EEDY in longer KASH domains may alter the dynamics of the
KASH domain by binding to the lipid membrane.

Swapping KASH domains disrupts LINC function in vivo

Our simulations (Figure 2, A and B) predict that shorter KASH pro-
teins can transmit more forces across LINC complexes than longer
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FIGURE 5: Nuclear migration defects in KASH-swap alleles in C. elegans. (A-C) Lateral view of L1 animals in a
background expressing hypodermal nuclear GFP. (A’-C’) Corresponding DIC images of the same animals. (A) unc-
83(yc55[anc-1kash]); strain UD597. (B) unc-84(yc35[C953A]); strain UD605. (C) unc-83(yc55[anc-Tkash]) unc-
84(yc35[C953A]); strain UD604. Arrowheads mark nuclei that are abnormally in the dorsal cord, representing failed
migrations. Scale bar, 10 pm. (D) Quantification of nuclear migration defects. Each point represents the number of nuclei
in the dorsal cord of a single animal. Means with 95% Cl error bars are shown.

KASH domains with mutant cysteines at -23. We set out to test
this prediction in the context of a live, developing organism where
nuclear positioning is easily followed—the hypodermis of C. ele-
gans (Starr and Han, 2002; Fridolfsson et al., 2010). We investi-
gated how changing the lengths of the UNC-83 or ANC-1 KASH
domains affected their in vivo function in C. elegans developing
hypodermal cells using our established nuclear migration and
nuclear anchorage assays (Bone et al.,, 2014; Cain et al., 2018;
Fridolfsson et al., 2018). We first used our nuclear migration assay
to test the ability of different KASH peptides to mediate nuclear
movements in embryonic hyp7 precursors. We hypothesized that
longer KASH domains with a cysteine at —23 would form a stable
interaction with SUN proteins and mediate nuclear migration nor-
mally. Unexpectedly, replacing the shorter KASH domain in unc-
83 with the longer KASH from anc-1 to make unc-83 (anc-1KASH),
caused a significant nuclear migration defect with 8.4 £ 0.9 (mean
+ 95% CI) nuclei in the dorsal cord (Figure 5, A and D). This
unc-83(anc-T1KASH) nuclear migration defect was intermediate,
significantly less severe than unc-84 or unc-83 null animals (Starr
et al., 2001; Bone et al., 2014) but significantly more defective
than wild type (Figure 5D; P < 0.0001). Our simulations indicated
that LINC complexes with longer KASH domains including a
cysteine at =23 are able to transmit more force than shorter KASH
domains, but our in vivo experiments showed that the longer
KASH domain with a -23 cysteine somehow interferes with nuclear
migration in embryonic hyp7 precursors. Thus, the longer ANC-1
KASH domain might inhibit the migratory function of UNC-
83(ANC-1 KASH) by forming overly stabilized SUN-KASH interac-
tions containing a disulfide bond between UNC-83(ANC-1KASH)
and UNC-84.

We then tested the extent to which removing the possibility of
a disulfide bond between UNC-83 and UNC-84 might affect nu-
clear migration. We previously showed that mutating of the con-
served cysteine in the SUN domain of UNC-84 in unc-84(C953A)
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mutants had no effect on nuclear migration in the presence of the
shorter, wild-type KASH domain of UNC-83 (Cain et al., 2018).
We engineered a LINC complex with a long KASH domain but a
mutation in the cysteine in the SUN domain so that no disulfide
bond could form. unc-84(C963A); unc-83(anc-1KASH) double
mutants had a completely penetrant nuclear migration defect
(Figure 5, C and D). Thus, consistent with our simulations (Figure
2), in the absence of a disulfide bond between SUN and KASH in
vivo, a short KASH domain appears more functional than a long
one.

After nuclei move using the KASH protein UNC-83, they anchor
in place using the giant KASH protein ANC-1 (Starr and Han, 2002).
We tested the hypothesis that the longer KASH domain of ANC-1 is
required for efficient nuclear anchorage. We replaced the long
KASH domain of endogenous ANC-1 with the shorter UNC-83
KASH domain to make anc-1(unc-83KASH) mutant animals. We ob-
served a significant nuclear anchorage defect with 11.5 £ 2.0 (mean
+ 95% Cl) percent of nuclei clustered in anc-1(unc-83KASH) animals
compared with 2.4 + 1.3 percent of nuclei clustered in wild type (P=
0.0005 in a one-way analysis of variance with multiple comparisons;
Figure 6, A, C, and E). However, the anc-1(unc-83KASH) nuclear
anchorage defect was not as severe as the unc-84(null) with 26.4 £
5.3 percent clustered nuclei (P < 0.0001; Figure 6, B, C, and E),
supporting our simulations that a short KASH is at least partially
functional. Alternatively, we deleted 11 residues from —28 to —18 of
the endogenous ANC-1 KASH domain to make anc-1(AD-N) mutant
animals, which had 15.0 £ 2.2 percent nuclei clustered (Figure 6, D
and E). Thus, both anc-1(AD-N) and anc-1(unc-83KASH) had similar
defects (P = 0.40), suggesting that either short KASH domain is par-
tially functional to anchor nuclei.

In conclusion, our in vivo data are consistent with a model that a
short KASH domain can transmit forces more efficiently than a long
KASH without a disulfide bond. However, it is important to note that
comparing the function of short KASH domains to long KASH

KASH domain length and LINC regulation | 2081



wild type

LOn
¢
anc-1(unc-83KASH)
T 60 I
@ 60
2
3
S 401
2
[*]
: *
52 204
- =
0"_* T T T
3 3 2 N\ N
¢ N N & N
'\\5\* AT 9T ¢ R &
A o ¢ ) ¢ ¢
LA &
N &
“ o
& N

Nuclear anchorage defects in KASH-swap alleles in C. elegans. (A-D) Lateral views
of young adult C. elegans are shown. Hypodermal nuclei are marked with nuclear GFP from
ycEx249 in the following genetic backgrounds: (A) wild type; strain UD522. (B) unc-84(n369);
strain UD532. (C) unc-83(yc55[anc-Tkash]); strain UD582. (D) anc-1(yc60[AD-N]); strain UD589.
Scale bar, 10 pm. (E) Quantification of nuclear anchorage defects. Each point represents the
percentage of clustered nuclei in one side of a single animal. Means with 95% Cl error bars are

shown.

domains stabilized by disulfide bonds to SUN proteins is more dif-
ficult to interpret, because other factors may be involved in vivo that
are missing in our simulations.

Transfer of forces beyond the SUN domain

We showed that for long KASH peptides, forces on the terminal resi-
due of the KASH domain were transferred to the trimeric CC do-
mains of SUN (Figure 2). We next asked how tensile forces are fur-
ther transmitted across the trimeric CC domains of SUN. Using the
solved crystal structure of CC1 of SUN2, we applied tensile forces
on the C-terminal residue of each of its three protomers, namely, P1,
P2 and P3, while fixing their N-terminal residues (Figure 7A). To
determine the dynamics of CC1 under force, we compared the per-
residue RMSF values of P1, P2, and P3 in force and no force condi-
tions (Figure 7B). We expected the forces applied at the C-terminus
to be further transferred to the N-terminus of CC1. Indeed, the
highest fluctuations were observed at the two terminal residues of
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each protomer when forces were applied,
indicating that some of the forces at the C-
terminus are directly transferred to the N-
terminus. Surprisingly, the RMSF values of
residues at the central core of each pro-
tomer of CC1 were significantly lower under
force as compared with a no force condition
(Figure 7B), indicating that the fluctuations
in these regions are reduced when CC1 is
under tensile forces (Figure 7B). Next, to ob-
tain further insights into the dynamics of
CC1 under force and to determine how the
fluctuations of various residues across pro-
tomers are coupled, we also calculated the
dynamical cross-correlations between resi-
dues on P1, P2, and P3 in our simulations
(Figure 7, C and D). Our results show that
the residues at the central core of CC1 ex-
hibit strong positive correlations (i.e., move
together in the same direction). On the
other hand, the C-terminal residues on
which forces are applied show strong nega-
tive correlations with the residues at the
central core of CC1 (Figure 7, C and D). Spe-
cifically, the C-terminal residue of each pro-
tomer correlates negatively with the central
residues of itself, as well the other two pro-
tomers (P2 and P3; Figure 7D), indicating
that these regions move in opposite direc-
tions during our simulations. These results
suggest that cytoskeletal forces may be
translated to the residues at the central core
of CC1, resulting in some conformational
changes in these regions.

anc-1(AD-N)

DISCUSSION

There is direct evidence that the LINC
complex is subject to tension at the nu-
clear envelope, and that the transmission
of forces across the LINC complex is es-
sential for several cellular functions (Grady
et al., 2005; Bone et al., 2014; Arsenovic
etal., 2016; Arsenovic and Conway, 2018).
Various KASH proteins pair with SUN pro-
teins to mediate distinct functions of the
cell (Jahed et al., 2016, 2018). In addition to their distinct cyto-
plasmic domains, the transluminal domains of KASH proteins
which bind to SUN proteins are also different in length. Specifi-
cally, shorter KASH proteins lack a conserved membrane proxi-
mal domain that is responsible for additional interactions with
SUN proteins (Figure 1). Our results suggest that the lack of this
membrane proximal domain reduces the amount of force that
the SUN-KASH complex can withstand. Furthermore, our MD
simulations show that an EEDY motif, conserved in the mem-
brane proximal domain of long KASH domains including Ne-
sprin1-3 and ANC1, can interact with the lipid membrane
(Figures 1 and 4). The interaction of KASH with the lipid
membrane could provide additional anchorage points, which
would potentially provide even higher LINC stability under force.
In agreement with these findings, we found that the membrane
proximal domain of ANC-1 is required for nuclear anchorage in
C. elegans and a shorter KASH domain is only partially functional
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FIGURE 7: Force transmission across the CC domain of SUN2. (A) Model of CC1 of SUN2 under force. Three protomers
in the SUN2 CC1 trimer (P1, P2, and P3) were pulled at a constant velocity in the direction shown with a pink arrow.
Forces were applied to the C-terminal residue of each protomer while the Co. residues of the N-terminal residues were
fixed (shown with pink circles). (B) RMSF of CC1 protomers (P1, P2, and P3) under force, compared with a no force
control. Average values are shown for three independent simulation runs, and error bars show data spread. Regions
where the RMSF is different between the two conditions are indicated on the plot and mapped onto the structure on
the left. (C, D) Dynamic cross-correlation between various regions of each model under force, averaged over MD
simulation time. Positive cross-correlations (red) represent fluctuations/displacements in the same direction, whereas
negative cross-correlation values (blue) represent fluctuations/displacements in the opposite direction. The residues that
are positively correlated with a correlation value between 0.6 and 1 are connected with red lines and residues that are
negatively cross-correlated with a correlation value between —0.6 and -1 are connected with blue lines in C, while

corresponding residues are represented with red and blue boxes in D.

to anchor nuclei. Although our results suggest that this mem-
brane proximal EEDY domain is important for the function of lon-
ger KASH proteins, it is important to note that in mammals, Ne-
sprind lacks this membrane proximal EEDY motif (Figure 1).
Nesprin4 is known to be important for microtubule-dependent
nuclear positioning (Roux et al., 2009; Horn et al., 2013a). How-
ever, compared with Nesprin1 and Nesprin2, the dynamics of
Nesprin4 are poorly understood and the implications of missing
the EEDY motif between the cysteine and the transmembrane
helix are unclear and require further investigations.

Why would different LINC-dependent processes require KASH
domains of various lengths? There are several differences between
the various processes mediated by different SUN-KASH pairs. One
major difference is the time scale of the SUN-KASH interaction,
which is only a few minutes for KASH5 during meiosis prophase |,
and UNC-83 during nuclear migration in development. On the
other hand, Nesprin2 and ANC-1 are required for their respective
functions for up to several days. Therefore, one explanation is that
the additional interactions between the membrane proximal do-
mains of longer KASH domains, with SUN or the lipid membrane,
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facilitates the more long-term functions of the LINC complexes that
employ KASH proteins with longer KASH domains. Unexpectedly,
we also found that the longer KASH domain of ANC-1 can signifi-
cantly inhibit the migratory function of UNC-83 (Figure 5, A and D),
which suggests that the addition of a membrane proximal domain
to short KASH proteins can also inhibit their function. These results
further confirm that the specific length of the KASH domain is im-
portant for specific LINC complex functions. An undesirable forma-
tion of disulfide bonds between SUN and the membrane proximal
domain of longer KASH, or potential interactions of the EEDY motif
of the membrane proximal domain of KASH with the membrane
may be the mechanism by which longer KASH domains inhibit
functions that require shorter KASH domains, but this would re-
quire further testing. In this work, we discuss the differences in the
luminal KASH domains in the regulation of LINC complexes. How-
ever, the differences between SUN proteins are also important to
note. Although the KASH binding sites of SUN1 and SUN2 are
highly conserved (Lei et al., 2009; Hennen et al., 2017, 2018;
Jahed et al., 2018), there are several structural differences in these
proteins that could lead to distinct functions of SUN1 and SUN2
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(Jahed et al., 2018; Xu et al., 2018). The pairing of KASH domains
with distinct SUN domains could further diversify the functions and
regulations of LINC complexes and would be intriguing to investi-
gate further.

It is important to note that there are also several other important
differences between the functions of ANC-1 and UNC-83 in nuclear
anchorage and migration. For example, ANC-1 anchors the LINC
complex to the actin cytoskeleton during nuclear anchorage,
whereas UNC-83 is linked to microtubules through motor proteins.
Therefore, the magnitude and direction of forces generated during
these two distinct processes may also vary and may explain the
higher force tolerance of longer KASH proteins for their respective
functions.

Finally, our MD results imply that forces are more efficiently trans-
mitted from KASH to the CC regions of SUN in longer KASH do-
mains (Figure 2). Our simulations show that forces on the CC region
of SUN can induce conformational changes in the CC domains
(Figure 7). Interestingly, studies have shown that the CC domain of
SUNZ2 is not a stable trimeric coiled coil in solution, due to structural
defects such as hydrophilic residues in its interhelical packing core
(Nie et al., 2016). Our simulations suggest that tensile forces on the
LINC complex may induce conformational changes in the interheli-
cal packing core of the CC domains, and hence, the conformation
of these regions is likely different under force than that observed in
solution.

In summary, we show that the presence or absence of a mem-
brane proximal domain in KASH proteins plays an important role in
the specific functions of LINC under force.

MATERIALS AND METHODS

Model of SUN2-KASH2 complex

We downloaded the solved structure of the human SUN2 trimer in
complex with three KASH peptides of human Nesprin2 from the
Protein Data Bank (PDB ID: 4DXS; Sosa et al., 2012) and visualized
using visual molecular dynamics (VMD) software (Humphrey et al.,
1996). The KASH peptides in this solved structure were 23 resi-
dues long and this modeled structure was accordingly labeled as
S2K2_0to-23 in the text. A structural model for a shorter KASH
(S2K2_0to-17) in complex with SUN2 was developed by residue
deletion in VMD software (Humphrey et al., 1996). The model for
KASH in complexwith cysteine mutant SUN2 (S2K2_0to-23_C-23A)
was also developed as before using the mutator tool in VMD
(Jahed et al., 2015; Cain et al., 2018). To apply tensile forces on
the SUN-KASH complex we attached a dummy atom to the
position of the center of mass of the N-terminal residue of the
respective KASH peptide at position -23 for S2K2_0to-23 and
S2K2_0to-23_C-23A, or position =17 for S2K2_0to-17, via a virtual
spring. The position of the C-terminal residue of SUN2 was also
fixed in all models. We then measured the forces between the
dummy atom and C-23 using NAno-scale Molecular Dynamics
(NAMD; Phillips et al., 2005) as the dummy atom was moved at a
constant velocity of 0.05 m/s. A moving window average was ap-
plied to the force data using the filter function in R with convolu-
tion. All plots were prepared using R software.

Model of KASH in the membrane

Peptides of various lengths were modeled using the Phyre2 Protein
Fold Recognition Server in Intensive mode (Kelley et al., 2015). The
sequence of the transmembrane domain of Nesprin2 was used for
all models, which preceded the KASH domains of KASH2, ANC-1,
KASHS, and UNC-83 (sequences are shown in Figure 3B). The trans-
membrane domain was predicted as an alpha helix for all models
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and all KASH domains were predicted to be disordered as ex-
pected. The modeled KASH peptides were anchored to a diacyl-
glycerol and phospholipid membrane (POPC), which was modeled
using the VMD membrane plug-in. To remove any overlap between
the modeled disordered KASH domains and the lipids, we first fixed
all residues of the alpha helical transmembrane domains of all mod-
els and applied a constant velocity to the end residue of each KASH
peptide at a constant velocity of 0.05 m/s. The alpha helical trans-
membrane domains of all four KASH peptides were then inserted
perpendicular to the lipid membrane and overlapping lipids were
removed. The system was then solvated and ionized and all waters
in the membrane region were deleted. Because we assembled the
system manually, several minimization and equilibration steps were
taken before the final simulations presented in the Results section.
First, we performed a simulation in which we fixed all atoms in the
system except lipid tails to obtain a fluid-like lipid bilayer (Humphrey
etal., 1996; Phillips et al., 2005). Second, we performed a minimiza-
tion and equilibration step in which harmonics constraints were ap-
plied to the four KASH proteins permitting lipids, water, and ions to
adapt to the shape of the proteins. Third, the constraints on the
proteins were removed and the full system was equilibrated for
60 ns. The average RMSD values of each KASH protein were moni-
tored during equilibration and plateaued in the 60-ns simulation
times. In the final simulations, the end residues of the transmem-
brane domains were fixed in place to resemble the immobile large
cytoplasmic domains of KASH proteins, and simulations were con-
ducted for 180 ns.

MD simulations

MD simulations were performed using NAMD scalable MD with the
CHARMM force field (Phillips et al., 2005). Periodic boundary condi-
tions were applied in all three directions. To calculate long-range
electrostatic interactions during MD simulations with periodic
boundary conditions, particle mesh Ewald (PME) was used with a
1-A maximum space between grid points. Simulations were per-
formed at a constant temperature of 310 K and a constant pressure
of 1 atm using the Langevin piston method and Hoover's method
during minimization and equilibration.

Trajectory analyses

Dynamical residue cross-correlation heatmaps and atomic RMSF
over MD trajectories were evaluated using the rmsf() function in the
R Bio3D package (Grant et al., 2006). Total nonbonded interaction
energies (electrostatic and van der Waals) were calculated using
VMD and NAMD energy with the cutoff for nonbonded interactions
setto 12 A, and using a switching function with a switching distance
of 10 A (Phillips et al., 2005). All plots were generated using the
plot() or heatmap.2() functions of the R gplot package.

C. elegans strains and CRISPR/Cas9 editing

C. elegans were cultured on nematode growth medium plates
spotted with OP50 bacteria (Stiernagle, 2006). Strains used are
listed in Table 1. Some strains were provided by the Caenorhabditis
Genetics Center, funded by the National Institutes of Health Office
of Research Infrastructure Programs (P40 OD010440). Knock-in
strains were constructed by CRISPR/Cas? genome editing using
the dpy-10 co-CRSPR technique (Arribere et al., 2014; Paix et al.,
2016). The anc-1(yc54[unc-83kash]), unc-83(yc55[unc-83::gfp::anc-
Tkash]), and anc-1(yc60[AD-N]) alleles were generated by injecting
CRISPR guide RNAs (crRNAs; Table 2; synthesized by IDT or Dhar-
macon) precomplexed with purified Cas9 protein (UC Berkeley
QB3) and universal tracrRNA (IDT or Dharmacon) along with repair
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Strain

Genotype

Reference

N2 Wild type

Brenner, 1974

UD399  unc-84(n369) X; ycls10[pcor-1onls::gfp::lacZ] Bone et al., 2014
UD473  unc-83(yc26[unc-83::gfp::kash+LoxP])V Bone et al., 2016
UD522  ycEx249lpcor19nls::gfp::lacZ, pmyo-2mCherry] Cain et al., 2018
UD532  unc-84(n369) X; ycEx249[pcor19nls::gfp::lacZ, pmyo.omCherry] Cain et al., 2018
UD538  anc-1(e1873) I; ycEx249[pcop.19nls::gfp::lacZ, pmyo.omCherry] Cain et al., 2018
UD582  unc-83(yc55[unc-83::gfp::anc-Tkash+LoxP])\V; ycEx249[pcoy.19nls::gfp::lacZ, pmyo.omCherry] This study
UD588  anc-1(yc54[unc-83kash])l; ycEx249[pcol.19nls::gfp::lacZ, pmyo,szherry] This study
UD589  anc-1(yc60[AD-N])I; ycEx249[pcop19nls::gfp::lacZ, pmyo-2mCherry] This study
UD594  anc-1(yc54[unc-83kash])l; unc-83(yc55[unc-83::gfp::anc-Tkash+LoxP))V; ycEx249[pcor-19nls::gfp::lacZ, This study
Pmyo-ZmCherry]
UD597  unc-83(yc55[unc-83::gfp::anc-Tkash+LoxP])V; ycls10[pcol.10nls::gfp::lacZ] This study
UD605  unc-84(yc35[unc-84::(C953A)::gfp])X; ycls10[pcor-10nls::gfp::lacZ] This study
UD604  unc-83(yc55[unc-83::gfp::anc-Tkash+LoxP])V unc-84(yc35[unc-84::(C953A)::gfp])X; This study
ycls10[peor-1onls::gfp::lacZ]
UD603  unc-83(yc26[unc-83::gfp::kash];ycl9[Peo.1onls::gfp::lacZ] This study
TABLE 1: C. elegans strains in this study.
Gene Starting New
target crRNA sequence DNA repair template sequence strain strain  Reference
anc-1 acuuaugggagcc- caggtttgtttatattttttaatattaataactaatgtctctcattttcaggcactgctt- N2 UD580  This study
gcuuguu gttctcctcatgggagctgcectgccttgttttcggaaaaccatttggtccgcatgta-
acctatgtgaatggaccaccaccggtttaatctttaattttttattttcattactattcac-
tattgtttcattcatcatgaacctgcccccatacatcccagttg
unc-83 ccgcauguaaccuau- ctggcagcgctcgcagegattttctattatcacgtgccacattgcgacgacgag- ub473 UD581  This study
gugaa tactgttgccaacttctcaataatttcgctaaaagttttgacccttcgctagaattcgta-
aacgggccaccaccattttaactgaatcatcagtattctgattgaaatecc
anc-1 caguacucgucgucg- caggcactgcttgttctacttatgggagcecgcettgtttggttccacactgttttge- N2 UD592  This study
caaug taagagttttgacccttcgctagaattcgtaaacgggcecaccaccattttaatc
dpy-10 gcuaccauaggcac- cacttgaacttcaatacggcaagatgagaatgactggaaaccgtaccgcatgcggt-  Co-CRISPR Arribere
cacgag gcctatggtagcggagcttcacatggcettcagaccaacagectat etal., 2014

TABLE 2: crRNA and repair templates used in this study.

templates as single-strand DNA oligonucleotide (ssODN) or dou-
ble-strand DNA (dsDNA; Table 2; IDT or Dharmacon) into C. ele-
gans gonads (Paix et al., 2015, 2016). crRNA and repair templates
against dpy-10 were coinjected to identify animals where the Cas9
was active (Arribere et al., 2014; Paix et al., 2016). Edited animals
were identified by PCR and restriction digests. The edited strains
were backcrossed to UD522 (Cain et al., 2018) to lose dpy-10 muta-
tions and introduce ycEx249[po.19nls::gfp::lacZ, pyyo-2mCherry] to
mark hypodermal nuclei with GFP.

Nuclear migration and anchorage assays in C. elegans

Nuclear migration in embryonic hyp7 precursors was quantified by
counting nuclei abnormally localized in the dorsal cord of L1 larvae
as previously described (Starr et al., 2001; Bone et al., 2014). Hyp7
nuclear anchorage was assayed in adult animals expressing nuclear
GFP from ycEx249[pcop19nls::gfp::lacZ, pmyo-omCherry]; nuclei were
scored as clustered if one nucleus contacted another along the
longitudinal axis of the worm (Cain et al. 2018). Contacts between
nuclei on the perpendicular axis were not counted, as the marker
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could not distinguish seam cell nuclei in proximity to hyp7 nuclei
from clusters of hyp7 nuclei. Only nuclei situated between the phar-
ynx and the anus were counted. Only one lateral side of each animal
was scored.
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The Nesprin-1/-2 ortholog ANC-1
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elegans independently from its KASH or
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Abstract KASH proteins in the outer nuclear membrane comprise the cytoplasmic half of linker
of nucleoskeleton and cytoskeleton (LINC) complexes that connect nuclei to the cytoskeleton.
Caenorhabditis elegans ANC-1, an ortholog of Nesprin-1/2, contains actin-binding and KASH
domains at opposite ends of a long spectrin-like region. Deletion of either the KASH or calponin
homology (CH) domains does not completely disrupt nuclear positioning, suggesting neither KASH
nor CH domains are essential. Deletions in the spectrin-like region of ANC-1 led to significant
defects, but only recapitulated the null phenotype in combination with mutations in the
transmembrane (TM) span. In anc-1 mutants, the endoplasmic reticulum ER, mitochondria, and lipid
droplets were unanchored, moving throughout the cytoplasm. The data presented here support a
cytoplasmic integrity model where ANC-1 localizes to the ER membrane and extends into the
cytoplasm to position nuclei, ER, mitochondria, and other organelles in place.

Introduction

Cellular organization is an essential process. Organelles are interconnected and mostly constrained
to specific subcellular locations when they are not actively transported longer distances by cytoskele-
tal motor proteins (van Bergeijk et al., 2016). For example, nuclear positioning is essential for a
wide variety of cellular and developmental processes, including fertilization, cell division, cell polari-
zation, gametogenesis, central-nervous system development, and skeletal muscle function
(Bone and Starr, 2016; Gundersen and Worman, 2013). Defects in nuclear positioning are associ-
ated with multiple neuromuscular diseases (Calvi and Burke, 2015; Folker and Baylies, 2013;
Gundersen and Worman, 2013). Furthermore, the Golgi apparatus and centrosomes are often
found next to the nucleus, while the ER and mitochondria are usually spread throughout the cell
(van Bergeijk et al., 2016). The cellular tensegrity model posits that organelles are physically cou-
pled to the cytoskeleton, plasma membrane, and extracellular matrix so that the cell acts as a single
mechanical unit (Jaalouk and Lammerding, 2009; Wang et al., 2009). The mechanisms that main-
tain cellular tensegrity and how it relates to organelle positioning are poorly understood, especially
in vivo.

Nuclei are connected to the rest of the cell by LINC (linker of nucleoskeleton and cytoskeleton)
complexes. SUN (Sad-1/UNC-84) proteins integral to the inner nuclear membrane and KASH (Klar-
sicht, ANC-1, and SYNE homology) proteins that span the outer nuclear membrane interact with
each other in the perinuclear space to form LINC complexes. The cytoplasmic domains of KASH pro-
teins interact with various components of the cytoskeleton (Luxton and Starr, 2014), while the
nucleoplasmic domains of SUN proteins interact with lamins. Thus, LINC complexes bridge the

Hao et al. eLife 2021;10:e61069. DOI: https://doi.org/10.7554/eLife.61069 1 of 30

45



e Llfe Research article

Cell Biology

nuclear envelope and mechanically couple the nucleoskeleton to the cytoskeleton (Chang et al.,
2015; Lee and Burke, 2018, Starr and Fridolfsson, 2010). LINC complex inhibition reduces the
stiffness and increases the deformability of the entire cytoplasm in mammalian tissue culture cells,
even far from the nuclear envelope and beyond the predicted reach of LINC complexes (Gill et al.,
2019; Stewart-Hutchinson et al., 2008). Whether LINC complexes maintain the mechanical proper-
ties of the cytoplasm in vivo is relatively unexplored.

Here, we investigate the role of LINC complexes with giant KASH proteins in organelle position-
ing in Caenorhabditis elegans. Most of the hypodermis of an adult C. elegans consists of a giant syn-
cytium, the hyp7, containing 139 evenly-spaced nuclei that are anchored in place (Altun and Hall,
2009). Furthermore, C. elegans have invariant developmental lineages, are optically clear, and are
easily genetically manipulated, making the hyp7 an ideal in vivo model to study organelle position-
ing. A LINC complex made of the KASH protein ANC-1 and the SUN protein UNC-84 is responsible
for nuclear anchorage in C. elegans (Starr, 2019). UNC-84 is a canonical SUN protein that is ortholo-
gous to mammalian SUN1 and SUN2 and is the only known SUN protein in postembryonic somatic
tissues in C. elegans with a nucleoplasmic domain that interacts directly with the lamin protein LMN-
1 (Bone et al., 2014). ANC-1 is an exceptionally large protein of up to 8545 residues with two tan-
dem calponin homology (CH) domains at its N terminus and a KASH domain at its C terminus
(Starr and Han, 2002). ANC-1 orthologs Drosophila MSP-300 and mammalian Nesprin-1 Giant (G)
and -2G have similar domain arrangements (Starr and Fridolfsson, 2010). Unlike MSP-300, Nesprin-
1G, and -2G, which each contains greater than 50 spectrin-like repeats, ANC-1 consists of six tan-
dem repeats (RPs) of 903 residues that are almost 100% conserved with each other at the nucleotide
level (Liem, 2016; Rajgor and Shanahan, 2013; Starr and Han, 2002; Zhang et al., 2001). While
spectrin-like repeats have not been identified in the ANC-1 RPs, most of ANC-1 is predicted to be
highly helical, like spectrin (Starr and Han, 2002). The CH domains of ANC-1 interact with actin fila-
ments in vitro and co-localize with actin structures in vivo, while the KASH domain of ANC-1 requires
UNC-84 for its localization to the outer nuclear membrane (Starr and Han, 2002). UNC-84 is
thought to interact with lamins to connect LINC to the nucleoskeleton while ANC-1 extends away
from the outer nuclear membrane into the cytoplasm to tether nuclei to actin filaments (Starr and
Han, 2002).

Evidence from multiple systems suggests that giant KASH orthologs might not solely function as
nuclear tethers. We have observed that hyp7 syncytia in anc-1 null animals display a stronger nuclear
positioning defect than unc-84 null animals (Cain et al., 2018; Jahed et al., 2019) and mitochondria
are unanchored in anc-1, but not in unc-84 mutants (Starr and Han, 2002). These results suggest
that ANC-1 has LINC complex-independent roles for anchoring nuclei and mitochondria. Likewise,
mitochondria and the ER are mispositioned in Drosophila msp-300 mutant muscles (Elhanany-
Tamir et al., 2012). Finally, it remains to be determined if the CH domains of ANC-1 are necessary
for nuclear anchorage. Mouse Nesprin-1 and -2 have isoforms lacking CH domains (Duong et al.,
2014; Holt et al., 2016) and Nesprin-1 CH domains are dispensable for nuclear positioning during
mouse skeletal muscle development (Stroud et al., 2017).

To address these ambiguities, we use ANC-1 to examine how giant KASH proteins position nuclei
and other organelles. We find that for nuclear anchorage, the ANC-1 KASH domain plays a relatively
minor role, and the CH domains are dispensable. Rather, multiple large cytoplasmic domains and
the C-terminal transmembrane (TM) span of ANC-1 are required for nuclear anchorage. Moreover,
in anc-1 null mutants, the entire cytoplasm is disorganized, and the ER is unanchored and moves
freely throughout the cytoplasm. Together, our results support a model in which ANC-1 associates
with ER membranes to regulate the mechanical properties of the cytoplasm, thereby anchoring
nuclei, mitochondria, ER, and other organelles.

Results

ANC-1 promotes proper nuclear anchorage through a LINC complex-
independent mechanism

Loss-of-function mutations in anc-1 disrupt the even spacing of hyp7 syncytial nuclei (Cain et al.,
2018; Starr and Han, 2002). We use the number of nuclei in contact with each other as a metric for
hyp7 nuclear anchorage defects (Cain et al., 2018; Fridolfsson et al., 2018). In wild type
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(WT) animals, very few hyp7 nuclei were touching. In contrast, over 50% of hyp7 nuclei were clus-
tered with at least one other nucleus in anc-1(e1873) null mutants. Significantly fewer hyp7 nuclei
were unanchored in unc-84(n369) null mutants (Figure 1C). This trend was also observed in adult
syncytial seam cells (Figure 1—figure supplement 1). Throughout this manuscript, we call nuclear
anchorage defects that are statistically similar to anc-1 null mutants as severe, defects statistically
similar to unc-84 null mutants but still significantly worse than wild type as mild, and defects statisti-
cally between anc-1 and unc-84 null mutants as intermediate.

The greater severity of the nuclear anchorage defect in anc-1 null mutants compared to unc-84
suggests that ANC-1 plays additional roles in nuclear positioning independently of its SUN partner
UNC-84. We used CRISPR/Cas9 gene editing to delete the luminal peptides of the ANC-1 KASH
domain (Figure 1D). We predicted the anc-1(AKASH) mutants would abrogate the interaction
between ANC-1 and UNC-84 and phenocopy unc-84(null) animals. Two independent anc-1(AKASH)
mutants exhibited mild nuclear anchorage defects similar to those observed in unc-84(null) mutants
(Figure 1B-C). Together, these results suggest that the SUN/KASH interaction only partially contrib-
utes to nuclear anchorage, implicating the large cytoplasmic domain of ANC-1 as the major player in
nuclear positioning.

The ANC-1 N-terminal CH domains are not required for hyp7 nuclear
positioning

We next deleted the CH domains at the N terminus of the largest isoforms of ANC-1, which are pre-
dicted to interact with actin, and replaced them with GFP using CRISPR/Cas9 gene editing. Hyp7
nuclei did not cluster in anc-1(ACH) mutants (Figure 2B). Thus, the CH domains of ANC-1 are not
required for hyp7 nuclear anchorage.

Nesprin-1 and -2 have multiple splice isoforms, many of which are missing the CH domains
(Rajgor et al., 2012; Stroud et al., 2017). We hypothesized a shorter anc-1 isoform lacking the CH
domains would be sufficient for nuclear anchorage. RNAseq and expressed sequence tag data pub-
lished on WormBase (Harris et al., 2020) suggest that anc-1 has at least three isoforms (Figure 2A).
We tested whether a shorter isoform lacking CH domains, anc-1b, is sufficient for hyp7 nuclear
anchorage. RNAI constructs targeting the 5’ exons specific to the anc-1a/c long isoforms did not
cause nuclear anchorage defects (Figure 2A-B). However, RNAI targeting a repetitive region in all
three predicted isoforms caused severe nuclear anchorage defects (Figure 2A-B). We also analyzed
four nonsense mutations. Alleles that are predicted to disrupt the longer anc-1a/c isoforms but not
the shorter anc-1b isoform, anc-1(W427*), and anc-1(W621*) were normal for nuclear anchorage. In
contrast, both anc-1(Q1603*) and anc-1(Q2878*) alleles, which are predicted to add premature stop
codons to all three predicted isoforms, led to severe nuclear anchorage defects (Figure 2A-B).
These results suggest that the shorter anc-1b isoform lacking the CH domains is sufficient for nuclear
anchorage.

We next tested whether anc-1b is expressed in hyp7. First, 5' RACE (Rapid amplification of cDNA
ends) was used to identify the start of the anc-1b predicted transcript (Figure 2C). The RACE prod-
uct contained an SL1 sequence at its 5’ end, suggesting this represents the end of a bona fide tran-
script (Figure 2D). To test if the anc-1b isoform is expressed in hyp7, we fused the anc-1b promoter
and ATG to an nls::gfp::lacZ reporter and expressed it in transgenic animals. The anc-1b promoter
drove GFP expression in hyp7 (Figure 2E, yellow arrows). Taken together, these results suggest the
conserved CH domains are not necessary for hyp7 nuclear anchorage and the anc-1b isoform
expressed in the hypodermis plays a major role in hyp7 nuclear anchorage.

Spectrin-like domains of ANC-1b are required for nuclear anchorage
We predicted that the six tandem repeats (RPs) of ANC-1 function analogously to the spectrin-like
domains of Nesprin-1 and -2. We modeled the structure of pieces of the ANC-1 RPs using the pro-
tein-folding prediction software QUARK (Xu and Zhang, 2012; Xu and Zhang, 2013) and found
that they are predicted to form helical bundles remarkably similar to the structure of spectrin
(Figure 3A,D; Grum et al., 1999), suggesting the tandem repeats are analogous to spectrin-like
domains.

We next tested the necessity of the ANC-1 spectrin-like repeats and the neighboring cytoplasmic
domains for nuclear anchorage by making in-frame deletions of portions of anc-1 using CRISPR/
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Figure 1. ANC-1 has a linker of nucleoskeleton and cytoskeleton (LINC) complex-independent role in anchoring nuclei. (A) Model of the LINC complex.
Trimers of the SUN protein UNC-84 (purple and blue) and the KASH protein ANC-1 (red, green, and pink, only one of the trimers is shown) form the
LINC complex, which spans the outer nuclear membrane (ONM) and inner nuclear membrane (INM). (B) Lateral views of adult C. elegans expressing
hypodermal nuclear GFP in wild type (WT) or indicated mutants. Scale bar, 10 um. (C) Quantification of nuclear anchorage defects. Each point

Figure 1 continued on next page
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represents the percentage of touching nuclei on one side of a young adult animal. Means with 95% Cl error bars are shown. ANOVA and Tukey's
multiple comparisons tests were used for statistical analysis; ns means not significant, p>0.05; ***p<0.001. n > 20 for each strain. (D) Sequences of the
transmembrane (TM) domain and the luminal domain of ANC-1 showing the deletions analyzed.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Nuclear anchorage defects in seam cell syncytia.

Cas9-mediated gene editing. The N-terminal fragment 1 (F1) contains 1969 residues of ANC-1b
from the start codon to the start of the RPs and fragment 2 (F2) contains the 277 residues between
the RPs and the C-terminal transmembrane span (Figure 3A). The deletion of the F1 domain or all
six RPs caused intermediate nuclear anchorage defects (Figure 3B-C). ANC-1b with only one of the
normal six repeats had an intermediate nuclear anchorage defect that was significantly greater than
in wild type but not as severe as the anc-1(A6RPS) mutant (Figure 3C). In contrast, the anc-1(AF2)
mutant had no nuclear anchorage defect (Figure 3C). Since the anc-1(A6RPS) and anc-1(AF1) defects
were less severe than anc-1 null alleles, we made double mutants with unc-84(n369) to see if muta-
tions in the cytoplasmic portions of ANC-1 were synergistic with mutations in the KASH domain.
Both anc-1(AF1); unc-84(n369) and anc-1(A6RPS); unc-84(n369) double mutants significantly
enhanced the nuclear anchorage defects of the single mutations (Figure 3C). However, the hyp7
nuclear anchorage defects in anc-1(AF1); unc-84(n369) and anc-1(A6RPS);, unc-84(n369) double
mutants were still less severe than anc-1(e1873) null mutants, suggesting that multiple parts of ANC-
1b mediate proper hyp7 nuclear positioning (Figure 3C). Together, these results indicate that (1) F1
and the RPs play roles in nuclear anchorage, (2) multiple repeats are necessary for normal function,
and (3) the F2 region is dispensable for hyp7 nuclear positioning.

The ER is unanchored in anc-1 mutants

In addition to nuclear positioning, ANC-1 functions in mitochondria distribution and morphology in
the hypodermis and muscle cells (Hedgecock and Thomson, 1982; Starr and Han, 2002). We there-
fore asked if ANC-1 also anchors other organelles. We characterized the ER in live hyp7 syncytia of
anc-1 and unc-84 mutants using a single-copy GFP::KDEL marker (pwSi83; gift of Barth Grant). In
wild type, the ER formed a network evenly distributed throughout hyp7 (Figure 4A). We used blind
scoring to classify single images of each animal’s ER as normal (evenly distributed in what appeared
to be sheets), mild defects (lots of sheet-like structures, but occasionally not uniformly spread
throughout the syncytium), strong defects (considerable mispositioning and clustering of ER, but still
in large units), or severe defects (complete mispositioning and extensive fragmenting of the ER) (Fig-
ure 4 and Figure 4—figure supplement 1). About a third of wild type adults had normally distrib-
uted ER, while the rest had mild ER positioning defects, perhaps due to the pressure on the worm
from the coverslip (Figure 4A-B). However, ER networks in anc-1 null mutants were severely dis-
rupted and often fragmented (Figure 4A-B). We also observed the dynamics of the ER in live ani-
mals. In wild type animals, the hypodermal ER was anchored as an interconnected network and
exhibited limited motion while the animal crawled (Figure 4C,E-F, Video 1). However, in anc-1 null
mutants, ER fragments drifted apart and often formed large aggregates, suggesting that the anchor-
age of the ER network was disrupted (Figure 4D-F, Video 2). To quantify this phenotype, we mea-
sured the change in distance between distinct points over time. In wild type, the average distance
change between parts of the ER was less than 1 um per second, whereas in anc-1 mutants, the aver-
age change in distance more than doubled (Figure 4E), suggesting that the ER had lost its overall
interconnectivity and that fragments were unanchored from the rest of the ER.

We next examined whether UNC-84 is required for ER positioning. Still images of unc-84(n369)
null mutants scored blindly were similar to wild type ER (Figure 4A-B). However, in some videos of
unc-84(n369) mutants, there were slight changes in the organization of the ER over time (Video 3),
suggesting that unc-84 null mutants had a minor ER positioning defect. Most anc-1(A29KASH)
mutants had mild defects in ER positioning, and only about a quarter had more severe defects, sig-
nificantly less than anc-1(e1873) null mutants. In contrast, more than 80% of anc-1(A6RPS) animals
had strong or severe ER positioning defects, similar to anc-1 null mutants (Figure 4A-B). These
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Figure 2. anc-1b is the major isoform in hyp7 nuclear anchorage. (A) Schematic gene structure of anc-1a, b, and ¢
isoforms (modified from the J-Brower in Wormbase). Domains are color-coded. CH = calponin homology;

F1 = fragment one from the ATG of ANC-1b to the beginning of the repeats; RPs = the six exact repeats of about
900 residues each; F2 = fragment two from the end of the repeats to the transmembrane (TM) span; WT = wild
type; and KASH = Klarsicht, ANC-1, Syne homology, in this case referring to the residues in the lumen of the
nuclear envelope. The target regions of RNAI constructs are labeled. Premature stop mutations are indicated
using the numbering the anc-1a isoform. (B) Quantification of nuclear anchorage defects in anc-1 mutant and RNAi
animals. Means with 95% Cl are shown in the graph. ANOVA and Tukey's multiple comparisons tests were used
for statistical analysis. ns, not significant, p>0.05; ***p<0.001. n > 20 for each strain. (C) An agarose gel showing
Figure 2 continued on next page
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Figure 2 continued

the 5'-RACE products on the right lane. (D) Partial sequence of the 5'-RACE product. An SL1 sequence (orange)
adjacent to the 5’ end of the anc-1b transcript was identified. The predicted start codon is in light green. (E)
Lateral view of a worm showing the expression of nls::GFP driven by anc-1b promoter. Yellow arrows mark hyp7
nuclei; the red arrows mark seam cell nuclei; and the bright, unmarked nuclei are in muscle cells. Scale bar, 10 pm.

results indicated that ANC-1 is essential for ER positioning through mostly LINC complex-indepen-
dent mechanisms.

ANC-1 localizes to ER membranes

Since ANC-1 functions, in part, independently of LINC complexes at the nuclear envelope and
because ANC-1 regulates ER positioning, we hypothesized that ANC-1 localizes to multiple mem-
branes, including those away from the nuclear envelope. To study the localization of ANC-1, we
tagged endogenous ANC-1 with GFP using CRISPR/Cas9 gene editing. The tag was placed either at
the N-terminus of ANC-1b, or between the six tandem RPs and the F2 region to see if the opposite
ends of ANC-1 localize to different structures (Figure 5A). Both strains were nearly wild type for
hyp7 nuclear positioning (Figure 5B). Both GFP:ANC-1b and ANC-1::GFP::F2 localized in similar
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Figure 3. Cytoplasmic domain deletion analysis of ANC-1b. (A) Schematics of the ANC-1b cytoplasmic domain
deletions. (B) Lateral views are shown of young adult C. elegans expressing hypodermal nuclear GFP in the
indicated genotypes. Scale bar, 10 um. (C) Quantification of nuclear anchorage in the wild type (WT) as well as
anc-Tb domain deletion mutants. Each point represents the percentage of touching nuclei on one side of a young
adult animal. Means with 95% Cl error bars are shown. ANOVA and Tukey's multiple comparisons tests were used
for statistical analysis. *p<0.05; **p<0.01; ***p<0.001. n > 20 for each strain. The data in the first three columns,
WT, anc-1(e1873), and unc-84(n369) are duplicated from Figure 1C and copied here for easy reference. (D)
QUARK result for three fragments in the tandem repeats (RPs). The positions of the fragments are indicated in 3A.
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Figure 4. The ER is mispositioned in anc-1 mutants. (A) Representative images of the hyp7 ER labeled with the
GFP::KDEL marker in the young adult animals. (B) Scoring of the ER positioning defects. ER images of the listed
strains were mixed and randomized for blind analysis by multiple researchers. n > 11 for each strain. (C-D) Time-
lapse images of hyp7 GFP:KDEL marker (C) over 9 s in wild type (WT) or (D) over 3.2 s in anc-1 null. Arrowheads
show two fragments of ER that changed their relative distance from one another over a short period of time. (E-F)
To quantify ER displacement, three spots on each WT and anc-1(e1873) movie were tracked. The average change
in distance between two points in 200 ms intervals is plotted in (E). The trajectories of the relative movements of
each spot apart from the others are shown in (F). Eight movies of each strain were analyzed. Scale bar, 10 um for
all the images.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure 4 continued on next page
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Figure 4 continued

Figure supplement 1. Raw data for ER morphology assays.

patterns throughout the cytoplasm of adult hyp7 syncytia (Figure 5C-D). To examine the localization
of the ANC-1b isoform alone, we introduced a premature stop codon mutation to disrupt the longer
anc-Ta and c isoforms in the GFP::ANC-1b strain, which did not significantly change GFP::ANC-1b
localization (Figure 5E). These data are consistent with our model that anc-1b plays the major role in
hyp7 nuclear positioning.

We next examined whether the cytoplasmic domains of ANC-1b are required for localization.
Deletion of the F1 domain did not dramatically change localization of GFP:ANC-1b (Figure 5F).
However, deletion of the six tandem repeats enriched GFP::ANC-1b around the nuclear envelope
(Figure 5G), as did the deletion of five of the six repeats (Figure 5H). However, the intensity of the
six repeat deletion mutant is significantly less than wild type GFP::ANC-1b (Figure 5—figure supple-
ment 1), making it possible that the phenotype is due to less ANC-1 being present. Yet, the deletion
mutant is significantly enriched at the nuclear envelope (Figure 5—figure supplement 1B-C), sup-
porting the hypothesis that the defect is due to a loss of ANC-1 repeats at the general ER. The
nuclear envelope enrichment of GFP::ANC-1b(A5RPs) was not observed when unc-84 was mutated
(Figure 5I), suggesting the nuclear envelope enrichment of GFP::ANC-1b is UNC-84-dependent.

The ANC-1 localization pattern in Figure 6 is consistent with a model where ANC-1 localizes to
ER membranes. In this model, a construct containing the transmembrane span near the C-terminus
of ANC-1 but lacking the C-terminal, luminal part of the KASH domain would be sufficient for ER
localization. Deletion of both the transmembrane span and the luminal parts of KASH with CRISPR/
Cas9 resulted in a significantly worse nuclear anchorage defect than deleting only the luminal KASH
domain (Figure 6B). Similarly, ER positioning defects were worse in anc-1(ATK) than in anc-1
(A25KASH) animals (Figure 6C). We next examined the role of the neck region, which is located
immediately adjacent to the cytoplasmic side of the transmembrane span. When GFP was knocked-
in between the neck region and the transmembrane span to make anc-1(yc36[anc-1::gfp3Xflag::
kash]), it caused a significant nuclear anchorage defect (Figure 6A-B). Moreover, extending the
deletion in anc-1(AF2), which had no hyp7 nuclear anchorage defect (Figure 3C), an additional nine
residues to remove the neck, caused a significant
nuclear anchorage defect (Figure 6A-B). This
suggests that the neck region next to the trans-
membrane span of ANC-1 plays a role in nuclear [EUSHEUSEUUAVYS
positioning, perhaps by targeting the C-terminus
of ANC-1 to a membrane.

As shown above, a double mutant that lacks
both the ANC-1 repeat region and LINC complex
function in the form of an unc-84(null) had an
intermediate defect (Figure 3B). This suggests
that a third domain of ANC-1, in addition to the
luminal portions of KASH and the RPs, is involved
in positioning nuclei. To test this hypothesis, we
made an anc-1(gfp::anc-1b::Aérps::Atk) mutant
line and found that it had a severe nuclear
anchorage defect that was not significantly differ-
ent from the anc-1e1873) null mutant
(Figure 6B). Together, these data support a
model in which the transmembrane span is

important for targeting ANC-1 to the ER/nuclear
envelope membrane where ANC-1 then positions
the ER and nuclei via LINC complex-independent
mechanisms.

To further examine the role of the transmem-
brane span in ER and nuclear positioning, we

Video 1. The ER is anchored in wild type (WT) hyp7.
An example video of the hyp7 ER in young adult

wild type C. elegans expressing pwSi83[pp,,,gfp::kdel].
Images were captured at the interval of 0.2 s for 10's.
Scale bar, 10 um.

https://elifesciences.org/articles/61069#video
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Video 2. The ER is unanchored in anc-1(e1873) mutant Video 3. ER positioning in unc-84(null) mutant hyp7.

hyp7. An example video of the hyp7 ER in the young An example of one of the most severe ER positioning

adult anc-1(e1873) mutant C. elegans expressing defects observed is shown in a video of the hyp7 ER in

PwSi83[ppyp7gfo:kdel]. Images were captured at the the young adult unc-84(n369) mutant C. elegans

interval of 0.2's for 10 s. Scale bar, 10 pm. expressing pwSi83[pp,p7gfp::kdel]. Images were

https://elifesciences.org/articles/61069#video2 captured at the interval of 0.25 s for 4 s. Scale bar, 10
um.

https://elifesciences.org/articles/61069#video3
observed the co-localization of ANC-1 with an ER
membrane marker (Figure 7). A single-copy
hypodermal-specific mKate2::TRAM-1 ER marker
strain (Rolls et al., 2002) was generated and crossed with GFP::ANC-1b. The wild type GFP::ANC-
1b fusion protein localized similarly to the ER marked by mKate2::TRAM-1 (Figure 7A). We used the
ImageJ plug-in ScatterJ to quantify the co-localization and the Pearson'’s correlation coefficient aver-
aged from 17 images (Figure 7G). Our second GFP construct, ANC-1::GFP::F2, also co-localized
with the ER (Figure 7B,G). Similar results were obtained when co-localizing mKate2::ANC-1b and
GFP::KDEL, but since the GFP::KDEL was overexpressed and significantly brighter than the mKate2::
ANC-1b, we only present the analyses with GFP ANC-1 fusion proteins co-localizing with mKate2::
TRAM-1, which is expressed at lower levels from a single-copy transgene. In contrast, GFP::ANC-1b
did not co-localize with lipid droplets or mitochondria (Figure 7—figure supplement 1).

Deleting the luminal portion of the KASH domain from GFP::ANC-1b (GFP::ANC-1b::AKASH) did
not significantly change its localization pattern relative to the wild type construct (Figure 7C,G). In
contrast, deletion of both the luminal KASH peptide and the transmembrane span (GFP:ANC-1b::A
TK) resulted in many cases where GFP:ANC-1b::ATK almost normally localized to the ER
(Figure 7D,G) while in other animals it localized in parts of the cytoplasm that lacked ER (Figure 7E,
G). Deletion of the repeat regions in GFP::ANC-1b::A6RPS led to a re-localization away from the
general ER (Figure 7F-G). Together, these results suggest that (1) ANC-1b has a similar distribution
pattern as the ER and (2) that the transmembrane span and repeat regions, but not the luminal
KASH domain, plays roles ANC-1 ER localization. The ANC-1 localization pattern is consistent with
the above findings that anc-1(A6RPS) anc-1(ATK) mutants had intermediate nuclear and ER position-
ing defects, worse than anc-1(A25KASH) mutants.

Other organelles are mis-localized in anc-1 mutants

Our imaging showed that both nuclei and the ER are both unanchored and move freely throughout
the cytoplasm. Furthermore, our deletion analyses cast significant doubt on the old tethering model.
In our new model, without ANC-1, the entire cytoplasm is disconnected and multiple organelles are
likely flowing freely throughout the cytoplasm. We therefore used the MDT-28::mCherry (Na et al.,
2015) marker to follow lipid droplets (Figure 8, Videos 4-5) and the mitoLS::GFP marker to follow
mitochondria (Figure 9, Videos 6-7). In anc-1 null mutant animals, both lipid droplets and
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Figure 5. The subcellular localization of ANC-1. (A) Schematic depicting the ANC-1 GFP knock-in constructs with or without deletion of ANC-1
cytoplasmic domains. (B) Nuclear positioning in GFP:ANC-1b is wild type (WT). Each point represents the percentage of touching nuclei on one side of
a young adult animal. Means with 95% Cl error bars are shown. ns, not significant (p>0.05). n > 20. (C-I) Confocal images of hyp7 subcellular
localization in the indicated strains. Yellow arrowheads point to nuclei. Scale bar, 10 um.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. GFP:ANC-1(A6RPS) is expressed at a lower level and is enriched at the nuclear envelope.

Hao et al. eLife 2021;10:e61069. DOI: https://doi.org/10.7554/eLife.61069 11 of 30

55



e Llfe Research article

Cell Biology
A neck region TM domain luminal domain
ANC-1 TALPLOALLVLLMGAACLVPHCDDEYCCQLLNNFAKSFDPSLEFVNGPPPF
ANC-1 (A25KASH) TATLPTHOATTY LITMGEARCTINVE FC [0S i e s s e o i v e o
ANC-1 (A29KASH) STALPLOALLVLLMGAACLVP === == == m—m e e e e e e e PF
ANC-1(ATK) LSOl RROR SRR R LR o oo o o o o m o o e
ANC-1 (AF2) @  ———===—-- WRE RTALPLQALLVLLMGAACLVPHCDDEYCCQLLNNFAKSFDPSLEFVNGPPPF
ANC-1 (AF2-neck) —~————-—====—=—————= TALPLQALLVLLMGAACLVPHCDDEYCCQLLNNFAKSFDPSLEFVNGPPPF
T 100%
B b ns C & "

= sk F——1 = 100% ——

) 80%- r 3 E

£ i A S 80%-

= [ i P -]

S 0% A £ o = Strong
2 A % 3 60%7 =3 Mild

ns

.- - A i, 2

g 40%- A > g 40% - = Normal
o @ A ® = -

£ 20% = g

1 0/

E o . A ‘ i_ . 2 20%

-

& 0%'_H T b o b W T T T g 0% T 1 T

LSS S &S o
’ A
& &N g N e AR
2 c",\Q? P\l \\e 2 \v_‘-P ’DQG d\\ 2
& ]
& & & °QG PN

Figure 6. The transmembrane domain of ANC-1 is necessary for nuclear and ER positioning. (A) Sequence of deletion in the neck region (blue),
transmembrane (TM) span (green), or the luminal domain (red). (B) Quantification of nuclear anchorage defects in anc-1 mutants. Each point represents
the percentage of touching nuclei on one side of a young adult animal. Means with 95% Cl error bars are shown. n > 20. ANOVA and Tukey's multiple
comparisons tests were used in comparisons. ***p<0.001; ns means p>0.05. The data of wild type (WT), anc-1(AF2), anc-1(A25KASH), anc-1(A29KASH),
and anc-1(e1873) are duplicated from Figures 1C and 3C and copied here for easy reference. (C) Qualitative analysis of the ER anchorage defects as in
Figure 4. Significantly more anc-1(ATK) animals show strong ER anchorage defects than anc-1(A29KASH) mutants (p<0.01 by Fisher’s exact test).

Sample sizes were all >10.

mitochondria moved in a manner suggesting they were not connected to a network. Furthermore,
lipid droplets were often seen in large clusters and mitochondria appeared slightly fragmented. We
therefore conclude that ANC-1 is required to interconnect the entire cytoplasm to anchor nuclei, ER,
lipid droplets, mitochondria, and likely other organelles to a single network that regulates the integ-
rity of the cytoplasm.

Microtubule networks appear normal in anc-1 mutants

One hypothesis for ANC-1 function is that it regulates cytoskeletal networks. In this model, muta-
tions in anc-1 would disrupt the cytoskeleton, causing organelles to lose their attachment to the
cytoskeleton and move around freely as shown in Figures 4, 8 and 9. We therefore examined micro-
tubule organization in the hyp7 syncytia of wild type and anc-1 null mutant animals. We followed
microtubules in live animals with an endogenously expressed microtubule binding protein, GFP::
MAPH-1.1 (Castiglioni et al., 2020; Waaijers et al., 2016). The density and relative disorganization
of the microtubule network in wild type made it difficult to quantify any growth, length, or number
parameters of microtubules. Nonetheless, qualitatively, in comparison with the wild type (Video 8),
microtubules were mostly normal in in anc-1 null mutant animals (Figure 10 and Videos 9-10). The
exception was where nuclei had moved back and forth along an anterior-posterior axis, they appear
to have cleared a microtubule free channel. These results are more in line with a model where in the
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Figure 7. ANC-1 localizes to the ER. ANC-1-GFP fusion protein (cyan) localization with respect to the ER

membrane as marked by a mKate::TRAM-1 (magenta) is shown. (A) Wild type (WT) GFP::ANC-1b. (B) Wild type
ANC-1::GFP::F2. (C) GFP::ANC-1b::AKASH. (D) An example of GFP::ANC-1b::ATK with good overlap with the ER
and (E) a GFP::ANC-1b::ATK with poor overlap. (F) GFP::ANC-1b::A6RPS. (A-F) For each section, the left two

Figure 7 continued on next page
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Figure 7 continued

panels are low magnification of the young adult hypodermis (scale bar, 10 um) and the middle two panels are a
zoom in of the boxed part of the left panels (scale bar, 2 um). The top right shows the merge of the two channels.
The bottom right uses the used ImageJ plug-in ScatterJ to quantify the co-localization and the Pearson'’s
correlation coefficient for overlap is shown as an r value. (G) A scatter plot of Pearson’s coefficients showing
overlap between the indicated GFP and the mKate::TRAM-1 ER membrane marker. Mean £95% ClI are shown.
ANOVA and Tukey's multiple comparisons tests were used in comparisons. ***p<0.001; ns means not significant.
The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. GFP:ANC-1b does not co-localize with lipid droplets or mitochondria.

absence of ANC-1, nuclei move around and disrupt or move microtubules in their way rather than a
model where a lack of ANC-1 leads to massive microtubule disruption that then frees nuclei and
other organelles to move throughout the syncytia.

Depletion of ANC-1 disrupts nuclear morphology and causes
developmental defects

Nuclear shape changes were observed during live imaging in anc-1 mutants consistent with a model
where anc-1 mutant nuclei are susceptible to pressures from the cytoplasm, perhaps crashing into
other organelles that corresponded with dents in nuclei. We therefore quantified nuclear size and
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Figure 8. Lipid droplets are mispositioned in anc-T mutants. (A) Representative images of hyp7 lipid droplets labeled with the Pp,q.25:mdt-28:mCherry
marker in the young adult animals. (B) Scoring of the lipid droplet positioning defects. Images were randomized for blind analysis by multiple
researchers. n > 11. (C-D) Time-lapse images of hyp7 lipid droplets. (C-D) The lipid droplet displacement phenotype was quantified as described in
Figure 4E-F. The average change in distance between two points in 242 ms intervals is plotted in (C). The trajectories of the relative movements of
each spot apart from the others are shown in (D). Eight movies of each strain were analyzed. Scale bar, 10 um for all the images. Also see Videos 4-

5. WT = wild type.
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Video 4. Lipid droplets are anchored in wild type

(WT) hyp7. An example video of the hyp7 lipid droplets
in young adult wild type C. elegans expressing Idrls2
[mdt-28p::mdt-28::mCherry +unc-76(+)]. Images were
captured at the interval of 0.2 s for 10 s. Scale bar, 10
um.

https://elifesciences.org/articles/61069#video4

Cell Biology

00:00:00.000

Video 5. Lipid droplets are unanchored in anc-1(e1873)
mutant hyp7. An example video of the hyp7 lipid
droplets in the young adult anc-1(e1873) mutant C.
elegans expressing Idrls2 [mdt-28p::mdt-28::

mCherry +unc-76(+)]. Images were captured at the
interval of 0.24 s for 10 s. Scale bar, 10 um.

https://elifesciences.org/articles/61069#video5

shape in anc-1 mutants to better characterize
how nuclear and/or ER movements affect the nuclear structure. Adult syncytial hyp7 nuclei were sig-
nificantly smaller in anc-1(A6RPS) and anc-1(e1873) mutants compared to wild type (Figure 11A).
Furthermore, the shape of anc-1(e1873) hyp7 nuclei, as measured by circularity and solidity, was sig-
nificantly less round than wild type (Figure 11B).

Given the nuclear anchorage, ER positioning, and nuclear shape defects observed in anc-1
mutants, we examined whether these animals might have other developmental or growth defects.
Despite producing fertile adults, anc-1 null animals had severe developmental defects. The brood
size of anc-1(e1873) mutants was less than 25% of wild type (Figure 11C) and anc-1(e1873) mutants
had significantly smaller body sizes throughout larval and adult stages (Figure 11D-F). Together
these results suggest that there are developmental consequences associated with organelle posi-
tioning defects in anc-1 mutants.

Discussion

LINC complexes consisting of giant KASH proteins (C. elegans ANC-1, Drosophila MSP300, and
mammalian Nesprin-1 and -2) and canonical SUN proteins (C. elegans UNC-84, Drosophila Koi, and
mammalian Sun1 and Sun2) are thought to anchor nuclei by tethering them to the cytoskeleton
(Starr and Fridolfsson, 2010). ANC-1 was thought to connect actin filaments to the nuclear enve-
lope using conserved CH and KASH domains at its N- and C-termini, respectively (Starr and Han,
2002). However, results discussed below indicate that this model is not sufficient to explain the role
of KASH proteins in the cell. We propose a cytoplasmic integrity model, where giant KASH proteins
function, largely independently of LINC complexes at the nuclear envelope and through mechanisms
that do not require their CH domains. We find ANC-1 also localizes close to the ER throughout the
cell. The large cytoplasmic domains of ANC-1 are required for positioning nuclei, ER, and likely other
organelles. In the absence of ANC-1, the contents of the cytoplasm are disconnected from each
other, unanchored in place, and sometimes fragmented. The cytoplasm and organelles freely flow
throughout the hypodermal syncytia as worms crawl. It appears that ANC-1 is required to organize
the entire cytoplasm.

Hao et al. eLife 2021;10:e61069. DOI: https://doi.org/10.7554/eLife.61069 15 of 30
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Figure 9. Mitochondria are mispositioned in anc-1 mutants. (A) The hyp7 mitochondria were labeled with the P,
10::mito::GFP marker in the L3 animals. (B) The mitochondria positioning defect was scored. Images were
randomized for blind analysis by multiple researchers. n > 18 for each strain. Scale bar, 10 um for all the images.
Also see Videos 6-7. WT = wild type.

Our finding that ANC-1 works independently of LINC complexes during hyp7 nuclear positioning
has significant implications for how the field currently understands the role of LINC complexes in
development and disease. A dominant negative approach relies on overexpression of KASH domains
to displace endogenous KASH proteins from the nuclear envelope (Grady et al., 2005; Starr and
Han, 2002; Tsujikawa et al., 2007). Alternatively, a mini-nesprin-2 construct, consisting of the calpo-
nin homology and KASH domains with a few spectrin repeats, is commonly used in rescue experi-
ments (Davidson et al., 2020; Luxton et al., 2010; Ostlund et al., 2009). If ANC-1 and other giant
KASH orthologs have major LINC complex-independent functions, these approaches might have
more caveats than previously thought.

We found that the CH domain of ANC-1 is dispensable for ER and nuclear positioning. Similar
findings suggest the Nesprin-1 or -2 CH domains are also dispensable for the development of
mouse skeletal muscles and the epidermis (Liike et al., 2008; Stroud et al., 2017). Moreover, the
CH domains are not required for Nesprin-2 mediated neuronal migration in the developing rat brain
(Goncalves et al., 2020). Thus, the significance of the conserved CH domain is not clear. The CH
domain of Nesprin-2 is required to form transmembrane actin-associated lines on the nuclear

Hao et al. eLife 2021;10:e61069. DOI: https://doi.org/10.7554/eLife.61069 16 of 30
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Video 6. Mitochondria are anchored in wild type
(WT) hyp7. An example video of hyp7 mitochondria in
young adult wild type C. elegans as followed by the
Pcor-10::mitoLS::GFP marker. Images were captured at
the interval of 0.1 s for 10 s. Scale bar, 10 um.

https://elifesciences.org/articles/61069#videob
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envelope during rearward nuclear movement in
mouse NIH3T3 fibroblasts polarizing for migra-
tion and to accumulate Nesprin-2 at the front of
nuclei in cultured mouse embryonic fibroblasts
migrating through constrictions (Davidson et al.,
2020; Luxton et al., 2010).

Most of the other ANC-1 domains, including
the C-terminal transmembrane span and the
large cytoplasmic repeat regions, are required for
nuclear anchorage. Portions of the tandem
repeats may be arranged in bundles of three heli-
ces, reminiscent of spectrin repeats (Liem, 2016).
Thus, we hypothesize that ANC-1, like the other
giant KASH orthologs MSP300 and Nesprin-1
and -2, consists largely of spectrin repeats with a
C-terminal transmembrane domain that attaches
ANC-1 to the contiguous ER and outer nuclear
membrane.

In general, giant KASH proteins localize
strongly to the nuclear envelope in multiple sys-
tems (Starr and Fridolfsson, 2010). Evidence for
giant KASH protein localization to other subcellu-
lar locations has been largely ignored or attrib-
uted to overexpression artifacts (Zhang et al.,
2001) or the loss of KASH protein function
(Roux et al., 2009). Antibodies against ANC-1

mostly localize away from nuclei and are only clearly enriched at the nuclear periphery in the somatic
gonad (Starr and Han, 2002) and Nesprin-1 localizes to ciliary rootlets (Potter et al., 2017). Yet,
most models, including the nuclear tethering model, focus primarily on nuclear envelope localization.
We found that GFP::ANC-1b was not enriched at the nuclear envelope in most tissues (Figure 5—

00:00:00.000

Video 7. Mitochondria are unanchored in anc-1(e1873)
mutant hyp7. An example video of hyp7 mitochondria
in the young adult anc-1(e1873) mutant C. elegans as
followed by the P.o.10::mitoLS::GFP marker. Images
were captured at the interval of 0.1 s for 10 s. Scale bar,
10 um.

https://elifesciences.org/articles/6106%4#video?

00:00:00.000

Video 8. Microtubules in wild type (WT) hypodermal
syncytia. A representative clip of the hyp7 in a wild type
young adult expressing GFP:: MAPH-1.1 to mark
microtubules in cyan and EMR-1::mCherry to mark
nuclear envelopes in magenta. Images were at the
interval of 1's for 20 s. Scale bar, 10 um.
https://elifesciences.org/articles/61069#video8
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Figure 10. Microtubule organization in anc-T mutants. Representative images of microtubules (cyan) and nuclear envelope (NE) (magenta) from the
same young adult animals are shown. (A-A") wild type (WT), (B-B"’) anc-1(e1873) mutant animal where the microtubules are mostly normal. (C-C"') In
other anc-1(e1873) animals, microtubule organization is disrupted in the channels where nuclei move. Microtubules are labeled with GFP::MAPH-1.1
and the nuclear envelope is labeled with EMR-1::mCherry. Scale bar, 10 um. Also see Videos 8-10.

figure supplement 1). Instead, our findings suggest that ANC-1 functions throughout the cytoplasm
with its C-terminus in the ER membrane.

We observed that the ER is severely mispositioned in anc-1 null mutant hypodermal cells. Also,
mitochondria are misshaped and mispositioned in the anc-1 null mutants, but not in unc-84 nulls
(Hedgecock and Thomson, 1982; Starr and Han, 2002). Two different mechanisms could explain
how nuclei, mitochondria, and the ER are all mispositioned in anc-1 mutants. First, abnormal organ-
elle clusters could result from a failure in the active positioning process (Folker and Baylies, 2013;
Roman and Gomes, 2018). Alternatively, organelles could lose physical connections to the rest of
the cytoplasm, resulting in organelles being passively pushed around in response to external
mechanical forces, such as those generated when the worm crawls. Live imaging favors the second
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Video 9. Microtubules in anc-1(null) hypodermal Video 10. Microtubules in anc-1(null) hypodermal
syncytia. A representative clip of the hyp7 in a anc-1 syncytia. A representative clip of the hyp7 in a anc-1
(e1783) mutant young adult expressing GFP:: MAPH-1.1  (e1783) mutant young adult expressing GFP::MAPH-1.1
to mark microtubules in cyan and EMR-1:mCherry to to mark microtubules in cyan and EMR-1::mCherry to
mark nuclear envelopes in magenta. Images were at mark nuclear envelopes in magenta. Images were at
the interval of 0.845 s for 40 s. Scale bar, 10 um. the interval of 0.638 s for 32 s. Scale bar, 10 um.
https://elifesciences.org/articles/61069#video? https://elifesciences.org/articles/61069#video10

model. As anc-1 mutant worms bent their bodies, ER fragments rapidly moved in a bulk flow of cyto-
plasm along with nuclei. The nuclei became misshapen and the ER often fragmented. Nuclei and the
ER appeared to be completely detached from any sort of cytoplasmic structural network in anc-1
mutants. There is precedent that giant KASH proteins could mechanically stabilize the cytoplasm. In
cultured mouse NIH3T3 fibroblasts, disrupting KASH proteins leads to the decreased stiffness across
the entire cell, as determined by single-particle microrheology experiments (Stewart-
Hutchinson et al., 2008). Therefore, we propose that ANC-1 and other giant KASH proteins nor-
mally function at the ER periphery as important crosslinkers to maintain the mechanical integrity of
the cell.

ANC-1 likely maintains the mechanical integrity of the cytoplasm via cytoskeletal networks. Dis-
ruption of MSP300 leads to disruption of both actin and microtubule networks in Drosophila muscles
(Wang et al., 2015). Giant KASH proteins can interact with actin independently of their CH domains.
ANC-1 binds to AMPH-1/BIN1, which is involved in actin nucleation (D’Alessandro et al., 2015),
and Nesprin-2 binds to the actin regulators Fascin and FHOD1 (Jayo et al., 2016; Kutscheidt et al.,
2014). Nesprin-1 interacts with Akap450 to form microtubule organizing centers at the nuclear enve-
lope of mouse muscles (Elhanany-Tamir et al., 2012; Gimpel et al., 2017, Zheng et al., 2020).
Intermediate filaments and spectraplakins have also been implicated in nuclear positioning
(Ralston et al., 2006; Wang et al., 2015; Zheng et al., 2020). However, anc-1 null mutant animals
had a reasonably normal microtubule network. Thus, how ANC-1b might directly interact with cyto-
skeletal components requires further investigations.

In summary, we propose a cytoplasmic integrity model, for how ANC-1 and giant KASH orthologs
position nuclei and other organelles. First, ANC-1 is targeted to the ER through its C-terminal trans-
membrane span. The large cytoplasmic domain of ANC-1 likely consists of divergent spectrin-like
repeats that could serve as elastic filaments. ANC-1 filaments could interact with various compo-
nents of the cytoskeleton, allowing ANC-1 to serve as a cytoskeletal crosslinker to maintain the
mechanical integrity of the cytoplasm. However, since at least microtubules are not completely dis-
rupted, ANC-1 likely functions to maintain the mechanical properties of the cytoplasm through other
mechanisms. Extracellular mechanical pressure that is generated as the worm bends leads to rapid
cytoplasmic fluid flows and positioning defects in nuclei, ER, mitochondria, and likely other
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organelles. In this model, ANC-1 maintains cellular connectivity across the cytoplasm by anchoring
organelles in place.

Materials and methods

Reagent type Additional

(species) or resource Designation Source or reference Identifiers information

Strain, strain OP50 Caenorhabditis Genetics Center (CGC) OP50 https://cgc.umn.edu/strain/OP50

background

(Escherichia. coli)

Strain, strain DH10B New England Biolabs (NEB) C3019H

background

(E. coli)

Recombinant pLF3FShC Nonet, 2020 addgene: #153083 https://www.addgene.org/153083/

DNA reagent

Recombinant pSL845 This paper Py37a16.5:mKate2::tram-1::tram-1

DNA reagent 3’UTR plasmid to generate the

ycSi2 transgenic C. elegans strain

Recombinant pSL835 This paper Panc1p::nls::gfp::lacZ

DNA reagent Plasmid to generate ycEx260

Recombinant pSL289 This paper Peol-10::mitolS::gfp

DNA reagent Plasmid to generate ycEx217
C. elegans genetics
C. elegans strains were maintained on nematode growth medium plates seeded with OP50 E. coli at
the room temperature (approximately 22°C) (Brenner, 1974). All the strains used in this study are
listed in Table 1. Some strains, including N2 (WB Cat# WBStrain00000001, RRID:WB-STRAIN:
WBStrain00000001), which was used as wild type, were obtained from the Caenorhabditis Genetics
Center, funded by the National Institutes of Health Office of Research Infrastructure Programs (P40
0ODO010440). Strains VC40007, VC20178, and VC40614 were provided by the C. elegans Reverse
Genetics Core Facility at the University of British Columbia (Thompson et al., 2013). Strain RT3739
(pwSi83) was generously provided by Barth Grant (Rutgers University, NJ, USA). UD522 (ycEx249
[pcol-19::gfp::lacZ, pmyo-2::mCherry]) was previously described (Cain et al., 2018). Male strains of
RT3739, UD522, BOX188, LIU2, UD756, UD3, and BN147 were made to cross into anc-1 or unc-84
mutants. Alternatively, pcol-19::gfp::lacZ was introduced into some mutants by standard germline
transformation to make UD736 and UD737 (Cain et al., 2018; Mello et al., 1991).

For anc-1 RNAI feeding experiments, L4 stage animals were transferred onto NGM plates seeded
with bacteria expressing dsRNA (Timmons and Fire, 1998). The clones from the Ahringer RNAi
library (Source Bioscience) (Kamath and Ahringer, 2003) were confirmed by Sanger sequencing.

Nuclear anchorage assays were performed as described (Cain et al., 2018; Fridolfsson et al.,
2018). Briefly, L4 worms with GFP-marked hypodermal nuclei were picked onto fresh plates 20 hr
before scoring. Young adults were mounted on 2% agarose pads in ~5 pl of 1 mM tetramisole in M9
buffer (Fridolfsson et al., 2018). Syncytial hyp7 nuclei were scored as touching if a nucleus was in
contact with one or more neighboring nuclei. Only one lateral side of each animal was scored.

For the brood size assay, starting at the L4 stage, single animals were transferred onto fresh
OP50 E. coli plates every 24 hr for seven days. The number of embryos laid were counted immedi-
ately after the removal of the animal each day.

To measure body size, embryos laid within an hour were collected and cultured for 24 hr and 69
hr to reach the L2 stage and the adult stage, respectively. Animals were mounted on 2% agarose
pads in ~5 ul of 1 mM tetramisole in M9 buffer for imaging.
5’-Rapid amplification of cDNA ends (5’-RACE)

Total RNA was extracted from mixed stages of C. elegans using the RNeasy kit (QIAGEN). First-
strand cDNAs were generated with the ThermoScript RT-PCR system using an anc-1 antisense
Hao et al. eLife 2021;10:e61069. DOI: https://doi.org/10.7554/eLife.61069 20 of 30
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Figure 11. anc-T mutants have developmental defects. (A) The area of cross-sections of hyp7 nuclei is shown.
Each dot represents the area of a single nucleus. n = 32 for wild type (WT), n = 50 for anc-1(A6RPS), n = 111 for
anc-1(e1873). (B) Top panel: Representative images of hyp7 nuclei marked by EMR-1::mCherry of WT, anc-1
(A6RPS), and anc-1(e1873) mutants. Scale bar, 2 um. Bottom panel: Plot of the solidity and the circularity. (C-F) The
brood size (C), length of the L2 larvae (D), adult length (E) and width (F) are significantly reduced in anc-1(e1873)
mutants. Each dot represents a single animal. n > 14 for (C) and n > 19 for (D-F). Means with 95% Cl error bars
are shown. Unpaired student two-tail t-test was used for statistical analysis. **p<0.01; ***p<0.001.

oligonucleotide (0ds2572: 5'-ATAGATCATTACAAGATG-3'). Purification and TdT tailing of the first-
strand cDNA were performed by the 5’ RACE System for Rapid Amplification of cDNA Ends, version
2.0 (Invitrogen, Cat. No. 18374058). The target cDNA was amplified PCR using the provided 5’
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Table 1. C. elegans strains in this study.

Strain Genotype Reference

N2 Wild type

UD522 yCEX249lpcop.19::9fp::1acZ, pmyo-2:mCherry] Cain et al., 2018

UD532 unc-84(n369) X; ycEx249 Cain et al., 2018

UD538 anc-1(e1873) I; ycEx249 Cain et al., 2018

UD578 anc-1(yc52[A25KASH)) [; ycEx249 This study

ub615 anc-1(yc69[A29KASH)) [, ycEx249 This study

JR672 wls54[scm::gfp] V Terns et al., 1997

uD457 unc-84(n369) X; wlss4 vV This study

UD451 anc-1(e1873) I; wis54 V This study

VC20178 anc-1(gk109010[W427%]) | Thompson et al.,
2013

uD737 anc-1(gk109010[W427%]) I; ycEx This study

265[pcor-19::9f0::1aCZ, Prmyo.2::mCherry]

VC40007 anc-1(gk109018[W621%]) | Thompson et al.,
2013

UD736 anc-1(gk109018[W621%*)) I; yc This study

Ex266[pcor-19::9fp::1acZ, Pmyo.2::mCherry]

VC40614 anc-1(gk722608[Q2878*)) | Thompson et al.,
2013

UD565 anc-1(gk722608[Q2878%)) I; ycEx249 This study

UD535 anc-1(yc41[anc-1::gfp3Xflag::kash,Ach]) I; ycEx249 This study

UD&08 YCEX260[p anc1b::nls::gfp::lacZ] This study

UD599 anc-1(yc62[AF1) I; ycEx249 This study

UD591 anc-1(yc61[A6RPS)) I; ycEx249 This study

UD668 anc-1(yc80[AF2)) I; ycEx249 This study

UD669 anc-1(yc81[AF2-neck]) I; ycEx249 This study

UD695 anc-1(yc61[A6RPS)) I; unc-84(n369) X; ycEx249 This study

UD696 anc-1(yc62[AF1]) I; unc-84(n369) X; ycEx249 This study

UbD612 anc-1(ycé8[gfp::anc-1b]) | This study

UD655 anc-1(yc78[A5RPS)) I, ycEx249 This study

ubD619 anc-1(yc68[gfp::anc-1b]) I; ycEx249 This study

UD694 anc-1(yc90[anc-1::gfp::F2]) | This study

UDé97 anc-1(yc90[anc-1::gfp::F2]) I; ycEx249 This study

ubDé18 anc-1(yc70[gfp::anc-1b::Abrps]) | This study

UDé98 anc-1(yc91[gfp::anc-1b::A5rps]) | This study

uD701 anc-1(yc92[gfp::anc-1b::Af1]) | This study

ub702 anc-1(yc93[anc-1A1972,973**::gfp]) | This study

UD625 anc-1(yc71[ATK]) I; ycEx249 This study

UD645 anc-1(yc73[gfp::anc-1b::Abrps::Atk]) I; ycEx249 This study

RT3739 pwSi83[Phyp-gfp::kdel] A gift from Barth
Grant

UD652 anc-1(e1873) I, pwSi83 This study

UDé679 unc-84(n369) X; pwSi83 This study

ubD707 anc-1(yc71[ATK]) I; pwSi83 This study

UD651 anc-1(yc61[A6RPS)) I; pwSi83 This study

UDé672 anc-1(yc69[A29KASH]) I, pwSi83 This study

UD520 anc-1(yc36[anc-1::gfp3Xflag::kash]) | This study

Table 1 continued on next page
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Table 1 continued
Strain Genotype Reference
BN147 bgSi142 [pemr1::emr-1::mCherry + unc-119(+)] Il Morales-
Martinez et al.,
2015
BOX188 maph-1.1(mib12[gfo::maph-1.1]) | Waaijers et al.,
2016
UDé49 maph-1.1(mib12[gfp::maph-1.1]) I; bgSi142 Il This study
UDé650 anc-1(e1873) I; maph-1.1(mib12[gfp::maph-1.1]) I; bgSi142 Il This study
ubé77 anc-1(yc61[A6RPS]) I; maph-1.1(mib12[gfp::maph-1.1]) I, bgSi142 Il This study
ub3 yCEX217[Pcor10::mitoLS::GFP, Pogy1::RFP] This study
ubDé676 anc-1(e1873) I; [Peor.10::mitolS::GFP, Poy..1::RFP] This study
LIu2 Idrls2 [mdt-28p::mdt-28::mCherry + unc-76(+)]. Na et al., 2015
UDé681 anc-1(e1873) I; Idrls2 This study
ub728 anc-1(yc94[gfp::anc-1b::Atk]) | This study
uD789 anc-1(yc10é[gfp::anc-1b::Akash]) | This study
uD756 ycSi2[pSL845 Py3741p.5:mKate2::tram-1::tram-1 3'UTR] IV This study
NM5179 jsTi1493[LoxP::mex-5p::FLP:SL2::m Nonet, 2020
NeonGreen::rpl-28p::FRT::GFP::his-58::FRT3] IV
ubD778 anc-1(yc68[gfp::anc-1b]) I; ycSi2 This study
ub779 anc-1(yc90[anc-1::gfp::F2]) I; ycSi2 This study
uD780 anc-1(yc70[gfp::anc-1b::Abrps]) I; ycSi2 This study
uD781 anc-1(yc106[gfp::anc-1b::Akash]) I; ycSi2 This study
ubD782 anc-1(yc94[gfp::anc-1b::Atk]) I; ycSi2 This study
uD783 anc-1(yc68[gfp::anc-1b]) I; bgSi142 This study
ub785 anc-1(yc70[gfp::anc-1b::Abrps]) I; bgSi142 This study
uD790 anc-1(yc68[gfp::anc-1b]) I; Idrls2 This study

RACE Abridged Anchor Primer and an anc-1 specific primer: ods2574 (5'-GTCGGCGTCTGAAG-
GAAAGA-3'). The PCR product was purified using the QlAquick PCR purification kit (QIAGEN) and
Sanger sequencing was performed by Genewiz.

Plasmid construction and transformation
To generate plasmid panc.1p::nls::gfp::lacZ (pSL835), a 2.56 kb fragment of genomic DNA upstream
of the start codon of anc-1b was amplified with primers 0ds2491 (5'- TACCGAGCTCAGAAAAAA
TGACTGTGAGTATAGTCATTTTCCGCT-3') and 0ds2492 (5'-GTACCTTACGCTTCTTC
TTTGGAGCCATTTTGGTTCGGAGCAC-3') to replace the col-19 promoter of pco.19:9fp::lacZ
(pSL779) (Cain et al., 2018). N2 animals were injected with 45 ng/ul of pSL835, 50 ng/ul of pBlue-
script SK, and 2.5 ng/ul of pCFJ90 (Pmyo-2::mCherry) (Frekjaer-Jensen et al., 2008) by standard C.
elegans germline transformation (Evans, 2006) to make strain UD608 (ycEx260[Panc-1b::nls::gfp::
lacZ-2]). Plasmid Pcop.10::mitolLS::gfp (pSL289) and the odr-1::rfp co-injection marker were injected
into N2 young adults to generate UD3 ycEx217[Po/.10::mitolLS::GFP, Podr-1::RFP] transgenic strain.
Flp Recombinase-Mediated Cassette Exchange (RMCE) method was used to generate strain UD756
ycSi2[pSL845 Py37a1b.5::mKate2::tram-1::tram-13'UTR] (Nonet, 2020). pLF3FShC was a gift from
Michael Nonet (Addgene plasmid # 153083; http://n2t.net/addgene:153083; RRID:Addgene
153083). To generate plasmid pSL845, the Py37.1h.5::mKate2 fragment amplified from pSL843 (pri-
mers: 0ds2785 and 0ds2787) and the tram-1 fragment amplified from the C. elegans genomic DNA
(primers: 0ds2788 and 0ds2789) were inserted into plasmid pLF3FShC through Sap | Golden Gate
Assembly (Nonet, 2020).

Primers sequences are:
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0ds2785: 5'-CCGTAAGCTCTTCGTGGGTTGCAGAAAAATATTTCACTGTTTC-3';

0ds2787: 5'-GCAACAGCTCTTCGCTCCGGAACCTCCACGGTGTCCGAGCTTGGA-3;
0ds2788 5'-GCAACAGCTCTTCGGAGGTGGATCTGGAGGTGTTAAGCCGCAAGGAGG-3;
0ds2789: 5'-GCAACAGCTCTTCGTACATGTAATAAAATATAAGAAAACGCTG-3'.

CRISPR/Cas9 mediated gene editing

Knock-in strains were generated using a dpy-10 Co-CRISPR strategy (Arribere et al., 2014;
Paix et al., 2015; Paix et al., 2017). All crRNA and repair template sequences are in Table 2. An
injection mix containing 0.12 pl dpy-10 crRNA (0.6 mM) (Horizon Discovery/Dharmacon), 0.3 ul tar-
get gene crRNA (0.6 mM) for one locus editing or 0.21 pl of each crRNA (0.6 mM) for multi-loci edit-
ing and 1.46 ul (one locus) or 1.88 pl (two loci) universal tracrRNA (0.17 mM) (Horizon Discovery/
Dharmacon) precomplexed with purified 7.6 pl of 40 uM Cas9 protein (UC Berkeley QB3) and 0.29
ul of the dpy-10 single-strand DNA oligonucleotide (ssODN) (500 ng/ul) repair templates and 0.21 pl
ssODN repair template (25 uM) for the target gene editing or up to 500 ng double-strand DNA
were injected to the germline of the hermaphrodite young adults. For anc-1(yc52/A25KASH)) I, anc-1
(yc69A29KASH)) I, anc-1(yc62AF1)) I, anc-1(yc61[A6RPS)) I, anc-1(yc80[AF2]) I, anc-1(yc78[A5RPS)) I,
anc-1(yc91[gfp::anc-1b::A5rps]) I, anc-1(yc70[gfp::anc-1b::Aérps]) |, anc-1(yc92[gfp::anc-1b::Af1]) |,
anc-1(yc93[anc-1A1972,973**::gfp]) |, anc-1(yc106[gfp::anc-1b::Akash]) |, anc-1(yc94[gfp::anc-1b::A
tk]), I single-strand DNA (SSD) (synthesized by Integrated DNA Technologies, IDT) was used as repair
template. For GFP knock-in strains, double-strand DNA repair templates were amplified with PCR
from the plasmids pSL779 for gfp using Phusion polymerase and the primers listed in Table 2 (New
England Biolabs) (Bone et al., 2016; Cain et al., 2018).

Strains anc-1[yc41(anc-1::gfp3Xflg::kash,Ach)]l and anc-1[yc3é(anc-1::gfp3Xflag::kash)]l were gen-
erated by Dickinson Self-Excising Drug Selection Cassette (SEC) method (Dickinson et al., 2015). In
anc-1[yc41(anc-1::gfp3Xflg::kash,Ach)]l, both CH domains were deleted (starting with 23KAQK26
and ending with 322QFVR325) and replaced with GFP flanked with 9-residue long linkers
(GASGASGAS).

Microscopy and imaging analysis

Images of the nuclear anchorage, worm body size measurements and anc-1b promoter reporter
assays were collected with a wide-field epifluorescent Leica DM6000 microscope with a 63 x Plan
Apo 1.40 NA objective, a Leica DC350 FX camera, and Leica LAS AF software. ANC-1 subcellular
localization, the ER marker, and nuclear shape images were taken with a spinning disc confocal
microscope (Intelligent Imaging Innovations) with a CSU-X1 scan head (Yokogawa), a Cascade Quan-
tEM 512SC camera (Photometrics), a 100 x NA 1.46 objective (Zeiss or Nikon), and SlideBook soft-
ware (Intelligent Imaging Innovations). The contrast and levels of the images were uniformly
adjusted using ImageJ (National Institutes of Health). Live GFP::KDEL images were acquired at 200
ms or 250 ms intervals using the above spinning disc confocal system. To quantify ER, lipid droplet,
and mitochondria positioning defects, images from at least 10 young adults of each strain were
scored blindly by three people. In addition, the ‘Manual Tracking’ plug-in for ImageJ (https://imagej.
nih.gov/ij/plugins/track/track.-html) was used to track the positions of multiple ER fragments and lipid
droplets through a time-lapse series. The relative movements between three different spots per ani-
mal were measured over time.

To quantify the fluorescent intensity of GFP::ANC-1B and GFP::ANC-1(A6RPs), images were taken
under the spinning disc confocal system (100X objective) and the RawIntDen of the was hypodermal
area measured by ImageJ. The average fluorescent intensity was calculated by dividing the RawlInt-
Den by the area.

For the ER colocalization analysis, z stack images were taken under the spinning disc confocal sys-
tem (100X objective) and processed by background subtraction with rolling ball radius of 50.0 pixels.
A Region of interest (ROI) of 96 x 96 pixels in the non-nuclear region was cropped to use ScatterJ
plugin for co-localization analysis (Zeitvogel et al., 2016).

For some adult animals, Image J ‘Stitching’ Plug-in was used to stitch images with overlap
(Preibisch et al., 2009). The length of L2 larvae, width and length of the adult animals, as well as the
circularity and solidity of the nuclei were measured with Image J.
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New alleles Strain  crRNA * DNA repair template * 75 *
anc-1(yc52[A25KASH]) | N2 CAGUACUCGUCG GCACTGCTTGTTCTACTTATGGGAGCCGCTTGTTTGGTTCCACA
UCGCAAUG CTGtGAtGAtGAaTAITAATCTTTAATTTTTTATTTTCATTACTATT
CACTATTGTTTCATTCATCATGAACCTG
anc-1(yc69A29KASH]) | N2 CAGUACUCGUCG NHEJ *
UCGCAAUG
anc-1(yc41[anc-1::gfp3Xflag:: N2 UUUCAUC ~AAAATCTATTTTGAAAATTTTCAGATGAGGACGAG<EGFP-
kash,Ach]) | UUGAAGAGGUUCG 3xFLAG > AGATCAGGAGCTAGCGGAGCCATGTTCGGAGAAAGATCACCAATG-
anc-1(yc62[AF1]) | N2 ACUUGAUCAAUCUA GAAACATGAAAGCAAAGTACATTTTTTTAAAAATCGATT
UAAUAA ATTTCagATcGAcCAgGTACAGTCTGAGATCGACACTCTTT
CAGACTTCGAGGAGATCGAGCGTGAAATAAACGGCTC
ACTCGAAGCTTTCGAAGCCGAG
anc-1(yc61[A6RPS]) | N2 GCGUUCAAUUUC AAGGTACAAAACATTGGAAAAACATCGATTGACGACG
UUCAAAAU TGAATGTATCTGACTTCGAGGAGATCGAGCGTGAGAT
UGUUAGUA CAATGGCTCCCTTGAGGCTTTCTCTATTTGGGAACG
UUGGCGGCGAGU CTTCGTCAAGGCTAAAGATGATTTGTACGATTATTTG
GGAGCGUUUUG GAGAAATTAGAGAACAATGTAAGC
UAAAAGCAA
anc-1(yc80[AF2]) | N2 GGAGCGUUUUG ACTCTTATTCCGGACCTTGAAGAAAGAGCTTCTATTTG
UAAAAGCAA GGAGCGTACTGCTTTGCCACTTCAGGTTTGTT
UCCAACGGGAUC TATATTTTTTAATATTAATA
UUUGUCGU
anc-1(yc36[anc-1::gfp3Xflag:: N2 GACAAAGATCCCG TCCGACGACAGAGATCICGcTGGeGcCGecGTACTCA
kash]) | TTGGAGA GAACTTCAGGAGCTAGCGGAGCC < EGFP-
3xFLAG > tcaggagctagcggagccGCTTTGCCACTTCAGGgtttgtttatatttttt
anc-1(lycé8[gfp::anc-1b]]) | N2 CCGUCGGAACAGC TCTTAACCTTTTGTTCCATTCACTAATTATTTTCAAT
UCCAUUU TACAGGAGGTTGGCCGCGAGTCGGTCAGTAAATTA
TCAGCTGCAGTTGACGATCGATACATCTACACGTT
ACACGTGCTCCGAACTAAG < EGFP > GGAGGTTCCG
GAGGTGGATCTGGAGGTGAaCTcTTtCGtCGICTGCAA
AACTTTTGCGACGCTGTCAAAATATTGCGATCGCAAAA
TACCAAATGGAACGGAATCAAGATTTCGCAGGTTTGT
TTCAAAAGCATCACAAATTAGCGG
anc-1(yc78[ASRPS]) | N2 GGAGCGUUUUG GATCAGCTCAAGTCGGACGATTTGAAGACGGCAGAA
UAAAAGCAA AAGGAAATCACTAAtagecTcAAaCCcGAaTCTATTTGG
UUCCUCUGGCUU- GAaaGaTTcGTtAAGGCtAAAGATGATTTGTACGATT
CAACGAGU ATTTGGAGAAATTAGAGAACAAT
anc-1(yc90[anc-1::gfp::F2]) | N2 GGAGCGUUUUG CCGGACCTTGAAGAAAGAGCTTCTATTTGGGAGCG
UAAAAGCAA TGGTGGAAGTGGTGGAGGAAGCGGTGGA < EGFP >
GCATGGATGAACTATACAAAGGAGGTTCCGGAGGTGG
ATCTGGAGGTTTcGTcAAgGGCtAAAGATGATTTGTACG
ATTATTTGGAGAAATTAGAGAACA
anc-1(yc70[gfp::anc-1b::Abrps]) UD612  GCGUUCAAUUUC AAGGTACAAAACATTGGAAAAACATCGATTGACGAC
I UUCAAAAU GTGAATGTATCTGACTTCGAGGAGATCGAGCGTGA
UGUUAGUA GATCAATGGCTCCCTTGAGGCTTTCTCTATTTGGGA
UUGGCGGCGAGU ACGCTTcGTcAAgGGCIAAAGATGATTTGTACGATTAT
GGAGCGUUUUG TTGGAGAAATTAGAGAACAATGTAAGC
UAAAAGCAA
anc-1(yc91[gfp::anc-1b::A5rps]) UD612  GGAGCGUUUUG GATCAGCTCAAGTCGGACGATTTGAAGACGGCAGA
| UAAAAGCAA AAAGGAAATCACTAAtagccTcAAaCCcGAaTCTATTT
UUCCUCUGGCUU- GGGAaaGaTTcGTtAAGGCIAAAGATGATTTGTAC
CAACGAGU GATTATTTGGAGAAATTAGAGAACAAT
anc-1(yc92[gfp::anc-1b::Af1]) | UD612  ACUUGAUCAAUCUA GAAACATGAAAGCAAAGTACATTTTTTTAAAAATCG
UAAUAA ATTATTTCagATcGAcCAgGTACAGTCTGAGATCGAC
ACTCTTTCAGACTTCGAGGAGATCGAGCGTGAAAT
AAACGGCTCACTCGAAGCTTTCGAAGCCGAG
anc-1(yc93[anc-1A1972,973**::  UD612  ACUCACCUCUAGAAA  CAAAATTTAGAGCTCAGCAATGAGCAGGACTGTCC
gfel) | UUCGA AGATtaatgaGgtaccCTAGAGGTGAGTATAGTCA
TTTTCCGCTCATTACACTCTT
anc-1(yc7 1JATK]) | N2 CAGAACUGC GAACAACTCCGACGACAAAGATCCCGTTGGAGACG
UUUGCCACUUC GGTACTCAGATAATCTTTAAT ATTTTCATT
AUUAAAGAUUAAAA ACTATTCACTATTGTTTCATTCATC
UGGUGG

Table 2 continued on next page
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New alleles Strain  crRNA * DNA repair template * 75 #
anc-1(yc10é[gfp::anc-1b::A UbD612  CAGUACUCGUCG GCACTGCTTGTTCTACTTATGGGAGCCGCTTGTT
kash]) | UCGCAAUG TGGTTCCACACTGIGAtGAtGAaTAITAATCTTTAAT
TTTTTATTTTCATTACTATTCACTATTGTTTCATTCATCATGAACCTG
anc-1(yc94[gfp::anc-1b::Atk])  UD612  CAGAACUGC GAACAACTCCGACGACAAAGATCCCGTTGGAGAC
UUUGCCACUUC GGGTACTCAGATAATCTTTAA TTATTTTCA
AUUAAAGAUUAAAA TTACTATTCACTATTGTTTCATTCATC
UGGUGG
anc-1(yc73[gfp::anc- UD618  CAGAACUGC GAACAACTCCGACGACAAAGATCCCGTTGGAGAC
1b::Abrps::Atk]) | UUUGCCACUUC GGGTACTCAGATAATCTTTAA TTATTTTCAT
AUUAAAGAUUAAAA TACTATTCACTATTGTTTCATTCATC
UGGUGG
dpy-10(cné4) Co- GCUACCA CACTTGAACTTCAATACGGCAAGATGAGAATGAC
CRISPR  UAGGCACCACGAG TGGAAACCGTACCGCATGCGGTGCCTATGGTAGC

Arribere et al., 2014

GGAGCTTCACATGGCTTCAGACCAACAGCCTAT

(Arribere et al., 2014)

*all nucleotide sequences are displayed as single strand in the 5’ to 3’ orientation.

fIn many cases a ssDNA oligonucleotide was used. For larger inserts, a PCR product was used.

§An imprecise NHEJ event led to an in-frame deletion without using the repair template.

flUnderlined sequences introduce silent mutations so the repair template is not cut by Cas9.

fUnderline indicates the silent mutation in the repair template.

Statistical evaluation

The nuclear anchorage quantifying data were displayed as scatter plots with means and 95% Cl as
error bars. Sample sizes are indicated in the figures. The statistical tests are indicated in the figure
legends. When there were limited comparisons. unpaired student t-tests were performed on the
indicated comparisons for the nuclear anchorage assay, and Fisher's exact test was used. When mul-
tiple comparisons were made, ANOVA and Tukey's multiple comparisons tests were used. Prism
nine software was used for the statistical analyses.
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Chapter V

Future directions

The TEM sections in Figure V.11 are prepared by Danielle Jorgens and Reena Zalpuri from the
electron microscopy lab at UC Berkeley. Shilpi Kalra performed the analysis for Figure V.12E
and F using the program developed by Sara Keegan and Liam Holt from the New York

University.
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V.1 Mechanism and regulation of SUN/KASH interactions in vivo

The LINC complexes are conserved across evolution. However, different SUN/KASH pairs
facilitate various functions in vivo. For example, in C. elegans, SUN protein UNC-84 binds to
UNC-83, which has a shorter KASH domain and lacks the conserved -23 cysteine, to move
nuclei in the embryonic hyp7 precursor cells and the larva P cells (Malone, Fixsen et al. 1999,
Bone, Chang et al. 2016, Bone and Starr 2016, Cain, Jahed et al. 2018). However, UNC-84 also
interacts with ANC-1, which contain a longer KASH domain, to anchor the nuclei in the hyp7
syncytium and the intestine (Hedgecock and Thomson 1982, Starr and Han 2002). In chapter 2
and chapter 3, we found that the conserved cysteine plays essential roles for the force
transmission across the NE. However, swapping the KASH domains of UNC-83 and ANC-1 at
least partially disrupted each other’s function (Chapter 2). It is still unclear how nuclear migration
is affected in the unc-83(anc-1lkash) embryos. One possibility is that SUN/KASH interaction is
regulated differently for long and short KASH domains, leading to a reduced binding affinity to
SUN proteins. Interestingly, my very preliminary results indicates that the UNC-83::GFP::ANC-
1KASH is still localized on the NE but might be more broadly expressed (Figure V.1). It will be
interesting to perform live-imaging to compare the UNC-83::GFP and UNC-83::GFP::ANC-
1KASH protein level and subcellular localization during embryonic hyp7 precursor nuclear
migration. One challenge is that UNC-83::GFP::KASH signal level is low and the high exposure
time is likely to detect dim mitochondria autofluorescence. The future experiments may consider

tagging the protein with seven copies of the GFP11 to enhance signal.
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Figure V.1. UNC-83::ANC-1KASH is localized on the NE in the embryonic hyp7 precursors. (A-A’)

Representative confocal images of endogenous UNC-83::GFP::KASH in pseudo color (LUT fire) (A) and
the DIC bright field image (A’) are merged on the right (A”). (B-B”) Representative confocal images of
endogenous UNC-83::GFP::ANC-1KASH in pseudo color (LUT fire) (B) and the DIC bright field image (B’)

are merged on the right (B”). Scale bar, 10um.

In chapter 4, | found that the endogenous GFP-tagged ANC-1 protein is not enriched on the NE
in the hyp7 syncytium (Figure 11.5). Without the tandem repeats, the protein is enriched on the
NE in a UNC-84-dependent manner but there are still cytoplasmic portions. UNC-83 is also
expressed and localized on the NE in the adult hypodermis (Figure V.2). It would be interesting
to check if UNC-83::GFP::ANC-1KASH is on the NE at the same level as UNC-83::GFP in the
adult hyp7 syncytium. UNC-84 and UNC-83 are not uniformly localized on the NE (Figure V.2)
(Malone, Fixsen et al. 1999, Starr and Han 2002), indicating they may some high-order

oligomerization structures. The adult C. elegans hypodermis could potentially be a good in vivo

7



model to study: 1) What is the oligomerization state of the SUN/KASH proteins? Does SUN
protein form LINC complexes with a mixture of two KASH proteins? For example, colocalization
analysis of different fluorescent tagged UNC-83 and ANC-1(ARPs) would help to address this
guestion; 2) What is the turn-over rate of the LINC complexes? Photoconvertible fluorescent

proteins might be used to measure the lifetime of the assembled LINC complexes.

UNC-84:GFP | A . UNC-84:GFP

UNC-83::GFP & UNC-83::GFP

Figure V.2. UNC-84 and UNC-83 are not uniformly localized on the nuclear envelop (NE) in the
hypodermis of young adult C. elegans. Representative confocal images of endogenous UNC-84::GFP (A,
top view and A’, cross section) and UNC-83::GFP::KASH (B, top view and B’, cross section). Scale bar,

10um.
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In Chapter 4, | charactered a KASH-independent role of ANC-1 on nuclear positioning and
organelle anchorage. Interestingly, overexpression the dominant negative KASH (DNKASH)
containing the last 349 amino acids of ANC-in the adult hypodermis causes nuclear anchorage
defects (Figure V.3 A and D). However, the mcherry::tagged DNKASH protein is not localized
on the NE and form puncta or tubule-like structures (Figure V.3 B,C,E). Interestingly, these
tubule-like structures are sometimes under motion. Mitochondria colocalization analysis
indicates that these puncta are not on the mitochondria (Figure V.4). | have also checked
shorter versions (100 residues and 63 residues) of the DNKASH and found similar results. It will
be interesting to know if these tubule structures are newly formed ER and if the KASH peptides
favors those structures. The promoter | use to overexpress the DNKASH constructs only start to
express in late L4s. It is possible that the newly expressed KASH proteins cannot properly
localize without extra UNC-84. In the future, a promoter turns on earlier in development could be
used to test this hypothesis. In addition, it would be interesting to test if the KASH domain of
UNC-83 is localized on the NE in the hypodermis. ANC-1 is enriched on the NE in other tissues
like spermatheca, it is not clear if there is any mechanism in these tissues to promote
SUN/KASH interaction or the interaction of ANC-1’s cytoplasmic domains with other structures
are inhibited. It is important as the field moves forward to be aware that the DNKASH approach
used by so many is not likely as simple as the literature implies. We do not understand how

overexpression of KASH leads to these phenotypes.
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Figure V.3. The dominant negative KASH (DNKASH) is not localized on the NE in the hypodermis of C.
elegans adults. (A) Lateral view of adult C. elegans expressing hypodermal nuclear GFP (green) in the
DNKASH overexpression strain. (D) Quantification of nuclear anchorage defects in the DNKASH
overexpression strains. Each dot represents the percentage of touching nuclei on one side of a young
adult animal. Means with 95% CI error bars are shown. n = 8. (B, C, E and F) Representative confocal
images of mCherry::DNKASH (B, magenta), nuclear GFP (C, cyan) and the merge of two channels (E) in
the adult hypodermis. (F) Image representing 30 frames of mCherry::DNKASH time-lapse sequences with

spectrum color coding. The average time interval is 792.93 ms. Scale Bar, 10um.
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Figure V.4. The mCherry::DNKASH is not colocalized with mitochondria. Confocal images of

mCherry::DNKASH in magenta (A), mito::GFP and nuclear GFP in cyan (B) and the merge of two

channels (C). Scale Bar, 10um.
V.2 UNC-83’s role in preventing micronuclei in the hypodermis

UNC-83 is the KASH protein interacts with kinesin-1 and dynein to move nuclei in the embryonic
hyp7 precursor and larval P cells. Interestingly, even long after the nuclear migration events,
UNC-83 is persistently expressed and localized on the nuclear envelop in the C. elegans adult
hypodermis. It is unclear what is the role of UNC-83 in the adult hypodermis. One hypothesis is
that UNC-83 contributes to nuclear anchorage through tethering the syncytial nuclei to the
microtubule. However, unc-83 null mutants do not show nuclear anchorage defects (Figure V.5
C). In the anc-1 mutants, nuclei group together and form clusters. It is also possible that UNC-
83 only plays important roles in huclear anchorage when anc-1 is depleted. If this hypothesis is
correct, we would expect more severe nuclear anchorage defects in unc-83 and anc-1 double
mutants. On the other hand, UNC-83 could be the cause of nuclear movement and clustering in
the syncytium when ANC-1 mediated nuclear anchorage is depleted. In this case, mutation in

unc-83 would suppress the nuclear cluster phenotype of anc-1 mutants. Preliminary observation
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indicates that double mutant of unc-83 and anc-1 still has severe nuclear anchorage defects, it

would be interesting to carefully quantify it.

Micronuclei are small nuclear structures separate from the primary nucleus (Fenech, Kirsch-
Volders et al. 2011, Krupina, Goginashvili et al. 2021). While characterizing nuclear anchorage
defects of unc-83 mutants, | found an increase of micronuclei in the in the adult seam cell and
hyp7 syncytium of unc-83(e1408) mutants (Figure V.5 B and D). Interestingly, the SUN protein
mutant unc-84(n369) null does not cause significant increase of micronuclei. Further
experiments are needed to validate the results. If this phenotype is real, it indicates an UNC-84-
independent role of UNC-83. It would be interesting to test if deletion of the KASH domain of

UNC-83 cause any increase of the rate of micronuclei.
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Figure V.5. The number of micronuclei is increased in unc-83 null mutants. (A-B) Lateral views of young
adult C. elegans expressing nuclear GFP marker (green) in the wild-type (WT) (A) and unc-83(e1408) (B)
animals. The yellow boxes show examples of seam cell micronuclei while the red boxes show examples
of hyp7 micronuclei. Scale Bar, 10um. (C) Quantification of nuclear anchorage defects in the WT, unc-

83(e1408) and unc-84(n369) mutants. Each dot represents the percentage of touching nuclei on one side
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of a young adult animal. Means with 95% CI error bars are shown. n = 20. (D) Quantification of the

number of micronuclei in the seam cell and hyp7 syncytium in the WT, unc-83(e1408) and unc-84(n369)
mutants. Each dot represents the number of micronuclei on one side of a young adult animal. Means with

95% CI error bars are shown. n = 20.

First, micronuclei are DNA containing structures. The current marker we use to quantify
micronuclei is NLS-GFP-LacZ. It would be important to use a fluorescent tagged histone marker
or Hoescht 33258 staining to test if the micronucleus in the hypodermis contains DNA. It is still
possible that the micronuclei we observe in the hypodermis are actually nuclear buds, which is
distinguishable from the micronuclei by the thin chromatin bridge connected to the main nucleus
(Hatch 2018). Second, micronuclei are mostly caused by defects in chromosome segregation
during cell division or nuclear rupture (Krupina, Goginashvili et al. 2021). The adult
hermaphrodite hyp7 contains 139 nuclei, 98 of which are derived from seam cell divisions (Altun
and Hall 2009). It would be interesting to perform live imaging to test if there are chromosome
segregation defects during seam cell division (Altun and Hall 2009). Third, it is possible that
UNC-83 helps to maintain the nuclear envelope integrity in the syncytium. Nuclei are connected
to the cytoskeleton through the LINC complexes and might be under mechanical stress
(Belaadi, Aureille et al. 2016). It is possible UNC-83 associates with the microtubule motors to
buffer the force from the cytoplasm on the nuclear envelope. In anc-1 null mutants where the
nuclei are not anchored, | have observed nuclear rotation in the cytoplasm (data not shown). It
would be interesting to test if the nuclear rotation in anc-1 mutants is UNC-83-dependent
through live imaging with the strain UD961 (double mutant of unc-83 and anc-1 with the
mcherry::emr-1 nuclear envelop marker). Last, the daughters of seam cells become tetraploids
once fused to hyp7. However, there are 23 nuclei that are fused to the hyp7 embryonically and

remain diploid. Thus, although sharing the same cytoplasm, the nuclei in the syncytium might be
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different in age and size. It would be interesting to test if the micronuclei are more likely occur in

the seam-derived or the embryonically fused nuclei.

V.3 Function of the cytoplasmic domains of ANC-1

V.3.1 Deletion of fragmentl (F1) causes mild ER anchorage defects

In Chapter 4, | have shown that deletion of the F1 domain causes nuclear anchorage defects.
However, it was not clear how F1 deletion affects nuclear positioning or if F1 also functions in
ER anchorage. | have crossed the F1 deletion strain to a hyp7 specific GFP::KDEL ER marker
and found that the mutant has mild ER defects (Figure V.6 B-B”). In the wild type (Figure V.6 A-
A”), there are more ER connect to the nucleus, while in the F1 deletion mutants less ER is
surrounding the nucleus. Further analysis on the amount of ER close to the nuclear envelope
(within 2um, for example) may help to characterize the phenotype. Interestingly, preliminary
observation indicates that the KASH deletion and TK deletion may also increase the ER free
region surrounding the nucleus (data not shown). It might be possible that ANC-1 functions to
connect the ER and the nuclear envelop in a LINC-dependent manner. It is still mysterious how

the F1 region might also contribute to the ER-nuclear connection.
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Figure V.6. Deletion of the fragment 1 (F1) of ANC-1 causes mild ER anchorage defects. Representative

confocal image of GFP::KDEL labled ER in the hyp7 syncytium of the wild-type (A-A”) and anc-1(AF1) (B-
B”) young adults are shown. A’ and A” are enlared image in the yellow and red boxes from A. B’ and B”
are enlared image in the yellow and red boxes from B. (C-C”) Confocal images of GFP::AF1 (C, cyan),

mKate2::TRAM-1 ER marker (C’, magenta) and the merge of two channes (C”). Scale Bar, 10um.
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| have also deleted the F1 region in the GFP::ANC-1B background to test if F1 fragment plays a
role in the colocalization of ANC-1 with the ER. As a result, deletion of the F1 region did not
exclude the protein from the ER. GFP::ANC-1(AF1) is even more broadly expressed in the
cytoplasm but is still mostly colocalized with the ER (Figure V.6 C-C”). | have also noticed that
sometimes the ER moves slightly in the hyp7 syncytium, which is not as severe as the anc-1
null. This observation is consistent with the clustering of lipid droplets in the F1 deletion mutants

under DIC (Figure V.7 B), which is also not as significant as the anc-1 null (Figure V.7C).

Figure V.7. Lipid droplets form clusters in the anc-1(AF1) animals. DIC images of the laterview
of the hypodermis of young adult wild type (A), anc-1(AF1) (B) and anc-1(e1873) mutants. Scale

Bar, 10pum.

V.3.2 Deletion of five of the six RPs causes protein subcellular localization and ER

defects

In chapter 4, | have shown that deletion of five of the six tandem repeats has mild nuclear
anchorage defects in compare with deletion of all six repeats. Without all the repeats, the ER is
strongly misshaped, and the GFP-tagged protein is excluded from the ER. It was unclear if one
repeat was sufficient to localize the protein to the ER and maintain its shape. To answer this
question, | imaged the GFP::ANC-1(A5RPs) with the mKate2:: TRAM-1 ER marker, and found
that the ER morphology defect is not as severe as the anc-1(A6RPs) worms. GFP::ANC-

1(A5RPs) protein sometimes form bright aggregates (Figure V.8 A, B), which might indicates
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the self-interaction of ANC-1 proteins. There are still some ER/GFP::ANC-1(A5RPs)
colocalization, especially at the bright GFP::ANC-1(A5RPs) protein aggregation sites. It is
possible that the full-length protein is required to form a meshwork in the cytoplasm, which may

function as a skeleton for the ER to be anchored.

D i

Figure V.8. Subcellular localization of ANC-1(A5RPs). (A-A”) and (B-B”) are confocal images of

endogenous ANC-1(A5RPs) (A and B, cyan), the mKate2::TRAM-1 labeled ER (A’ and B’, magenta) and
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merge of the two channels (A” and B”). A and B are two different animals. (C) Representive images of
the wrmScarlet::1RP (magenta) overexpressed in the hypodermis. (D and E) Confocal images of

endogenous GFP::ANC-1 and ANC-1(A5RPs) in the adult muscle. Scale Bar, 10pum.

V.3.3 ldentify potential binding partners of the F1 and the tandem repeats

F1 and repeat regions play important roles in organelle positioning but the molecular
mechanism is poorly understood. It would also be interesting to identify the binding partners of
the F1 region. | have created a yeast-2-hybrid bait pSL878 with 582bp (ANC-1B 1552S-2113A)

of the F1 region to perform a yeast-two-hybrid screen to identify putative binding partners.

The tandem repeats are predicted to be spectrin-like structures and they are important for ANC-
1’s association with the ER. However, it is unclear what these repeats bind on the ER. | have
cloned a bait plasmid pSL877 with 720bp (ANC-1B 2153L-2872E) of the repeat region for

identifying binding partners of this region by yeast-two-hybrid screen.

Another way to identify putative ANC-1 binding partners is through GFP-pull down using the
GFP-Trap Magnetic Particles M-270 coupled with mass spectrometry analysis. One drawback
of the IP-mass spectrometry experiments is high non-specific background. It might easier to
perform the pull-down experiments with both GFP::ANC-1B and GFP::ANC-1(A6RPs) strains
and analyze the missing protein in the GFP::ANC-1(A6RPs) animals. ANC-1 is a very large
protein (around 956 KDa) and western-blotting to identify the protein is challenging. | have
successfully used the 3-8% NuPAGE Tris-Acetate Gels (ThermoFisher) to identify the repeat
deleted proteins (Figure V.9). Future IP-mass spectrometry studies may reveal some putative
repeat-binding proteins. It will be exciting to understand what the sceptrin-like repeats interact

on the ER.

Moreover, to find putative weak interactors of ANC-1, another approach is to CRISPR tag ANC-

1 and ANC-1(A6RPs) with BirA* and perform proximity labeling proteomics.
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Figure V.9. Western-blot of endogenous GFP::ANC-1 in the whole worm lysates. The red box
emphasizes the band of GFP::ANC-1(A6RPs) and GFP::ANC-1(A5RPs). Top and botom bands might

represent the protein of a/c longer isoform and the b shorter isoform, respectively.
V.4 ANC-1’s interaction with the ER

V.4.1 Lipin-1 RNAI excludes ANC-1 from the ER

In chapter 4, we characterized the ER morphology defects in anc-1 mutants and described a
strong GFP::ANC-1 correlation with the ER. However, it is not clear if change of the ER
morphology will affect ANC-1’s function. LIPIN-1 is a phosphatidate phosphatase that converts
PA to DAG. RNAI of lipin-1 changes the morphology of the ER in C. elegans early embryos
(Golden, Liu et al. 2009). Interestingly, with lipin-1 RNAI for around 40 hours (Figure V.10 E-H),
the ER lost its morphology but GFP::ANC-1 is not colocalized with the misshaped ER. The

phenotype is more severe with longer lipin-1 treatment (Figure V.10 I-L and M-P). It is unclear
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how lipin-1 RNAI affects the ER colocalization of ANC-1. It is possible that some essential

binding partners of ANC-1 is affected by lipin-1 RNAI. The mKate2::TRAM-1 is still localized on
the ER. It might be interesting to use proximity labeling proteomics like TurbolD to tag TRAM-1
with BirA* and study the missing elements on the ER with lipin-1 RNA.. It is possible that there

are overlapping missing proteins when lipin-1 is knocked down or the RPs are deleted.

mKate2::TRAM-1  GFP::ANC-1B Merge

Figure V.10. Lipin-1 RNAi excludes GFP::ANC-1 from the ER. mKate2:: TRAM-1 (magenta) and
GFP::ANC-1b (cyan) of the control and lipin-1 RNAI treated animals are merged on the right. Line scans

are shown on the far right. (A-D) RNAi control animals (E-H) L1 animals on the lipin-1 RNAi plates for
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around 40 hours before imaging. (I-L) and (M-P) are two examples of F2 young adult animals on the lipin-

1 RNAi plates. Scale Bar, 10pum.

V.4.2 ANC-1 may function as an ER skeleton

The ER is a well-organized structure with tubule-like and sheets-like structures. However, these
structures are not well characterized in the C. elegans hypodermis. The fluorescent images
indicate that the ER might be stacked together in the anc-1 mutants. It is not clear if the ER
changes from tubule-like network to sheets. Although ANC-1’s subcellular localization is
corelates with the ER, the protein is not uniformly distributed on the ER. There are some areas
that ANC-1 is more expressed (Figure V.11 A). It is possible that ANC-1 is forming some sort of
meshwork by itself or with other cytoskeleton elements to spread the ER or maintain the
structure of the ER. It is not clear if the ER in the regions with higher ANC-1 level is more
tubule-like networks than sheets. Preliminary Transmission Electron Microscopy (TEM) images
indicates that the ER is organized as branched network in the WT (Figure V.11 A, D and G),
while there are more sheets-like structures in the anc-1(A6RPs) animals (Figure V.11 B, E and
H). There is only one worm for each strain, so future studies need to image more samples to
characterize how the ER is changed without ANC-1. Two of anc-1 null mutant worms display a
gap between the cuticle and the underneath tissue (Figure V.11 C and F), and the ER is less
structured in the mutant. It is not clear if the gap is due to damage in sample processing or is a
defect in anc-1 mutants. It is also not well understood how the ER shape proteins like Alastin-1
or reticulon may function to maintain the shape of ER in the hypodermis or if ANC-1 function

with these ER shape proteins to anchor the ER.
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Figure V.11. ER structures in the hypodermal and intestine of wild type and anc-1 mutants. (A-1) The
longitudinal sections of worms examined by transmission electron microscopy (TEM) after High-pressure
freezing and freeze substitution (McDonald 2014). (A) WT hypodermis; (B) anc-7(A6RPs) hypodermis;

(C) anc-1(e1873) hypodermis; (D and G) WT intestine; (E and H) anc-1(A6RPs) intestine; (F and I) anc-
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1(e1873) intestine; Scale bars are shown on the images. N is nucleus; M is mitochondria; L is lipid
droplet. (J) mKate2::TRAM-1 marked ER. (K) the endogenous GFP::ANC-1 (Fire LUT). The hand-drew

region emphasizes some ER structures with higher GFP::ANC-1 level. Scale Bar, 10um.

V.5 ANC-1’s role in regulating the biophysical properties of the cytoplasm

V.5.1 The mobility of the 40nm genetically encoded multimeric nanoparticles (GEMs) is

increased in anc-1 mutants

In chapter 4, we have observed that the ER, mitochondria, and lipid droplets are not anchored in
the C. elegans hyp7 syncytium. Interestingly, GFP::ANC-1 is strongly colocalized on the ER but
not on lipid droplets or mitochondria. It is unclear how ANC-1 anchors all these organelles. One
hypothesis is that ANC-1 regulates the biophysical properties of the cytoplasm, which is
required for the anchorage of subcellular organelles. To test this hypothesis, | expressed the
recently developed 40nm GEMs (genetically encoded multimeric nanoparticles) (Delarue,
Brittingham et al. 2018) in the hyp7 (Figure V.12 A and B), tracked the movement of GEMs
(Figure V.12 A’ and B’), and compared the effective diffusion coefficient (Der) (Figure V.12 E) of
GEMs in the WT, anc-1(e1873) and unc-84(n369) mutants (Shilpi Kalra performed the tracking
and generated the graph Figure V.12 E and F). Our results indicate that the GEMs move more
in the anc-1 mutant, but not in unc-84(n369) relative to the WT. | have also tested the mobility of
40nm GEMs in the intestine and found the similar results (Figure V.12 C-D, C’-D’ and F). These
results indicate that the cytoplasmic crowding might be altered in the anc-1 mutants. Notably,
there are a large amount of GEM patrticles trapped and are not moving around in the C. elegans

tissues. Future analysis should consider filtering those non-mobile particles out.
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intestine

WT anc-1(null) unc-84(null)

WT anc-1(null) unc-84(null)

Figure V.12 Nanoparticle’s difussion rate is increased in anc-1 null mutants. (A-B) Representative images
of 40nm GEMs in the hyp7 of the wild-type (A) and anc-1(e1873) mutant (B). The fluorescent images with
single particle trajectories superimposed are shown on the right (A’ and B’, respectively). (C-D)
Representative images of 40nm GEMs in the intestine of the wild-type (C) and anc-1(e1873) mutant (D).
The fluorescent images with single particle trajectories superimposed are shown on the right (C’ and D’,
respectively). The average time interval is 37ms. Scale bar, 2um. (F-F) Effective diffusion coefficients
(Det) of 40nm GEMSs in the WT (blue), anc-1(e1873) (orange), and unc-84(n369) (green) in the hyp7 (E)
and intestine (F). Each dot represents the medium of Deff for each video. n in figure E represent the

number of tracks analyzed.
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In addition, | have expressed the 40nm GEMs in the muscle and neurons. GEMs in the muscle
are very highly expressed and form aggregates even with GFP RNAI (Figure V.13 A). Further
studies may consider using inducible protein expression constructs to control levels of GEMs.
One approach | have tried is to use CRISPR/Cas9 gene editing to add the recently established
tetracycline-dependent ribozyme switch in the 3' UTR of the hypodermal 40nm GEM strains.
Without tetracycline, the ribozyme cleaves the mRNA and no GEM is expressed. In the
presentence of tetracycline, the ribozyme is inactivated, and GEMs are expressed (Wurmthaler,
Sack et al. 2019). Preliminary results indicate that there is no GEM expression without
tetracycline. However, with 1uM tetracycline, there is a robust expression of 40nm GEMs in the
adult hyp7. It might be possible to optimize the tetracycline treatment. Otherwise, other
approaches should be considered to control the density of the GEMs.

In neurons, the 40nm GEMs driven by the pan-neuronal rgef-1 promoter are expressed at an
appropriate density and are easy to track (Figure V.13 D and E). It might be because that the
expression level is enough for GEMs to assembly but not too much to form aggregates. Also,
the neurons of C. elegans are on the surfaces of the worm, making it easy to image. It would be
interesting to know if there is difference in the cellular crowding in the axons and the cell body
since ribosome are mainly in the cell body (Rolls, Hall et al. 2002, Noma, Goncharov et al.
2017). ANC-1 is also expressed in neurons (data not shown) and mutations in anc-1 causes
axon guidance defects in the mechanosensory neurons (Tulgren, Turgeon et al. 2014). It would
be interesting to test if ANC-1 affects the subcellular crowding in neurons with the neuronal
GEM strain. | have crossed a red mechanosensory neuron marker Pmec.7::mMRFP (jsIs973 [mec-
7p::mRFP + unc-119(+)] 111.) into the Piger.1::40nmGEM strain with or without anc-1 and unc-84
null mutations. Preliminary imaging indicates that we can track the GEM mobility in the cell body
(Figure V.13 D-D’”’) or the axon (Figure V.13 E-E™’). Although the 40nm GEMSs are not highly

expressed in the mechanosensory neurons, it is possible to image more worms to get enough
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sample. Future studies could use GEMs to test if ANC-1 plays a role in the cellular crowding in

the neurons and if UNC-84 is required in this process.

A Pryo3::40nmGEMs BPQQS_T::QOanEI\/IS C Phyp7-:20nmGEMs

D  Pyerr:40nmGEMS |

B
e

= P ger.1::40nmGEMs

Figure V.13. 40nm GEMs in muscle and neurons and representive images of 20nm GEM strains. (A)
40nm GEMs under the myo-3 promoter are expressed in single copy in the muscle. Yellow arrow points
to the aggregated GEMs; While arrow head points to a GEM patrticle. (B-C) 40nm GEMs are expressed in
single copy under the ges-1 promoter in the intestine (B) and under the y37alb.5 promoter in the hyp7
(C). (D-E”’) 40nm GEMSs are expressed in single copy under the rgef-1 promoter in neurons (Cyan, D and
E) colocalized with the cell body (D-D’’) and the axon (E-E’’) of Pmec-7::mRFP labeled (magenta)

mechanosensory neurons. (D’ and E’’) Enlarged region in the green boxes of (D) and (E) with tracks
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generated by MOSAIC plugin. The Radius is 3, Cutoff is 0, Per/Abs is 0.05 for cell body (D’) and 0.02 for

axon (E™), Linkrage is 2 nd displacement is 10. Scale bar, 2um.

V.5.2 Knocking-down small ribosome proteins causes nuclear anchorage defects

Recent studies have shown that ribosome concentration plays an important role in the cellular
crowding in budding yeast and human tissue culture cells (Delarue, Brittingham et al. 2018). It is
not clear if ribosome concentration also affects the cellular crowding in the hyp7 syncytium in C.
elegans. With the 40nm GEM strain, we can test if the mobility of the GEM particles increases
with rps-15 or rps-18 RNAI. Rapamycin and mTOR signaling pathway also affect the ribosome
concentration (Delarue, Brittingham et al. 2018), we can also test the mobility of GEMs with

Rapamycin treatment or let-363 (mTOC) RNA..

Previous preliminary results from an RNAI feeding screen of Chromosome | for nuclear
anchorage defects in the lab suggest that RNAI of rps-15 (ribosomal protein S15) cause nuclear
anchorage defects. The small ribosome protein RPS-15 is involved in nucleolar ribosomal
biogenesis and the assembly of RPS-15 into the pre-ribosomes is essential for their nuclear exit
(Leger-Silvestre, Milkereit et al. 2004, Rossler, Weigl et al. 2022). Another small ribosome
protein RPS-18, which contacts RPS-15 in the small subunit of ribosomes, functions upstream
for pre-ribosomes maturation (Leger-Silvestre, Milkereit et al. 2004). Knocking down rps-15 or
rps-18 causes ribosome biogenesis defects. My nuclear anchorage quantification results
showed that rps-15 and rps-18 RNAI increased the percentage of touching nuclei in the hyp7
syncytium (Figure V.14 B, C-D), which is even more severe than the unc-84(null). However, the
phenotype is not as significant as anc-1 null mutants. Recently, a large-scale RNAi screen
studies identified two different ribosome subunits, rpl-21 and rps-22, that affects ER structure
(Maheshwari, Rahman et al. 2021). It would be interesting to test if rps-15 and rps-18 RNAI

cause ER defects in the hypodermis. It is still not clear if the defects in nuclear positioning and
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ER morphology are caused by alteration of cellular crowding or other essential roles of

ribosome.

RNAi control D @ 100%-
o % % %k %
5
. : o I
g’ 80%~ * koK K
: |
g 60%- * ok ok ok ns *k ok
e} | | 11 |
et (2]
ks B
O 40%-
&
T 20%- oo
8 i
o
8 0%l —m— r r ®
W S N N
bp‘b‘ Q.ev Q.év. Qrb‘bq’
.\\/ ’,\<’.) Ir\Q) Q)b(\
Q§ \Qro ﬂQ‘b \)(\0

Figure V.14. Knocking down ribosome proteins causes nuclear anchorage defects. (A-C) Lateral view of
adult C. elegans expressing hypodermal nuclear GFP (green) treated with RNAI control (A), RNAI of rps-
15 (B), and RNAI of rps-18. Scale bar, 10um. (D) Quantification of nuclear anchorage defects in the
DNKASH overexpression strains. Each dot represents the percentage of touching nuclei on one side of a
young adult animal. Means with 95% CI error bars are shown. n = 20. ns, not significant. P £ 0.01 *** p <

0.01; **** p <0.001.

V.5.3 Ribosome distribution maybe altered in anc-1 mutants

Since ribosomes play a role in cellular crowding, which might affect organelle positioning. | was
curious if ribosomes are normal when anc-1 is knocked down. Most ribosome proteins are
essential and tagging GFPs affects their function. The Jin lab has developed split GFP for
tissue-specific visualization RPS-18 in C. elegans (Noma, Goncharov et al. 2017). The rps-18
fused to the 11" beta strand of GFP (GFP11) under its own promoter inserted into the genome

as a single copy in the rps-18 null mutant (Noma, Goncharov et al. 2017). The transgene
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rescued the null mutant, indicating that GFP1:::RPS18 is functional. The larger part of split GFP
(GFP1-10) is overexpressed as extrachromosomal arrays under the col-19 promoter
(jJuEx5375[Pcol-19-GFP1-10)). | also used GFP-tagged RPL-29, a component of the ribosome
large subunit, to visualize ribosomes (Noma, Goncharov et al. 2017). With RNAI control, the
GFP11::RPS-18 and GFP::RPL-29 are ubiquitously expressed in the cytoplasm (Figure V.15 A
and D). However, with anc-1 RNAI, ribosome distribution is disrupted like the ER (Figure V.15 B,
E and F; Figure 1V.4). | next tested if the regions with brighter GFP::RPS-18 signal are ER-
bound ribosomes by CRISPR-tagging RPS-18 with split GFP in the hypodermal

mKate2:: TRAM-1 ER marker background (both the ER marker and rps-18 are on chromosome
IV, making it challenging to cross the two markers). As a result, the bright ribosome regions are
colocalized with the ER (Figure V.15 G-G™” and H-H’”). The GFP or split GFP tagged ribosomes
are moving around with the anc-1 RNAI treatment. It is unclear if the cytoplasmic ribosome
concentration is altered, or the distribution of the cytoplasmic ribosomes are altered without
ANC-1. Future studies are required to quantify the distribution of ribosomes in the cytoplasm to
test if there is a change in the ribosome distribution in anc-1 mutants. Although challenging, it
might be helpful to measure the local ribosome concentration either by analyzing TEM images
or fluorescent images in the future (Figure V.11 A-l). It is possible that the ribosome distribution
defects cause heterogeneity of cellular crowding in the cytoplasm. It may explain the flow in the
cytoplasm in the hyp7 syncytium of anc-1 mutants. Another possibility is that the change of
localization of ribosomes is directly related to the ER anchorage defects in the anc-1 knock
down worms. It is possible that the ER lost anchorage and stack together, creating more room
for the ribosomes and decreased ribosome concentrations in the cytoplasm. It would be

interesting to measure the ER volume to test if there is more ER-free space in the syncytium.
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| have also generated a Split Scarlet-tagged RPS-18 strain (Figure V.15 C), which can be used
to image together with GFP-tagged GEMs to test if the local ribosome concentration correlates

with GEMs mobility in the wild-type and anc-1 knockdown worms.

RNAi control anc-1 RNAI

RPL29::GFP RPL29::GFP

= F

RPL-29::GFP
RNAi control : anc-1 RNAI anc-1 RNAI

RPS-18:GFP
Pror.16:GFP:1

anc-1 RNAI
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Figure V.15. Ribosome distribution is affected by anc-1 RNAI. (A-B) Epidermis-specific Split GFP tagged
RPS-18 proteins (green) in the young adults with RNAI control treatment (A) and RNAI of anc-1 (B). (C)
Representative confocal image of wrmScarletll tagged endogenous RPS-18 in epidermis. (D-F)
GFP::RPL29 (cyan) in the young adults with RNAI control treatment (D) and RNAI of anc-1 (E and F).
Split GFP tagged RPS-18 (Cyan, G and H) and mKate2::TRAM-1 labeled ER (magenta G’ and H’) are
merged on the right (G” and H”) with RNAI control (G-G”) and anc-1 RNAi (H-H”) treatments. Scale bar,

10um.

With the present study, | have characterized the KASH-independent function of the giant KASH
protein ANC-1 in the anchorage of subcellular organelles in the hyp7 syncytium. The study
redirects our attention from nuclear clustering to organelles moving around, which indicates a
role of ANC-1 in regulating the organization of the whole cytoplasm. The human ortholog of
ANC-1, Nesprin-1 and 2, are involved in many muscular and neurological diseases. It will be
interesting to know if the human orthologs also function to organize the cytoplasm, rather than
just regulating nuclear positioning. Although the molecular mechanism of how exactly the
cytoplasm domains of ANC-1 function is still not clear, further research on identifying ANC-1
binding partners may provide valuable insight into how the cytoplasm is organized. To study the
possibility that ANC-1 may regulate the cytoplasmic crowding, | introduced the GEMs to study
microrheology in C. elegans. Our preliminary results indicate that ANC-1 may regulate the
subcellular crowding, but the mechanism is unclear. Although the GEMs are not perfect yet, it
could be a great tool to study the biophysical properties of the cytoplasm in various tissues
during different developmental processes. Future efforts in optimizing and establishing GEMs as

a tool would help to answer many cell biology questions.
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