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ABSTRACT OF THE DISSERTATION 

 

Ubiquitylation and Phosphorylation Regulate Cell Cycle Progression 

 

by 

 

Joseph Yeejoo Ong 

Doctor of Philosophy in Biochemistry, Molecular and Structural Biology 

University of California, Los Angeles, 2022 

Professor Jorge Torres, Chair 

 

Cell division and cell cycle progression are regulated by various proteins. The activity of 

these proteins are fine-tuned by post-translational modifications such as ubiquitylation and 

phosphorylation. Identifying what proteins are modified, the enzymes that performed the 

modification, and the consequence of the modification has been a core component of 

understanding the regulation of cell cycle progression. Here, I present my thesis on examining 

various aspects of these post-translational modifications as they apply to cell cycle progression. 

First, I discuss the Cul3 substrate adaptor SPOP and its role in regulation of Nup153. Next, I 

discuss KCTD proteins and their ability to bind to Cul3. Finally, I characterize Cdk15, a putative 

spindle assembly checkpoint kinase. Altogether, these projects further our understanding of how 

enzymes and their post-translational modifications orchestrate the various processes necessary 

for cell division and cell cycle progression and how misregulation of these processes may lead 

to certain disease states like cancer.  
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Chapter 1: E3 ubiquitin ligases and cancer progression 

 

This chapter is reproduced from: 

Joseph Y. Ong and Jorge Z. Torres. “E3 Ubiquitin Ligases in Cancer and their 

Pharmacological Targeting.” Book Chapter, The Ubiquitin/Proteasome System, ISBN 

978-953-51-7766-1. 2019 Feb.  

This chapter introduces ubiquitin and the E3 ubiquitin ligases that are responsible for 

ubiquitylating proteins and how misregulation of E3 ubiquitin ligases can result in disease states 

like cancer. 
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Chapter 2: Cul3 substrate adaptor SPOP targets Nup153 for degradation 

 

Abstract 

SPOP is a Cul3 substrate adaptor responsible for degradation of many proteins related 

to cell growth and proliferation. Because mutation or misregulation of SPOP drives cancer 

progression, understanding the suite of SPOP substrates is important to understanding 

regulation of cell proliferation. Here, we identify Nup153, a component of the nuclear basket of 

the nuclear pore complex, as a novel substrate of SPOP. SPOP and Nup153 bind to each other 

and colocalize at the nuclear envelope and some nuclear foci in cells. The binding interaction 

between SPOP and Nup153 is complex and probably multivalent. Nup153 is ubiquitylated and 

degraded upon expression of SPOPWT but not its substrate binding-deficient mutant SPOPF102C. 

Loss of SPOP via siRNAs leads to Nup153 stabilization. Upon overexpression of SPOPWT, the 

localization of spindle assembly checkpoint protein Mad1, which is tethered to the nuclear 

envelope by Nup153, is weaker. Altogether, our results demonstrate SPOP regulates Nup153 

and expands our understanding of the role of SPOP in protein homeostasis.  

 

Introduction 

The Cullin subset of proteins are E3 ubiquitin ligases responsible for about 20% of 

ubiquitin-mediated proteasomal degradation within a cell (Soucy et al., 2009). Cul3 assembles 

an active E3 ubiquitin ligase complex by simultaneously binding an E2 ubiquitin conjugating 

enzyme charged with the ubiquitin and a BTB-domain containing substrate adaptor which bound 

to the substrate to be ubiquitylated (Petroski and Deshaies, 2005). Prominent Cul3 substrate 

adaptors include Keap1, LZTR1, and SPOP. Keap1 binds to and targets the transcription factor 

Nrf2, a protein responsible for responses to oxidative conditions and cellular stress, for 

degradation (Cullinan et al., 2004; Furukawa and Xiong, 2005). LZTR1 binds to and targets the 
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Ras family of GTPases (Steklov et al., 2018; Bigenzahn et al., 2018) and Ras-related GTPase 

RIT1 (Castel et al., 2019) for degradation.  

SPOP is a Cul3 substrate adaptor with three main domains: a MATH domain that binds 

to substrates, a BTB domain that causes SPOP to dimerize and also mediates interaction with 

Cul3, and an oligomerization BACK domain through which SPOP dimers can chain to form 

higher-order structures (Marzahn et al., 2016). Hydrophobic residues within the MATH, such as 

Y87, F102, Y123, W131, and F133, mediate the interaction between SPOP and its substrates 

(Zhuang et al., 2009), and mutations of these residues generally disrupt the ability of SPOP to 

bind to its substrates (Geng et al., 2013a; Janouskova et al., 2017; Ostertag et al., 2019a). 

Because SPOP plays important roles in cell grow regulation, SPOP is commonly mutated or 

misregulated in cancers, suggesting an important role for SPOP as a tumor suppressor (Barbieri 

et al., 2012; Le Gallo et al., 2012; Hu et al., 2016; Wang et al., 2020b). 

Whereas the principle substrate of Keap1 is Nrf2 and that of LZTR1 are Ras-related 

GTPases, SPOP regulates many proteins involved in cell growth and proliferation. For example, 

androgen receptor (AR)-mediated signaling regulates cell proliferation and differentiation 

transcriptional programs (Culig and Santer, 2014). SPOP mediates the degradation of AR (An et 

al., 2014; Geng et al., 2014), its co-activator SRC-3 (Geng et al., 2013b; Zhou et al., 2010), and 

TRIM24, an enhancer of AR-mediated gene activation (Groner et al., 2016), and SPOP 

mutations derived from prostate cancers disrupt SPOP’s ability to regulate AR-signaling. 

Similarly, SPOP targets estrogen-receptor for degradation in endometrial cancers (Zhang et al., 

2015). In development, SPOP regulates Hedgehog signaling by degrading transcription factors 

Gli2 and Gli3 (Chen et al., 2009) and consequently influences morphogenesis in both 

Drosophila and vertebrates (Cai and Liu, 2016, 2017; Schwend et al., 2013; Seong and Ishii, 

2013; Kent et al., 2006). Correspondingly, SPOP misregulation is associated with dysfunction of 

Hedgehog signaling in a variety of cancer types (Li et al., 2014; Zhi et al., 2016; Jin et al., 

2019b; Zeng et al., 2014; Li et al., 2019; Burleson et al., 2022). In some cancer types, the 



25 
 

cancer stem cell-associated transcription factors c-Myc (Luo et al., 2018; Geng et al., 2017) and 

Nanog (Wang et al., 2019; Zhang et al., 2019) are also degradation targets of SPOP. 

More broadly, wild-type SPOP promotes genomic stability, and loss of SPOP function 

can result in defects in DNA replication stress (Hjorth-Jensen et al., 2018), double-stranded 

break repair (Boysen et al., 2015), and the DNA-damage response (Jin et al., 2021). Altogether, 

given SPOP’s regulatory roles in cell growth, proliferation, and development, understanding the 

suite of SPOP substrates is crucial to understanding SPOP’s role in cell biology and its 

pathological roles when mutated or misregulated. 

 The human nuclear pore complex (NPC) is an approximately 120 MDa complex 

consisting of multiple copies of about 30 proteins termed nuclear pore complex proteins (Nups) 

(Beck and Hurt, 2016). As the main channel between the nucleoplasm and the cytoplasm, the 

NPC plays a crucial role in the trafficking of proteins and RNAs in and out of the nucleus (Beck 

and Hurt, 2016). The NPC also plays other roles in transcription and gene regulation, 

cytoskeletal regulation, and nuclear membrane architecture (Strambio-De-Castillia et al., 2010). 

During mammalian cell division, the NPC disassembles during open mitosis/meiosis and 

reassembles upon completion of chromosome segregation (Otsuka and Ellenberg, 2018). 

Emerging work demonstrates that the Nups, despite NPC disassembly, are not passive during 

cell division. Many Nups have roles during cell division including the promotion of microtubule 

nucleation, regulation of the anaphase promoting complex/cyclosome, and localization of 

spindle assembly checkpoint proteins Mad1 and Mad2 (Mossaid and Fahrenkrog, 2015; Garcia 

et al., 2021). For example, during interphase, Nup153 is a nuclear pore complex protein in the 

nuclear basket that plays roles in nuclear trafficking (Ball and Ullman, 2005) and transcription 

(Toda et al., 2017), but during mitosis, Nup153 plays roles in nuclear pore complex assembly 

and nuclear envelope modeling (Duheron et al., 2014; Vollmer et al., 2015) and spindle 

assembly checkpoint regulation via an interaction with Mad1 (Lussi et al., 2010; Mossaid et al., 

2020). 



26 
 

  Here, we identify Nup153 as a novel SPOP substrate. We demonstrate that SPOP 

binds, ubiquitylates, and degrades Nup153. We also demonstrate that SPOP overexpression 

results in the mislocalization of the spindle assembly checkpoint protein Mad1 from the nuclear 

envelope, presumably via depletion of Nup153. Altogether, our results demonstrate Nup153 is a 

substrate of SPOP and suggest that the SPOP-Nup153 axis may be a mechanism by which 

SPOP regulates aspects of cell cycle progression and cell division. 
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Methods 

 

Molecular cloning 

 To generate pDONR221 vectors containing the coding sequence (or truncated coding 

sequence) of each protein used in this study, primers containing Gateway cloning sites were 

designed against the coding sequence (or the desired truncation) of each gene and the genes 

were amplified via PCR. The PCR products were extracted and purified from an agarose gel. 

The appropriate pDONR221 plasmids and subsequent destination vectors were generated with 

Gateway cloning as previously described (Torres et al., 2009). 

To generate amino acid substitution and deletion mutants, primers were designed with 

Agilent’s QuikChange Primer Design program and the mutagenesis was performed with Agilent 

QuikChange Lightning using the appropriate pDONR as a template according to manufacturer’s 

instructions. 

 

Cell culture, drug treatments, and transfections 

 Cells were maintained in DMEM/F12 media supplemented with 10% FBS (v/v) and 

penicillin/streptomycin at 37°C in 5% CO2. HeLa and HEK293T cells were maintained with 

standard FBS, and Flp-In T-REx cells were maintained with FBS that contained no detectable 

tetracycline. The doxycycline-inducible Flp-In T-REx cell lines were generated as previously 

described (Bradley et al., 2016). The doxycycline-inducible protein was induced in Flp-In T-REx 

cells by addition of 0.1 μg/mL doxycycline for 16-24 hours. Cells were discarded within 12 

weeks of thawing to avoid high passage numbers.  

 For plasmid DNA and siRNA transfections, for one well of a 12-well plate (surface area 

3.5 cm2), about 80,000 cells were plated. The next day, the cells (at about 70% confluence) 

were transfected. For plasmid DNA transfection, 1 μg of total DNA was transfected with 4 μL of 

Fugene HD in 100 μL of Opti-MEM, according to manufacturer’s instructions. For control 
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plasmid DNA transfections, non-coding DNA (pCS2-Myc empty plasmid) was used. For siRNA 

transfection, 0.3 μL of 100 μM siRNA was transfected with 5 μL of Lipofectamine RNAiMax in 

100 μL of Opti-MEM, according to manufacturer’s instructions (final concentration of siRNA: 30 

nM). For control siRNA transfections, siGLO was used. The media was changed about 6-8 

hours after plasmid DNA transfection and the next day (about 20 hours) after siRNA 

transfection. DNA transfected cells were assayed after 48 hours, while siRNA transfected cells 

were assayed after 72 hours. 

For cell cycle arrests, cells were treated with 2 mM thymidine or 232 nM Taxol for 16-20 hours. 

For protein degradation experiments, cells were transfected with indicated plasmids, then, 48 

hours after transfection, treated with 20 μM MG132, 50 mM chloroquine, or both for 5 hours. For 

in cell ubiquitylation experiments, pgLAP1-Nup153 HeLa cells were treated with 20 μM MG132 

for 4-5 hours before lysis.  

 

Mass spectrometry 

 pgLAP2-SPOP WT HEK293 Flp-In T-Rex cells were generated and tandem affinity 

purification was performed as previously described (Torres et al., 2009). The eluates were run 

onto an SDS-PAGE gel and gel slices were subjected for in-gel digestion with trypsin. Mass 

spectrometry and sequence analysis was performed at the Harvard Microchemistry and 

Proteomics Analysis Facility by microcapillary reverse-phase HPLC nano-electrospray tandem 

mass spectrometry (µLC/MS/MS) on a Thermo LTQ-Orbitrap mass spectrometer as previously 

described (Taniguchi et al., 2002).  

 

Cell lysis, co-immunoprecipitations, SDS-PAGE, and immunoblotting 

 To produce cell lysates, the media was removed and cells were lifted from the plate 

using cell dissociation solution (5% (v/v) glycerol, 1 mM EDTA, 1 mM EGTA in PBS) for 5 

minutes at 37°C. The cells were pelleted by centrifugation at 500 x g for 5 minutes. Cell lysates, 
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co-immunoprecipitations, SDS-PAGE, and immunoblotting were performed as previously 

described with the following modifications (Cheung et al., 2016):  

1. The salt and detergent concentration in the lysis buffer was increased to 

200 mM KCl and 1% (v/v) NP40. ATP was not added to the lysis buffer.  

2. Cells were lysed on ice by vortexing for 3 seconds every 3 minutes, 5 times 

total, before clearing via centrifugation at 13.1k x g at 4°C for 10 minutes. 

3. For co-immunoprecipitations, the lysis buffer was supplemented with 10 μM 

of MG132, 10 mM of NEM, and phosphatase inhibitor cocktail. Two 

volumes of lysis buffer without NP40 was added to the cell lysate during the 

binding so that the final concentration of NP40 during binding was 0.33%. 

Lysates were incubated with solid phase for 2 hours at 4°C on a rotating 

platform. The solid phase was washed with the supplemented lysis buffer 

containing 0.2% NP40. 

4. For co-immunoprecipitation experiments using S-Tag agarose, 200 μL S-

Tag agarose slurry was used (about 100 μL packed volume). The agarose 

solid phase was collected by centrifugation at 500 x g for 2 minutes at 4°C. 

5. The lysates were run on 4-20% 15-well SDS-PAGE gels. 

For immunoblots, molecular weight markers are shown to the right in kDa. Blots were 

imaged on a LI-COR Odyssey fluorescent scanner. In some cases, for a given experiment, 

lysates were loaded equivalently onto multiple gels and/or the blot was cut horizontally to allow 

for probing by multiple antibodies. See Supplementary File 1 for antibodies used and their 

dilutions.  

 

In vitro transcription/translation and binding experiments 

 To produce IVT-expressed protein, 200 ng of indicated pCS2 plasmid was added to 8 μL 

of SP6 TNT-master mix, 0.5 μL of 1 mM methionine, and the volume was brought to 10 μL per 
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reaction. The tubes were incubated at 30°C for 1.5 hours with shaking at 250 rpm. Upon 

completion of the incubation, 0.5 μL (approximately 5%) of the protein was saved as for the 

input portion of a gel and heated at 95°C for 5 minutes with 3 μL of water and 5 μL of 2x 

Lammeli buffer. The binding reaction, washing, and elution was performed in the same way as 

detailed for co-immunoprecipitations, except the concentration of NP40 was 0.25% throughout. 

 

Immunofluorescence and microscopy 

 For fixed cell immunofluorescence microscopy, HeLa cells were plated onto poly-D-

lysine coated coverslips in a 24-well plate. The same transfection procedures as a 12-well plate 

were followed, except everything was halved to adjust for the smaller surface area. Fixation with 

PFA, staining, and microscopy were performed as previously described (Guo et al., 2021). 

Methanol fixation was performed via the addition of absolute methanol cooled to -20°C and 

fixing the cells at -20°C for 20 minutes. See Supplementary File 1 for antibodies used and their 

dilutions.  

Images were acquired as a single plane or as a z-stack of 8 images encompassing a z-volume 

of 6.23 microns. For z-stack images, the maximum projection of the images is presented. 

Figures were processed in FIJI and exported as .tif files. 

 

CellProfiler quantification and other code 

 A Python script used to identify SPOP consensus binding sites is available on Github: 

https://github.com/jong2ucla/PythonScripts/blob/main/SPOP_ConsensusFinder.  

The CellProfiler pipeline used to quantify nuclear Nup153/nuclear DNA fluorescence is 

available on Github: https://github.com/jong2ucla/CellProfiler/blob/main/rbNup153toDNA.cppipe.   

The CellProfiler pipeline used to quantify nuclear nuclear envelope Mad1/nuclear 

CREST fluorescence is available on Github: 

https://github.com/jong2ucla/CellProfiler/blob/main/Mad1toCREST.cppipe. Here, we normalized 

https://github.com/jong2ucla/PythonScripts/blob/main/SPOP_ConsensusFinder
https://github.com/jong2ucla/CellProfiler/blob/main/rbNup153toDNA.cppipe
https://github.com/jong2ucla/CellProfiler/blob/main/Mad1toCREST.cppipe
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Mad1 intensity to CREST instead of DNA fluorescence because with the z-stacks used in image 

acquisition in this experiment, DNA fluorescence produced too much out of focus signal that 

posed a technical challenge for quantification. 

 

RT-qPCR 

 For RNA extraction, between 70-72 hours after siRNA transfection, the media was 

removed from HeLa cells and 200 μL of TriReagent was added directly to the wells of the plate 

to lyse the cells. RNA extraction and Dnase I digestion, RT-PCR, and qPCR were performed as 

previously described (Guo et al., 2021). For RT reaction, 750-1500 ng of RNA was used, and for 

qPCR reaction, 75-150 ng of cDNA with 400 nM each of forward and reverse qPCR primer was 

used.  

 Data were processed using the delta delta Ct method as previously described, using 

Gapdh as a housekeeping gene for normalization (Livak and Schmittgen, 2001). qPCR values 

were normalized to cells transfected with siGLO.  

 

Statistical analyses 

For image quantification, statistical significance was determined via one-way ANOVA 

and Tukey-HSD. For qPCR quantification, each siRNA transfection, RNA extraction, and RT-

PCR were performed three separate times (three biological replicates). For each biological 

replicate, the cDNA was assayed twice via qPCR (two technical replicates). For reported 

knockdown efficiencies, the two technical replicates of a biological replicate were averaged, and 

these averaged values were used to calculate the reported average and standard deviation 

(avg±SD) of the three biological replicates. Statistical significance was determined via one-way 

ANOVA and Tukey-HSD.  

 

STAR Protocols 
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REAGENT or RESOURCE SOURCE IDENTIFIER 

Recombinant DNA 

See Supplementary File 1 for all plasmids and vectors used in this study. 

Oligonucleotides 

SPOP siRNA #100 

 

Millipore Sigma siRNA ID: 

SASI_Hs01_00034100 

SPOP siRNA #101 Millipore Sigma siRNA ID: 

SASI_Hs01_00034101 

SPOP siRNA #102 

 

Millipore Sigma siRNA ID: 

SASI_Hs01_00034102 

siGLO Red Transfection 

Indicator 

Dharmacon D-001630-02-05 

Oligonucleotide sequences 

for siRNA, qPCR primers, 

and primers used for cloning 

are in Supplementary File 1 

Eurofins Genomics See Supplementary File 1 

Experimental Models: Cell Lines 

HeLa Flp-In T-REx  Stephen Taylor (University of 

Manchester) 

PMID: 18541701 (Tighe et 

al., 2008) 

pgLAP1-Nup153 HeLa Flp-In This paper  
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T-REx 

Flp-In™ T-REx™ 293 Cell 

Line 

Invitrogen R78007 

pgLAP2-SPOP WT HEK293 

Flp-In T-REx 

This paper  

HeLa  ATCC CCL-2 

HEK293T ATCC CRL-3216 

Antibodies 

See Supplementary File 1 for all primary and secondary antibodies used for immunoblotting 

and immunofluorescence microscopy in this study. 

Critical Commercial Assays 

QuikChange Lightning Site-

Directed Mutagenesis Kit 

Agilent 210518 

Fetal Bovine Serum – 

Premium 

Atlanta Biologicals Cat No: S10350, Lot No: 

F17085 

4–20% Mini-PROTEAN® 

TGX™ Precast Protein Gels, 

15-well, 15 µL 

BIORAD Life Science Group #4561096 

Precision Plus Protein Dual 

Color Standards, 500 µL 

BIORAD Life Science Group #1610374 
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Fetal Bovine Serum - 

Premium, USDA Origin 

Tetracycline Free 

BIOWEST LLC Cat No: S162TA, Lot No: 

045G19 

Gibco™ Opti-MEM™ I 

Reduced Serum Medium 

Fisher Scientific 31-985-070 

MilliporeSigma™ Immobilon-

FL PVDF Membrane 

Fisher Scientific Co. IPFL00005 

qPCRBIO SyGreen Blue Mix 

Separate-ROX 

Genesee Scientific 17-507 

UltraScript 2.0 cDNA 

Synthesis Kit 

Genesee Scientific 17-702 

DMEM/Ham's F-12, with L-

Glutamine 

Genesee Scientific 25-503 

Trypsin-EDTA, 0.25% 1X, 

phenol red 

Genesee Scientific 25-510 

BP Clonase II Invitrogen 11789020 

LR Clonase II Invitrogen 11791020 

Anti-HA-tag mAb-Magnetic 

Beads (Monoclonal Antibody) 

MBL International M132-11 



35 
 

Phosphatase Inhibitor 

Cocktail 2 

Millipore Sigma P5726-1ML 

TNT® SP6 Quick Coupled 

Transcription/Translation 

System 

Promega L2080 

FuGENE® HD Transfection 

Reagent, 1ML 

Promega E2311 

QIAquick DNA gel extraction 

kit 

Qiagen 28706 

Anti-FLAG® M2 Magnetic 

Beads 

Sigma-Aldrich Corp. M8823-1ML 

Platinum Taq DNA 

Polymerase 

Thermo Fisher Scientific 10966018 

Pierce™ Protease Inhibitor 

Tablets, EDTA-free 

Thermo Fisher Scientific A32965 

Tris-Glycine-SDS, 10X 

Solution (Electrophoresis), 

Fisher BioReagents 

Thermo Fisher Scientific BP13414 

PBS, Phosphate Buffered 

Saline, 10X Solution, Fisher 

BioReagents 

Thermo Fisher Scientific BP39920 
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TAE Buffer, Tris-Acetate-

EDTA, 50X Solution, 

Electrophoresis, Fisher 

BioReagents 

Thermo Fisher Scientific BP13324 

Lipofectamine™ RNAiMAX 

Transfection Reagent  

Thermo Fisher Scientific 13778150 

Invitrogen™ Molecular 

Probes™ ProLong™ Gold 

Antifade Mountant 

Thermo Fisher Scientific P36934 

EMD Millipore™ Novagen™ 

S-protein Agarose 

Thermo Fisher Scientific Novagen 69704-4 

Hardware and Software 

S1000 Thermal Cycler with 

Dual 48/48 Fast Reaction 

Module 

BIORAD Life Science Group 1852148 

CFX Connect Real-Time 

PCR Detection System; 

software: CFX Manager, 

Version 3.0 

BIORAD Life Science Group 1855201 

CellProfiler v4.2.1 https://cellprofiler.org/ PMID: 34507520 (Stirling et 

al., 2021) 
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ImageJ2/FIJI https://imagej.net/software/fiji/ PMID: 22743772 (Schindelin 

et al., 2012) 

Leica DMI6000 microscope 

(Leica DFC360 FX Camera, 

63x/1.40–0.60 NA oil 

objective); software: Leica 

AF6000  

Leica  

LI-COR Odyssey Imager; 

software: Odyssey v3.0 

LI-COR Model 9120 

NanoDrop 2000c; software: 

NanoDrop 2000/2000c 

version 1.6.198 

Thermo Fisher Scientific ND-2000C 

SuperPlots of Data https://huygens.science.uva.n

l/SuperPlotsOfData/ 

PMID: 33476183 (Goedhart, 

2021) 

Inkscape 0.92.4 https://inkscape.org/  
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Results 

 

SPOP binds Nup153  

To identify novel substrates of SPOP, we overexpressed tagged SPOP in HEK293 cells 

and analyzed affinity-purified complexes via mass spectrometry (Supplementary Figure 1A). 

Our results showed a number of known SPOP substrates and interactors, such as Caprin1 (Shi 

et al., 2019)  and G3BP1 (Mukhopadhyay et al., 2021). The most abundant protein identified 

was Nup153, a nuclear pore complex protein, and its binding partners Nup50 and some importin 

subunits like KPNA6. A direct interaction between these proteins is involved in nuclear 

trafficking through the nuclear pore complex (Makise et al., 2012). Given that Nup153 (Lan et 

al., 2019), Nup50 (Hjorth-Jensen et al., 2018), KPNA6 (Ewing et al., 2007; Yuan et al., 2020), 

and other importin subunits (Huttlin et al., 2021; Yuan et al., 2020) have all been identified as 

possible interactors of SPOP by mass spectrometry, and given their high abundance in our 

mass spectrometry results, we pursued these proteins as possible substrates of SPOP.  

To determine whether SPOP binds these substrates, we expressed HA-tagged SPOPWT, 

its binding mutant SPOPF102C, and FLAG-tagged Nup153, Nup50, and KPNA6 in a cell-free, in 

vitro transcription and translation rabbit reticulolysate system (hereafter, IVT-expressed protein). 

We also expressed FLAG-tagged Cdc20, a known SPOP substrate (Wu et al., 2017), as a 

positive control, and Plk1, which lacks SPOP binding consensus motifs (Zhuang et al., 2009), as 

a negative control. Binding reactions between these SPOP constructs and potential substrates 

demonstrated that SPOPWT could readily immunoprecipitate the positive control Cdc20, 

Nup153, Nup50, and KPNA6, and the binding mutant SPOPF102C could only weakly 

immunoprecipitate KPNA6 (Figure 1A).  

Having established that SPOP and these potential substrates can associate as proteins 

expressed in a cell-free system, we sought next to establish if these proteins associate in 

human cell lysates via co-immunoprecipitation experiments. We first observed that Nup153 and 
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known SPOP substrates Caprin1 and Myd88 was able to co-immunoprecipitate with exogenous 

HA-SPOPWT but not binding mutant HA-SPOPF102C (Supplementary Figure 1B). We also 

observed that Nup153 levels, but Nup50 levels, increased in cells arrested in mitosis via Taxol 

treatment relative to cells arrested in G1/S phase via thymidine treatment (Figure 1B). Such a 

result is consistent with previous reports that some nucleoporins, including Nup153, generally 

increase from G1 to G2/M (Chakraborty et al., 2008), coinciding with nuclear pore complex 

synthesis and assembly during S phase. Another SPOP substrate, like DAXX, also increased in 

Taxol-arrested cells relative to asynchronous cells (Kwon et al., 2006); in contrast, the levels of 

another SPOP substrate, DEK, did not have a cell cycle phase dependence (Theurillat et al., 

2014), suggesting that cell cycle-dependent protein levels are not shared among all SPOP 

substrates.  

We wondered then if SPOP regulation of the substrates we identified could be 

differentially regulated in mitosis. This question was supported by two opposing reasons: first, 

SPOP-substrate interactions have been known to be enhanced by or dependent on substrate 

phosphorylation  (Wang et al., 2020a, 2021; Gan et al., 2015; Li et al., 2011; Jiang et al., 2021) 

(although phosphorylation of some substrates weaken SPOP-substrate binding (Ostertag et al., 

2019b; Zhuang et al., 2009; Zhang et al., 2009; Wang et al., 2019)). Nuclear pore complex 

proteins are phosphorylated by mitotic kinases as the cell enters into mitosis, an event that 

precedes nuclear envelope breakdown and the dissociation of the nuclear pore complex (Linder 

et al., 2017; Martino et al., 2017). Indeed, we observed a significant decrease in the mobility of 

Nup98 in the mitotic population, suggestive of post-translational modifications such as 

phosphorylation (Figure 1B). While not as dramatic, we also observed a slight decrease in 

mobility for Nup153 and Nup50 in the mitotic population as well, suggestive of post-translational 

modifications such phosphorylation, a modification which has been previously documented (Ball 

and Ullman, 2005). Whether or not these mitotic phosphorylation events would promote or 

decrease SPOP binding to our substrates was an open question.  
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On the other hand, during mitosis, the nuclear envelope is disassembled and SPOP can 

no longer associate with the nuclear pore complex proteins. Dilution of SPOP into the cytoplasm 

could weaken the SPOP-nuclear pore complex protein interaction. In a similar vein, SPOP was 

previously reported to be active in interphase and deactivated during late mitosis due to 

degradation by the APC/C substrate adaptor Cdh1/Fzr1 (Zhang et al., 2017a). We note that 

whereas Zhang et al. observe a decrease of SPOP protein levels in mitosis and an increase of 

SPOP protein levels in interphase via immunoblotting, we observe no difference in SPOP levels 

between the two phases (Figure 1B). Whether or not inactivation of SPOP during mitosis, either 

due to degradation or dilution (or some other mechanism), was also an open question.  

To assess whether mitotic events could mediate the effect of SPOP binding to our 

identified substrates, we performed co-immunoprecipitation experiments with asynchronous, 

cycling cells (about 80% in G1/S) and Taxol-arrested mitotic cells (about 80% in M phase) 

(Figure 1C,D). We observed that, similar to before, Nup153 co-immunoprecipitates with SPOP 

in the asynchronous cell population. However, the amount of immunoprecipitated Nup153 was 

less in the mitotic cell population than the asynchronous population, suggesting that the SPOP-

Nup153 interaction is weaker in mitotic cells (when Nup153 is hyperphosphorylated and the 

nuclear envelope has broken down) than in interphase cells (which contain an intact nuclear 

envelope). 

 Despite observing a binding interaction between SPOP and Nup50 with IVT-expressed 

proteins, we did not observe co-immunoprecipitation of Nup50 with SPOP in either an 

asynchronous or mitotic cell lysates (Figure 1C). This result may suggest that the SPOP-Nup50 

interaction may be weak or transient within cells. Such an idea is supported by the highly mobile 

nature of Nup50 and its transient association with the nuclear pore complex (and thus perhaps 

SPOP) (Buchwalter et al., 2014). We also observed that KPNA6 co-immunoprecipitated with 

both SPOPWT and its binding mutant SPOPF102C in both the asynchronous and mitotic cell 

lysates (Figure 1D). Why the mutant construct of SPOP can bind KPNA6 in cell lysates but not 
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with IVT-expressed protein is unclear. One possibility is that in cell lysates, endogenous SPOP 

can oligomerize with the mutant SPOP such that the interaction between exogenous 

SPOPF102C and endogenous KPNA6 is mediated through endogenous, wild-type SPOP 

(Pierce et al., 2016) (also note the stronger co-immunoprecipitation of endogenous SPOP with 

exogenous HA-SPOPF102C than HA-SPOPWT in Figure 1C). Consistent with this idea, we also 

observe that, in HEK293 cells, expression of SPOPF102C also results in weaker (relative to 

SPOPWT) but detectable co-immunoprecipitation of Nup153 and KPNA6 (Supplementary Figure 

1C).  

Because Nup153 presented the clearest case of SPOP binding (that is, we observe the 

SPOP-Nup153 interaction in both IVT-expressed proteins and in HeLa cell lysates, and the 

interaction is disrupted by the canonical SPOP binding mutant F102C), we proceeded to 

examine the possibility of Nup153 as an SPOP substrate. We first sought to determine if the two 

proteins colocalize in the nucleus by transiently DNA coding for both proteins into HeLa cells. 

We observed that SPOPWT and Nup153 colocalize along the nuclear envelope and in some 

nuclear speckles, similar to the localization observed with SPOP and other SPOP substrates 

(Bunce et al., 2008; Marzahn et al., 2016). In contrast, the binding mutant SPOPF102C has a 

different localization, and these nuclear speckles exclude Nup153. In particular, Nup153 lacks 

nuclear speckle localization when co-expressed with SPOPF102C, suggesting that Nup153 

associates with SPOPWT but not SPOPF102C compartments, similar to what has been observed 

previously for other SPOP-substrates coacervates (Bouchard et al., 2018). 

 Altogether, these results demonstrate SPOP binds to and colocalizes with Nup153, 

suggesting that Nup153 is a substrate of SPOP. 

 

SPOP binds to Nup153 at least within the N-terminal Nuclear Pore Complex domain 

 The SPOP MATH domain binds to an SPOP binding consensus site on its substrates, a 

canonical five amino acid motif of nonpolar–polar–S–S/T–S/T, though some motifs with 
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mismatches (underlined in this sentence) are known, such as with GL9 (Zhang et al., 2021) 

(GL9 SPOP site #1: ADTTS; GL9 SPOP site #2: ADTTT) and Myd88 (Guillamot et al., 2019; Jin 

et al., 2019a) (VDSSV). One SPOP substrate, Pdx1, has SPOP binding consensus sites that 

are significantly different from the canonical SPOP binding consensus site (Pdx1 SPOP site #1 

(Ostertag et al., 2019b): VTSGE; Pdx1 SPOP site #2 (Usher et al., 2021): PQPSS) but 

nonetheless use the same binding modality in the MATH domain. We sought to determine the 

SPOP binding consensus sites on Nup153. 

Unfortunately, unlike other SPOP substrates which tend to have only a few SPOP 

binding consensus sites, Nup153 contains 15 SPOP canonical binding consensus motifs (and 

many more “near-miss” binding sites where a mismatch is allowed). Individually mutating these 

sites was deemed impractical. Instead, we opted to first truncate Nup153 to determine which 

domains could bind to SPOP, and then mutate the SPOP binding consensus motifs of the 

Nup153 domains that did bind to SPOP. Accordingly, Nup153 was truncated according to its 

three domains: the N-terminal nuclear pore complex domain (NPC), the central zinc finger 

domain (ZnF), and the C-terminal phenylalanine and glycine repeat domains (FG). We also 

generated the NPCZnF and ZnFFG domains (Figure 2A). Immunoprecipitation experiments 

using IVT-expressed protein demonstrated that SPOP binds to the Nup153 NPC, NPCZnF, 

ZnFFG, and FG truncations (Figure 2B). Altogether, these results suggest that SPOP binds to 

the Nup153 NPC and the FG domains and not the ZnF domain.  

To further verify that SPOP can bind to the NPC and FG domains of Nup153, we co-

expressed each Nup153 truncation with SPOPWT in HeLa cells. We observed co-localization of 

SPOP and Nup153 NPC and NPCZnF, but not any of the other truncations (Figure 2E and E’). 

We note that the truncations of Nup153 that lack the N-terminal NPC domain did not localize 

within the nucleus and thus would not bind to the nuclear protein SPOP (Ball and Ullman, 2005). 

The mislocalization of these Nup153 truncations that do not contain the N-terminal NPC domain 

may bias the interpretation of this experiment, at least for these truncations. In particular, the 
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observation that SPOP does not co-localize with the Nup153 FG domain does not rule out the 

possibility that SPOP may bind to the FG domain of Nup153. Nonetheless, these microscopy 

results suggest that the Nup153 NPC domain co-localized with SPOP, further suggesting that 

SPOP binds to Nup153 at least within the N-terminal NPC domain. Given the easy read-out that 

we could obtain via microscopy, we opted to continue characterization of the Nup153 NPC 

domain instead of the FG domain.  

The Nup153 NPC domain contains three SPOP binding consensus sites at amino acids 

303VTSST308, 479ITSSS484, and 561GSSST566. To determine which binding site(s) were sites of 

SPOP-Nup153 NPC binding, we mutated the middle three amino acids (underlined in the 

previous sentence) to three alanine residues, generating Nup153 NPC 304AAA, 480AAA, and 

562AAA, an approach adopted from studies of other SPOP substrates like Geminin (Ma et al., 

2021) and GLP (Zhang et al., 2021). We also generated a construct of the Nup153 NPC 

whereby all three aforementioned sites were mutated to AAA (3xAAA). LCMT1, a protein that 

contains no SPOP consensus binding sites, was used as a negative control (Xia et al., 2015).  

Surprisingly, all four alanine constructs of the Nup153 NPC, including the 3xAAA where 

all three SPOP binding consensus sites were mutated, still bound to SPOP (Figure 2C). 

Intrigued, we again truncated the Nup153 NPC into two truncations, chosen to avoid disrupting 

secondary structures within the NPC: NPC amino acids 1-330 and NPC amino acids 331-619. 

Binding experiments with IVT-expressed proteins demonstrated that the Nup153 NPC 1-330 but 

not 331-619 binds to SPOP (Figure 2D). Via microscopy, the Nup153 NPC 1-330 domain 

localized within the nucleus but Nup153 NPC 331-619 did not. Similar to how the Nup153 FG 

domain does not localize within the nucleus, we were also unable to use the localization of the 

Nup153 NPC 331-619 to support an SPOP binding site. Nonetheless, given the binding of 

Nup153 NPC 1-330 to and colocalization with SPOP, we pursued the SPOP binding site within 

the first 330 amino acids of Nup153. 
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SPOP binding to the Nup153 NPC is not dependent on traditional SPOP binding 

consensus motifs 

 To determine where the SPOP-Nup153 1-330 binding site is located, we again mutated 

Nup153 1-330 by introducing premature stop codons about every 30 amino acids (with some 

consideration to not disrupt predicted secondary structure) to generate C-terminally truncated 

constructs of Nup153 that spanned from the full 1-330 amino acids to the smallest segment 

generated, 1-167 amino acids. Binding reactions with these IVT-expressed proteins 

demonstrated that SPOP binds only to the full 1-330 amino acids, as Nup153 1-300 and smaller 

constructs exhibited weaker binding to SPOP (Supplementary Figure 2A). We thus further 

examined these final 30 amino acids in detail. In these 30 amino acids 

(301SYGVTSSTARRILQSLEKMSSPLADAKRIPS330), we identified three polar amino acid 

stretches (underlined in this sentence) that could serve as potential SPOP-Nup153 1-330 

binding sites: amino acids 303-307 (the exact match to SPOP binding consensus motifs 

previously mutated to AAA), amino acids 312-316 (which resembles the first Pdx1 SPOP 

consensus binding site VTSGE as both sites contain a mismatch in the fourth position and a 

glutamate residue in the fifth position), and amino acids 319-214 (which we selected for its 

serine residues). We deleted these amino acids to generate Nup153 NPC 1-330 Δ303-307, 

Nup153 NPC 1-330 Δ312-316, and Nup153 NPC 1-330 Δ319-324.  

Surprisingly, mutation of any one of these sites did not disrupt the Nup153 NPC 1-330 

construct from binding to SPOP (Supplementary Figure 2B). We confirmed that binding of 

Nup153 NPC 1-330 was dependent on the substrate-binding MATH domain of SPOP by 

performing the same experiment but with the SPOP mutant F102C (Supplementary Figure 2C). 

Combining two these deletions in the Nup153 1-330 also did not disrupt Nup153 1-330 binding 

to SPOP, as the double deletion constructs (denoted as Δ1+Δ2, Δ1+Δ3, and Δ2+Δ3 for which 

deletions were generated) also bound to SPOP with the same affinity as the intact Nup153 1-

330 construct (Supplementary Figure 2D). These results suggested that unlike other SPOP 
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substrate binding interfaces, which can be easily disrupted by deleting or mutating 

approximately 5 amino acids, the SPOP-Nup153 binding interface within the Nup153 1-330 may 

span over a larger stretch of amino acids and/or may involve structural motifs in three-

dimensional space that are not disrupted by deletions of small portions of the substrate. 

Consistent with this idea, deleting the same three regions either individually or simultaneously 

within the entire Nup153 NPC (amino acids 1-619) did not disrupt SPOP-Nup153 binding 

(Supplementary Figure 2E). This result suggests that other amino acids within Nup153 residues 

331-619 can compensate for the lack of the potential SPOP binding site within Nup153 residues 

300-330. One hypothesis is that SPOP forms oligomers that can bind to multiple binding motifs 

on its substrate (Pierce et al., 2016). Consequently, an oligomeric chain of SPOP may bind to 

the Nup153 NPC (or full length Nup153) at multiple locations, granting an interaction with higher 

avidity. An additional SPOP binding site(s) – particularly a non-canonical binding site that does 

not match the usual consensus motif – within the Nup153 NPC may explain why deletion of 

residues 300-330 within the Nup153 NPC does not abrogate binding to SPOP. Altogether, these 

results suggest that the SPOP-Nup153 NPC binding interface is not dependent on canonical 

SPOP consensus binding sites and is complex. 

 

SPOP targets Nup153 for ubiquitin-mediated degradation 

 Having established that SPOP binds Nup153, we sought to establish the consequence 

of this interaction: namely, does SPOP target Nup153 for ubiquitin-mediated degradation? Most 

SPOP substrates are degraded (Wang et al., 2020b; Cuneo and Mittag, 2019), but some, such 

as MacroH2A (Hernández-Muñoz et al., 2005), HIPK2 (Jin et al., 2021), and G3PB1 

(Mukhopadhyay et al., 2021), are not. We began by overexpressing SPOP WT or its binding 

mutant F102C and probing the substrates of SPOP by immunoblotting. We saw a decrease in 

Nup153 and KPNA6, but not Nup50, upon expression of SPOPWT but not SPOPF102C (Figure 

3A). We saw a corresponding decrease in known SPOP substrates Caprin1 and Myd88. These 
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results suggest that SPOP targets Nup153 and KPNA6, but not Nup50, for degradation. We 

note that the observed pattern for protein degradation is the same as our co-

immunoprecipitation results (Figure 1B,C): that is, we neither detected co-immunoprecipitation 

of Nup50 by SPOP nor a change in Nup50 levels upon SPOP overexpression. 

To determine the mechanism of Nup153 degradation, we again overexpressed SPOP 

WT or its binding mutant F102C and treated the cells with proteasomal inhibitor MG132, 

lysosomal inhibitor chloroquine (an inhibitor of autophagy (Mauthe et al., 2018)), both MG132 

and chloroquine, or left the cells untreated. Both MG132 and chloroquine prevented SPOPWT-

mediated degradation of Nup153, suggesting that Nup153 degradation may be both via 

proteasomal and lysosomal degradation. 

Having determined that SPOP overexpression degrades Nup153, we sought to 

determine whether SPOP ubiquitylates Nup153. We generated a HeLa cell line that expressed 

GFP-S Tag-Nup153 in a doxycycline-inducible manner (Torres et al., 2009), overexpressed 

either SPOP WT or its binding mutant F102C, induced exogenous Nup153 overexpression via 

doxycycline addition to cell culture media, and precipitated the exogenously expressed Nup153. 

We probed immunoblots from these lysates with an antibody that detects polyubiquitin chains. 

These blots showed that polyubiquitylation of Nup153 is increased when SPOPWT, but not 

SPOPF102C, is overexpressed (Figure 3C), suggesting that the degradation of Nup153 by SPOP 

is mediated through ubiquitylation. However, whether this degradation is proteasomal or 

lysosomal (or both) is not clear.  

We then determined the effect of SPOP knockdown on Nup153 levels. We tested three 

siRNAs against SPOP, siSPOP #100, #101, and #102. While we had difficulty detecting 

endogenous SPOP via western blotting, we were able to readily detect knockdown of SPOP 

mRNA levels via RT-qPCR (normalized to Gapdh mRNA levels and relative to control, non-

targeting siRNA siGLO; Figure 3D) with siSPOP #101 (24±9% SPOP mRNA remaining) and 

#102 (27±10% SPOP mRNA remaining) but not siSPOP #100 (128±13% SPOP mRNA 
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remaining). In HeLa cells, use of these siRNAs demonstrated that siSPOP #101 and #102, but 

not the SPOP siRNA #100 (that did not knockdown SPOP) nor the control siGLO, resulted in an 

increase in Nup153 and Caprin1 protein levels and a modest increase in Myd88 levels (Figure 

3E). No change in protein levels was detected for KPNA6 or Nup50. We note that protein levels 

of KPNA6, which co-immunoprecipitates with SPOP and is degraded upon SPOP 

overexpression, do not change upon SPOP knockdown. We are unsure as to whether the 

moderate change in Myd88 levels, a known SPOP substrate of degradation, and the apparent 

no change in protein levels for KPNA6 are due to an incomplete loss of SPOP. Similarly, the 

protein levels of Nup50, which only binds to SPOP from IVT-expressed proteins but neither co-

immunoprecipitates with SPOP from HeLa cell lysates nor is degraded upon SPOP 

overexpression, also do not change upon SPOP knockdown. 

Finally, we used immunofluorescence microscopy to confirm that SPOP overexpression 

depletes Nup153 levels. We saw a moderate decrease of endogenous Nup153 fluorescence 

upon overexpression of SPOPWT (an average of 82% of Nup153 levels in untransfected cells) 

but not SPOPF102C (an average of 105% of Nup153 levels in untransfected cells) (Figure 3F, G) 

upon normalization to DNA fluorescence. We normalized to DNA fluorescence here because 

the number of nuclear pore complex proteins (and thus Nup153 fluorescence) should roughly 

scale with DNA synthesis (and thus the amount of DNA fluorescence) in S phase (Maul et al., 

1972). Altogether, these results suggest SPOP targets Nup153 for ubiquitin-mediated 

degradation, similar to many other SPOP substrates already identified. 

 

SPOP overexpression results in Mad1 mislocalization 

 The nucleoporin Nup153 plays many roles in cell biology. One such role involves 

regulating the localization and thus function of Mad1, a spindle assembly checkpoint protein 

(Lussi et al., 2010). Lussi et al. showed that loss of Nup153 via siRNAs resulted in a weakened 

localization of Mad1 at the nuclear envelope, a stronger Mad1 association with the mitotic 
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spindle, and cytokinetic defects (Lussi et al., 2010). We sought to determine whether loss of 

Nup153 via SPOP overexpression could also recapitulate the Mad1 phenotypes observed due 

to loss of Nup153 via siRNA knockdown. 

We sought to determine whether Mad1 was mis-localized in cells overexpressing 

SPOPWT. To this aim, we quantified the amount of Mad1 localized to the nuclear envelope in 

cells expressing SPOPWT or SPOPF102C. We again observed a moderate decrease in Mad1 at 

the nuclear envelope in cells expressing SPOPWT (average of 71% relative to untransfected 

cells) but not SPOPF102C (average of 91% relative to untransfected cells) when Mad1 intensity 

was normalized to CREST fluorescence.  

However, our results must be interpreted with caution. Without a construct of Nup153 

that does not bind to SPOP, overexpression of SPOP, in addition to decreasing Nup153 levels, 

may also decrease other proteins that can result in the observed phenotype. 

 

Discussion 

 The nuclear pore complex is a crucial structure to scaffold other proteins and regulate 

nuclear trafficking. Here, we demonstrate that the Cul3 substrate adaptor SPOP binds to 

Nup153 and targets Nup153 for degradation. We also show that overexpression of SPOP leads 

to loss of Mad1 at the nuclear envelope, presumably via lower levels of Nup153 available to 

scaffold Mad1 to the nuclear envelope.  

 Most SPOP substrates are degraded through the ubiquitin proteasome system, but 

recent reports have demonstrated that, at least in Saccharomyces cerevisiae, the nuclear pore 

complex is degraded through the autophagy via recognition of Nup159 on the cytoplasmic side 

of the NPC (Lee et al., 2020; Tomioka et al., 2020). It is unclear how the protein stability of the 

nuclear pore complex is regulated in vertebrates. Here, we show that SPOP can degrade 

Nup153 but does not rule out autophagy as a means of degradation of the nuclear pore 

complex. Understanding the relationship between nutrient flux (for example, low nutrient 
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conditions to stimulate autophagy) and SPOP-mediated degradation of Nup153 remains to be 

determined, as SPOP regulation can change under autophagy-inducing conditions. Indeed, 

SPOP mutants that no longer degrade BRD4 result in AKT and mTORC1 activation in prostate 

cancer cells and cell proliferation (Zhang et al., 2017b); perhaps the nuclear pore complex is 

degraded “in bulk” via autophagy during nutrient-poor conditions but Nup153 levels are “fine-

tuned” via SPOP during nutrient-rich, proliferative conditions. 

One possible piece of evidence to support this idea comes from the half-life of the NPC 

components: whereas NPC proteins in the central channel generally have a long half-life 

(approximately 200-700 hours in some cell types), Nup153 has a shorter half-life on the scale of 

about 50 hours (Mathieson et al., 2018). The observation that some NPC components are long-

lived and obdurate whereas Nup153 is a more dynamic and readily-turned over NPC 

component is also generally true in C. elegans models of aging (D’Angelo et al., 2009). Of the 

NPC protein components, Nup153 and Nup50 are the most dynamic, only transiently interacting 

with the NPC (Rabut et al., 2004) and perhaps are accessible to be regulated by SPOP. Thus, 

SPOP-specific mediated regulation of one component of the NPC, Nup153, may be one 

component of Nup153’s relatively rapid protein turnover. We note that while proteasomes have 

been shown to localize at the nuclear basket (where Nup153 resides) in yeasts and C. 

reinhardtii (Albert et al., 2017) and some mammalian NPC components are ubiquitylated 

(Chakraborty et al., 2008), we believe the SPOP-Nup153 interaction is the first identification of 

an E3 ubiquitin ligase for the nuclear pore complex in mammals. Generally, few E3 ubiquitin 

ligases have been recognized that target the nuclear pore complex: one example would be a 

Cdc53-Skp1-Grr1 complex (homologous to mammalian Cul1-Skp1-F box complex) that 

monoubiquitylates Nup159 in S. cerevisiae to control nuclear migration during mitosis 

(Hayakawa et al., 2012).  

  Indeed, how SPOP expression and activity can change in different cellular conditions, 

such as nutrient flux, is an important question for SPOP regulation. For example, in kidney 
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cancers, SPOP increases during hypoxia and relocalizes into the cytoplasm where it gains a 

new suite of non-nuclear substrates (Li et al., 2014). During DNA damage, ATM kinase 

phosphorylates SPOP in the MATH domain and increases the affinity of SPOP for the 

substrates 53BP1 (Wang et al., 2021) and HIPK2 (Jin et al., 2021) (of note, these two SPOP 

substrates are ubiquitylated but not degraded). In proliferative, cycling cells, Aurora A kinase 

also phosphorylates SPOP in the MATH domain (Nikhil et al., 2020). While this phosphorylation 

was suggested to promote SPOP degradation (Nikhil et al., 2020), whether or not 

phosphorylation of SPOP in the MATH domain also allows SPOP to interact with a new suite of 

substrates is unclear. At least for one cell cycle-related kinase, Cdk4-mediated phosphorylation 

of SPOP resulted in association of SPOP with 14-3-3γ, an event that protected SPOP from 

Cdh1/Fzr1 binding and resulting degradation (Zhang et al., 2017a). Phenotypes related to 

SPOP-mediated degradation of Caprin1 were only evident when cells underwent stress and 

form stress granules (Shi et al., 2019). Finally, SPOP-mediated degradation of Cyclin E1 was 

only observed in some prostate and bladder cancer cells and not in the other tested cell types 

(Ju et al., 2018). Given the changing roles of SPOP under varied cellular conditions and cell 

type, there is a possibility that the effect of SPOP on Nup153 degradation may be stronger than 

the modest effect we see here or previously reported under other cellular conditions (Lan et al., 

2019). 
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Figure 1. SPOP binds to and colocalizes with Nup153. (A) IVT-expressed HA-SPOP and 

FLAG-substrates underwent HA-immunoprecipitation to determine which substrates can bind to 
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SPOP. Cdc20 is used as a known SPOP substrate (positive control) and Plk1 is a negative 

control. (B) HeLa cells were arrested with 2 mM thymidine (Thy) or 232 nM Taxol (Tax) 17 hours 

and the lysates were probed for the indicated proteins. pHH3 serves as a mitotic marker. (C, D) 

HeLa cells were transfected with HA-SPOP and either left asynchronous or treated with 232 nM 

Taxol. The lysates were subjected to HA-immunoprecipitation and the resulting blots were 

probed with the indicated antibodies. In (C), ex refers to exogenous (HA-tagged) and end refers 

to endogenous SPOP. (E) HeLa cells transfected with Myc-Nup153 and HA-SPOP were imaged 

(z-stack) after staining with the indicated antibodies. The scale bars in both the full images and 

the insets are 10 μm.  

  



74 
 

 

Figure 2. SPOP binds at least to the N-terminal NPC domain of Nup153. (A) Nup153 was 

truncated according to its domains. (B) IVT-expressed HA-SPOP and FLAG-Nup153 truncations 

were subjected to HA-immunoprecipitation and the resulting blots probed with HA and FLAG 

antibodies. (C) IVT-expressed HA-SPOP and FLAG-Nup153 NPC with indicated alanine 

substitutions were subjected to FLAG-immunoprecipitation and the resulting blots probed with 
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HA and FLAG antibodies. FLAG-LCMT1 serves as a negative control. SPOP only refers to a 

condition with HA-SPOP and the FLAG beads (no FLAG tagged protein). (D) Same as (C), 

except with FLAG-Nup153 NPC, 1-330, or 331-619. FLAG-Cdc20 is used as a known SPOP 

substrate (positive control). (E) HeLa cells transfected with (GFP) pgLAP1-Nup153 truncations 

and HA-SPOP were imaged (z-stack) after staining with the indicated antibodies. (E’) Insets 

showing colocalization of HA-SPOP and GFP-Nup153. The scale bars in both the full images 

and the insets are 10 μm.  
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Figure 3. SPOP degrades Nup153. (A) Immunoblots from lysates from HeLa cells 

overexpressing HA-SPOP WT or F102C were probed with the indicated antibodies. (B) HeLa 

cells transfected with HA-SPOP WT or F102C were left untreated, treated with 20 μM of 

MG132, 50 μM of chloroquine, or both for 5 hours. (C) pgLAP1-Nup153 HeLa cells were 

transfected HA-SPOP WT or F102C and pgLAP1-Nup153 expression was induced with 

doxycycline (dox). The lysates were subjected to S-Tag immunoprecipitation and probed with 

the indicated antibodies. The arrow indicates the location of pgLAP1-Nup153, and Top indicates 

the top of the gel. (D) mRNA levels of SPOP relative to Gapdh, normalized to siGLO, were 

determined by qPCR in HeLa cells transfected with the indicated siRNAs. Each color 

corresponds to a different biological replicate, and cDNA from each biological replicate was 

analyzed twice. Error bars represent the mean and standard deviation. p-values compared to 

siGLO: siSPOP #100: p=0.030; siSPOP #101: p<0.00001; siSPOP #102: p<0.00001. (E) 

Immunoblots from lysates from HeLa cells overexpressing HA-SPOP WT or F102C were 

probed with the indicated antibodies. (F) HeLa cells overexpressing HA-SPOP were imaged 

(single plane) and the (G) ratio of nuclear Nup153 / nuclear DNA fluorescence was determined 

using CellProfiler. Untransf., untransfected. Number of cells quantified: untransfected, 36; HA-

SPOPWT: 16; HA-SPOPF102C: 21.  The scale bar is 10 μm. All p-values in this figure were 

determined by one-way ANOVA and Tukey-HSD.  
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Figure 4. SPOP overexpression reduces Mad1 levels at the nuclear envelope. (A) HeLa 

cells transfected with HA-SPOP were imaged (z-stack) after staining with the indicated 

antibodies and the (B) ratio of Mad1 at the nuclear envelope / nuclear CREST fluorescence was 

determined using CellProfiler. Untransf., untransfected; NE, nuclear envelope. The different 

colors represent different biological replicates. The large circles are the median of each 

biological replicate. Total number of cells analyzed: untransfected, 79; SPOPWT, 44; SPOPF102C, 

33. All p-values in this figure were determined by one-way ANOVA and Tukey-HSD. The scale 

bar is 10 μm. 

  



79 
 

 



80 
 

Supplementary Figure 1. Identification and validation of SPOP-Nup153 binding 

interaction. (A) Coomassie-stained gel from tandem affinity purification of pgLAP2-SPOP from 

HEK293 cells. MW, molecular weight marker, given to left in kDa. HSS, high spin supernatant. 

Elu., elution. Proteins of interest are noted on the right. (B) Cytoscape analysis of proteins 

detected by mass spectrometry. The thickness of the line is proportional to the peptide count. 

Known SPOP interactors are in blue, and SPOP interactors focused on in this study are in 

green. The ten most abundant hits are on the right. (C) Lysates from HeLa cells or (D) from 

HEK293T cells transfected with the indicated HA-SPOP plasmids were subjected to HA-

immunoprecipitation and the resulting blots were probed with the indicated proteins. In (D), light 

and dark refer to low and high intensity scans. For (C) and (D), molecular weight markers are 

shown to the right in kDa. 
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Supplementary Figure 2. SPOP binds to Nup153 1-330 but not Nup153 1-300. (A) IVT-

expressed HA-SPOPWT and increasing N-terminal segments of FLAG-Nup153 were subjected 

to FLAG-immunoprecipitation. (B) IVT-expressed HA-SPOPWT and (C) binding mutant HA-

SPOPF102C and FLAG-Nup153 1-330 with single deletions in the 300-330 region were subjected 

to FLAG-immunoprecipitation. (D) IVT-expressed HA-SPOPWT and FLAG-Nup153 1-330 with 

double deletions in the 300-330 region were subjected to FLAG-immunoprecipitation. The 

double deletions in Nup153 are noted below the blot. (E) IVT-expressed HA-SPOPWT and 

FLAG-Nup153 NPC with single deletions in or the complete deletion of the 300-330 region were 



82 
 

subjected to FLAG-immunoprecipitation. For all blots, FLAG-LCMT1 is used as a negative 

control, SPOP only refers to HA-SPOP and the FLAG beads (no FLAG-tagged protein), and 

molecular weight markers are shown to the right in kDa. 
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Chapter 3: Determination of which KCTD proteins can bind to Cul3 

 

Abstract 

Cul3 binds to substrates via a BTB domain-containing substrate adaptor, but which BTB 

domain-containing proteins can bind to Cul3 and which cannot is unclear. Using the KCTD 

family of BTB proteins as a model set, we investigated which KCTD proteins can bind to Cul3. 

Via in vitro binding reactions using in vitro translated/transcribed proteins and co-

immunoprecipitation experiments from HeLa cells, we show that KCTD3, KCTD18 (previously 

only shown to associate with Cul3 via mass spectrometry), KCTD4 and KCTD19 (unknown as 

to whether these can associate with Cul3) can bind to Cul3, but KCTD14 cannot. Interpretation 

of whether KCTD8 can bind to Cul3 was more complicated and requires further validation. We 

also characterize the localization of these proteins via immunofluorescence microscopy. Overall, 

our work expands on the knowledge of what BTB proteins can function as Cul3 substrate 

adaptors. 

 

Materials and Methods 

The reagents and experimental procedures are the same as Chapter 2 (SPOP) with the 

following modifications: 

1. For co-transfections of HA-Cul3 and a KCTD protein, twice the amount of DNA for KCTD 

protein was added relative to HA-Cul3 (for example, 333 ng of KCTD and 167 ng of 

Cul3) 

The primers and plasmids used in this study are found in Supplementary File 1. The FLAG-

EGFP construct (pCS2 FLAG S-Tag EGFP) was a gift from PMID: 33865857 (Guo et al., 2021). 

 

Introduction 
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Cul3 regulates many proteins via a BTB domain-containing substrate adaptor (Cheng et 

al., 2018). There are about 400 BTB domain-containing proteins in the human genome, and 

which one of these can function as Cul3 substrate adaptors is not known (Liu et al., 2013). To 

identify new substrate adaptors of Cul3, we performed mass spectrometry. Tandem-affinity 

purification of HEK293 cells expressing pgLAP2 Cul3 revealed a number of BTB proteins that 

may be potential Cul3 substrate adaptors (Figure 1A). For these BTB proteins, the sequences 

for the BTB domains were aligned in Clustal Omega and a phylogenetic tree was generated 

(using EMBL-EBI Simple Phylogeny tool) (Sievers and Higgins, 2018) (Figure 1B). From the 

phylogenetic analysis, we identified three main classes of BTB proteins that co-purified with 

Cul3. We generated amino acid conservation images (Crooks et al., 2004) for these three 

different clades and superimposed secondary structural elements predicted from PsiPred 

(McGuffin et al., 2000) (Figure 1C). Class 2, which primarily composes the KCTD family of 

proteins, has a unique protein sequence within the BTB domain. 

 The KCTD family of proteins are generally poorly characterized at a molecular level, but 

mutations of these proteins are nonetheless implicated in a number of neurodevelopmental and 

neurological disorders (Teng et al., 2019). Broadly, the KCTD proteins are predominantly 

expressed in neurons and  regulate different signaling pathways including Wnt, Sonic 

hedgehog, and GABA signaling (Liu et al., 2013), and misregulation of KCTD proteins has been 

implicated in cancer progression (Angrisani et al., 2021). KCTD proteins tend to form oligomers 

(usually, but not necessarily, tetramers or pentamers), and those that can bind Cul3 bind an 

equivalent molar amount of Cul3 (for example, a pentamer of KCTD proteins will bind five Cul3 

proteins) (Ji et al., 2016; Smaldone et al., 2015; Pinkas et al., 2017). 

 Most, but not all, KCTD proteins can bind to Cul3. For example, KCTD1, KCTD16, 

KCTD12, and KCTD15 have been shown not to bind to Cul3 via biophysical experiments such 

as isothermal calorimetry or analytical size exclusion chromatography (Ji et al., 2016; Smaldone 

et al., 2015; Pinkas et al., 2017). Interestingly, KCTD12 was shown to associate with Cul3 in 
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one mass spectrometry experiment (Bennett et al., 2010), creating an inconsistency within our 

knowledge of Cul3-binding KCTD proteins. KCTD5, KCTD9, KCTD10, the long isoform of 

KCTD11, KCTD13, KCTD17, and SHKBP1 have all been shown to bind to Cul3 via a 

biophysical experiment (Ji et al., 2016; Smaldone et al., 2015; Pinkas et al., 2017). BACD2, 

KCTD2, KCTD3, KCTD6, KCTD7, KCTD18, and KCTD21 have all been shown to associate 

with Cul3, but only via mass spectrometry (that is, these results are not supported by a 

biophysical experiment). Finally, KCTD4, KCTD8, KCTD14, and KCTD19 have neither been 

identified as potential Cul3-interacting proteins via mass spectrometry, nor have they been ruled 

out as potential Cul3-interacting proteins via a biophysical experiment. 

 Given that the KCTD family of proteins is generally poorly molecularly characterized, is 

relatively small (about 25 protein members) and thus would serve as a good set to examine in 

its entirety, and has both some preliminary information and some controversy as to which KCTD 

proteins can bind to Cul3, we set out to determine which KCTD proteins can bind to Cul3. We 

chose the following KCTD proteins to test Cul3 binding: KCTD9 (positive control); KCTD1 

(negative control); KCTD12 (controversial); KCTD4, KCTD8, KCTD14, and KCTD19 (all poorly 

characterized); KCTD3 and KCTD18 (only validated as Cul3-binding via mass spectrometry via 

other groups and our results here but not validated via biophysical studies). Our results expand 

the suite of Cul3 substrate adaptors and may assist in the identification of novel substrates of 

these new Cul3 substrate adaptors. 

 

Results 

 To identify which KCTD proteins can bind to Cul3, we expressed each KCTD protein as 

an IVT protein and subjected them to HA-immunoprecipitations with HA-Cul3. We opted for this 

approach first because there is the possibility that KCTD proteins can oligomerize with each 

other; using the IVT-expression system to avoid a situation where KCTD proteins could form 
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“mix and match” oligomers simplified our analysis. In this way, we observed KCTD4, KCTD18, 

KCTD3, KCTD8, and KCTD19 all bound to Cul3 (Figure 2A and 2B).  

 To further validate our results, we performed the same co-immunoprecipitation reactions 

but from lysates prepared from HeLa cells co-transfected with HA¬-Cul3 and a FLAG-tagged 

KCTD protein. Again, we observed that KCTD9, KCTD4, KCTD18, KCTD3, and KCTD19 were 

able to co-immunoprecipitate HA-Cul3 (Figure 3A and 3B). Interestingly, in contrast with the 

results obtained via IVT-expressed protein, KCTD8 was not able to co-immunoprecipitate HA-

Cul3 (Figure 3B). We repeated the experiment but with HA-Cul3 and a C-terminally GFP-tagged 

KCTD protein (KCTD-GFP) (Figure 4A and 4B). In this case, KCTD8 was able to co-

immunoprecipitate HA-Cul3 (Figure 4B). Whether KCTD8 can actually bind Cul3 thus remains 

an open question. While artifacts due to protein tags are well established, it is unclear as to why 

the smaller FLAG-tag would disfavor Cul3-KCTD8 binding while the larger GFP-tag would 

promote it. Perhaps the N-terminal FLAG tag, despite being relatively small, prohibits BTB-

mediated oligomerization in KCTD8 (which is also at the N-terminus in KCTD8) necessary for 

Cul3-binding.  

 To clarify whether KCTD8 can actually bind to Cul3, we examined the localization of 

Cul3 and the KCTD proteins in HeLa cells (Figure 5). Transfection of Cul3 only showed that 

Cul3 has a moderate nuclear localization and weaker cytoplasmic localization. KCTD1, KCTD3, 

KCTD4, KCTD9, KCTD12, and KCTD14 all have a prominent cytoplasmic localization. The 

cytoplasmic localization does not seem to correlate with the KCTD’s ability to bind to Cul3; for 

example, KCTD1, which does not bind to Cul3, and KCTD9, which does bind to Cul3, both are 

cytoplasmic whereas Cul3 is nuclear. Interestingly, KCTD18 and KCTD19, which both do bind 

Cul3, are nuclear proteins. Sequence analysis of KCTD18 and KCTD19 did not show any 

obvious nuclear localization signals (Nguyen Ba et al., 2009), although some basic regions were 

identified (for KCTD18, 311RKRR314 and 377RRKAAQR383; for KCTD19, 779PPKRAG784) that may 
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serve as nuclear localization signals. Finally, KCTD8 was observed to form filaments within the 

cytoplasm. Tubulin filaments formed similar structures as these KCTD8 filaments.  

  

Discussion 

 There are roughly 600 E3 ubiquitin ligases and their associated proteins. Most of these 

ubiquitin ligases are “orphan” ligases in that they have no known substrates. Here, we have 

identified a number of putative Cul3 KCTD proteins that may serve as substrate adaptors for 

Cul3. This work helps complete our understanding of Cul3-KCTD ubiquitin-mediated regulation 

in cell biology. 

 The work presented here takes a molecular biology approach. Structural and 

computational approaches would both strengthen the results presented here: namely, instead of 

asking which KCTD proteins can bind to Cul3, these approaches would allow us to ask why can 

some KCTD proteins bind to Cul3 and some cannot? Information contained within the three-

dimensional structure and information that can be gleamed from the primary amino acid 

sequence may be of use to make rules as to what determines whether a KCTD protein is a 

Cul3-binding substrate adaptor or not. For example, previous work has identified that Cul3 

interacts with its substrate adaptors via a negatively charged patch on Cul3, so BTB domain-

containing proteins tend to have a corresponding positive patch. Preliminary work that examines 

the charge of each predicted Cul3-binding interface suggests that charge is one element that 

can be used to form rules as to which KCTD protein can bind to Cul3. Given that KCTD proteins 

bind to Cul3 using two interfaces – Cul3 is “sandwiched” between two KCTD molecules in the 

oligomer such that the back of Cul3 touches both the front of one KCTD protein and the front of 

Cul3 touches the back of another KCTD protein (Ji et al., 2016) – structural information would 

allow for better identification of where the positive charges would accumulate and how they 

would present a proper binding patch in the KCTD surface. Computational approaches that can 

identify what other elements, besides charges, may contribute to this binding interaction.  
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Given that it is unclear whether these KCTD proteins can “mix and match” in their oligomers (for 

example, a KCTD9-KCTD5 pentamer), Cul3-binding experiments should be performed with 

caution, as a non-binding KCTD protein may appear to be a binding protein if it can associate 

with a Cul3-binding KCTD oligomer (say, a KCTD1-KCTD9 pentamer). Whether or not these 

“mix and match” oligomers can form is an interesting question; thus far, structural and 

biophysical studies that have examined the composition of KCTD oligomers have only 

expressed and purified one species of KCTD protein at a time.  

 KCTD8 was observed to form curvy filaments that resemble intermediate filaments, like 

vimentin (Duarte et al., 2019). Whether or not KCTD8 associates with intermediate filaments is 

an interesting question, particularly given the role of intermediate filaments in neuronal 

development, maintenance, and disease progression (Bott and Winckler, 2020) and the known 

roles of these KCTD proteins in neurological diseases. 
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Figure 1. Mass spectrometry of Cul3 identifies novel potential BTB substrate adaptors. 

(A) Coomassie-stained gel of tandem-affinity purification of pgLAP2-Cul3 from HEK293 cells. 

MW, molecular weight marker, given to left in kDa. HSS, high spin supernatant. Elu., elution. 

pgLAP2 Cul3 is marked with an asterisk. (B) Phylogenetic tree of BTB domain-containing 

proteins identified via mass spectrometry. KCTD proteins in red are KCTD proteins which have 

not been validated as Cul3 binding partners. (C) Sequence alignment of BTB domains from 

proteins identified via mass spectrometry. Above the sequence alignment is the secondary 

structure predicted by PsiPred.  
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Figure 2. IVT-expressed Cul3 binds to FLAG-KCTD4, KCTD18, KCTD3, KCTD8, and 

KCTD19. In both (A) and (B), the indicated IVT-expressed proteins were subjected to FLAG-

immunoprecipitation and the resulting blots probed with the indicated proteins. In (A), SPOP is 

used as a positive control (binds to Cul3) and the red asterisk denotes the KCTD4 band. In 

both, KCTD9 is used as a positive control (binds to Cul3) and KCTD1 is used as a negative 

control (does not bind to Cul3). In (B), weak or strong exp. (exposure) refers to the low or high 

intensity scans.  
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Figure 3. Cul3 co-immunoprecipitates with FLAG-KCTD4, KCTD18, KCTD3, and KCTD19, 

but not FLAG KCTD8. In both (A) and (B), cell lysates from HeLa cells co-transfected with HA-

Cul3 and the indicated FLAG-KCTD proteins were subjected to FLAG-immunoprecipitation and 

the resulting blots were probed with the indicated proteins. In (A), EGFP serves as a negative 

control. Because the blots were not stripped between probing with different antibodies, the 

FLAG bands are still present in the Gapdh images. In both, KCTD9 is used as a positive control 

(binds to Cul3) and KCTD1 is used as a negative control (does not bind to Cul3). 

  



95 
 

 

Figure 4. Cul3 co-immunoprecipitates with GFP-KCTD4, KCTD18, KCTD3, KCTD8, and 

KCTD19. In both (A) and (B), cell lysates from HeLa cells co-transfected with HA-Cul3 and the 

indicated GFP-KCTD proteins were subjected to GFP-immunoprecipitation and the resulting 

blots were probed with the indicated proteins. In (A), SPOP serves as a positive control. In both, 

untransf. refers to an untransfected cell lysate, KCTD9 is used as a positive control (binds to 

Cul3), and KCTD1 is used as a negative control (does not bind to Cul3). 
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Figure 5. Cul3 shares the same localization as some KCTD proteins. HeLa cells were 

transfected with plasmids encoding for HA-Cul3 and pgLAP1-KCTD and stained with the 

indicated antibodies. The scale bar is 20 μm.  
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Chapter 4: Phosphorylation regulates mitotic spindle assembly 

 

This chapter is reproduced from 

Joseph Y. Ong, Michelle C. Bradley, and Jorge Z. Torres. Phospho-regulation of Mitotic 

Spindle Assembly. Cytoskeleton (Hoboken). 2020 Dec;77(12):558-578. doi: 

10.1002/cm.21649. PMID: 33280275 

This chapter introduces phosphorylation and the protein kinases that regulate many aspects of 

mitotic spindle assembly and cell cycle progression. 
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Chapter 5: Molecular characterization of Cdk15, a putative spindle assembly checkpoint 

regulator 

Abstract 

 The spindle assembly checkpoint (SAC) regulates the metaphase to anaphase transition 

in cell division. While many aspects of SAC signaling and regulation have been identified, much 

about SAC signaling is still being discovered. We identified a novel kinase Cdk15 as a potential 

regulator of the SAC. Here, we demonstrate that Cdk15 can bind to important mitotic regulators 

Mad2, Plk1, Aurora Kinase B, and Survivin both from in vitro transcribed and translated proteins 

and from HeLa cell lysates. For Plk1, we suggest that Plk1 is a substrate of Cdk15 and that Cdk15 

is not a substrate of Plk1. We also show that the localization of Cdk15 to the nucleus during 

interphase is dependent on a canonical nuclear localization sequence. Altogether, we present 

some elements of the molecular characterization of this putative SAC kinase. 

  

Introduction 

The faithful segregation of chromosomes during mitosis is regulated by the spindle 

assembly checkpoint (SAC), which delays the metaphase to anaphase transition and is 

composed of two main modules (Musacchio and Salmon, 2007). The first module involves the 

anaphase promoting complex/cyclosome (APC/C). The APC/C is a mitotic E3 ubiquitin ligase 

responsible for two major events in mitosis: (1) the ubiquitylation and subsequent degradation of 

securin, the inhibitor of the protease separase; once uninhibited, separase degrades the cohesion 

proteins that binds sister chromosomes together during metaphase; and (2) the degradation of 

cyclin B1, which inactivates Cdk1 and promotes mitotic exit (Pines, 2011; Primorac and 

Musacchio, 2013). In the first module of the SAC, a mitotic checkpoint complex (MCC) comprised 

of Mad2, Cdc20, BubR1, and Bub3 is generated at unattached kinetochores and inhibits the 

APC/C, thus preventing sister chromosome separation until all the kinetochores are attached to 

microtubules.  
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In the second module of SAC regulation, the chromosomal passenger complex (CPC) 

comprised of Aurora Kinase B, Survivin, INCENP, and Borealin phosphorylates microtubule-

associated proteins like the Ndc80 complex, phosphorylation events that broadly serve to weaken 

microtubule-kinetochore attachments (Ong et al., 2020). In this way, incorrect microtubule-

kinetochore attachments are disrupted and the kinetochore gets another “chance” at capturing a 

microtubule. Only when an amphitelic (bipolar) microtubule attachment has been generated at 

each kinetochore, and tension is generated across the sister chromosomes such that the 

microtubule-kinetochore sites are now pulled away from the centrosomes and the CPC, are the 

microtubule-associated proteins free from Aurora Kinase B-mediated regulation of kinetochore 

attachment. Thus, in this parallel module of SAC regulation, cell division is prohibited until proper 

(bipolar and with tension) spindle-chromosome attachments are generated. 

The SAC is a highly controlled process. In order to further understand SAC regulation, we 

performed an siRNA screen against the “druggable” human genome using the HeLa FUCCI cell 

line (Sakaue-Sawano et al., 2008). Briefly, HeLa FUCCI cells were treated with a library of siRNAs 

and treated with 6 nM Taxol. Cells whose SAC was not perturbed will arrest in mitosis and 

fluoresce green; cells whose SAC function was compromised will continue through with cell 

division and fluoresce red. By quantifying the ratio of red:green cells, siRNAs may modulate SAC 

function can be determined. Through this method, we identified Cdk15, a cyclin dependent kinase 

whose knockdown via siRNA resulted in SAC bypass. Cdk15 is a poorly studied protein implicated 

in some cancer types via broad genetic analyses; generally, higher Cdk15 expression 

corresponds to a worse prognosis (Shiraishi et al., 2014; Zhang et al., 2021). Few studies have 

examined Cdk15 at a molecular basis: one study identifies Survivin as a substrate of Cdk15 (Park 

et al., 2014) and suggests a role in protecting some cell types from apoptosis, and another 

identifies Pak4 as a substrate and suggests that Cdk15 phosphorylation of Pak4 leads to 

subsequent amplified ERK signaling, cell proliferation, and tumor growth of colorectal cancer cells 
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(Huang et al., 2022). Given that Cdk15 is an emerging factor in cell proliferation, we sought to 

characterize Cdk15 and its effects on mitosis and the SAC. 

 

Materials and Methods 

The reagents and experimental procedures are the same as Chapter 2 (SPOP) with the 

following modifications: 

1. The solid phase for Myc-immunoprecipitations is Anti-Myc-tag mAb-Magnetic Beads (MBL, 

M047-11). 

2. The Survivin antibody (Abcam, ab76424) used for immunoblotting was used at 1:1000. 

3. pDONR221 Mad2, Aurora B Kinase, and Survivin were already generated in the Torres 

lab. 

4. The purchased Cdk15 ORF (GenScript) codes for the 429 amino acid isoform given by 

Uniprot ID Q96Q40-5. 

 

Primers used for Gateway cloning are as follows and are all from Eurofins: 

Primer name Sequence (5’-3’) 

Cdk15 Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG 

AGATAGAACCATGGGTCAAGAGCTGTGTGCAAAGAC 

Cdk15 NT_RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATGA 

GGCTGCCCCAAAAGGGAGG 

Cdk15 KD_Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG 

AGATAGAACCATGGGGTCTTACTTGAACTTGGAGAAGC 

Cdk15 KD_RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGAA 

ATAATCATGAACAAGTGC 
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Cdk15 CT_Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG 

AGATAGAACCATGGGGAGCGCCCTGCCATCTCAGC 

Cdk15 RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACCA 

GCATTTGCTAAACTGGGC 

Plk1 Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG 

AGATAGAACCATGGGGAGTGCTGCAGTGACTGC 

Plk1 KD_RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAAAA 

GAACTCGTCATTAAGCAGC 

Plk1 LinkPDB_Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG 

AGATAGAACCATGGGGACTTCTGGCTATATCCCTGCC 

Plk1 PDB_Fwd GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGG 

AGATAGAACCATGGGGATGCTGCAGCAGCTGCACAGTG 

Plk1 RevS GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGA 

GGCCTTGAGACGGTTGCTGG 

 

Results 

 

Cdk15 binds to mitotic proteins Mad2, Plk1, Aurora Kinase B, and Survivin  

We began by analyzing the domains of Cdk15. By homology to other Cdks, we identified 

the only domain in Cdk15 as the kinase domain. We thus truncated Cdk15 according to its 

domains using PCR: full length (FL, amino acids 1-429); N-terminus (NT, 1-101); kinase domain 

(KD, 102-387); C-terminus (CT, 388-429); NTKD (1-387); and KDCT (102-429).  

We next sought to determine the binding partners of Cdk15. We chose a subset of mitotic 

proteins of interest determined via mass spectrometry of overexpressed Cdk15: Mad2, Plk1, 

Aurora Kinase B (AurK B), and Survivin. First, we expressed these proteins via IVT and 
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subjected them to binding experiments with Cdk15 FL, NT, KD, or CT (Figure 1A-D). In all 

cases, the Cdk15 FL and KD, but not the NT or CT, co-immunoprecipitated with the mitotic 

protein. Broadly, this is not altogether unsurprising, considering neither the NT nor the CT of 

Cdk15 have any structural elements that would support binding. We sought to validate whether 

these binding interactions could be recapitulated in HeLa cell lysates. HeLa cells were 

transfected with Myc-Cdk15 and the four mitotic proteins, treated with Taxol to arrest the cells in 

mitosis, and subjected to Myc-immunoprecipitation. Again, Cdk15 was able to co-

immunoprecipitate HA-Plk1 and Mad2 (Figure 2A) and FLAG-AurK B and Survivin (Figure 2B). 

Altogether, these results suggest that Cdk15 can interact with these four proteins with key roles 

in the spindle assembly checkpoint, albeit while both proteins are overexpressed. 

 

Cdk15 binds to the kinase domain of Plk1  

We were interested in examining the interaction between Cdk15 and Plk1, as both are 

kinases. In particular, we sought to determine the kinase relationship between the two: does 

Cdk15 phosphorylate Plk1; does Plk1 phosphorylate Cdk15; or do they phosphorylate each 

other? Preliminary kinase assays using 32P-labeled ATP were technically challenging, so we 

opted for another approach. Plk1 binds to its substrates using its polo box domains (PBD). 

Broadly, the PBD recognizes phosphorylated peptides (for example, a residue phosphorylated 

by a priming kinase like Cdk1) and allows for subsequent Plk1 phosphorylation on a different 

residue (Tsvetkov et al., 2005; Liu et al., 2004; Elia et al., 2003). Thus, if Cdk15 is a substrate of 

Plk1, it should bind to the PBD of Plk1. 

We truncated Plk1 into its different domains (Lee et al., 2014; Schmucker and Sumara, 

2014): full length (FL, amino acids 1-603); kinase domain (KD, 1-305); polo box domains (PDB, 

377-603); and Linker + PBD (306-603). Given that the PDB of Plk1 often requires 

phosphorylated substrates and we did not know the kinase that would phosphorylate Cdk15, we 

opted to perform this binding reaction in asynchronous HeLa cells instead of with IVT protein, as 
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this approach would give us the highest likelihood that the necessary phosphorylation to 

mediate Cdk15-Plk1 binding would be present. A co-immunoprecipitation demonstrated that 

both Plk1 FL and KD, but not the domains containing the PBD, bound to Cdk15 (Figure 3). 

Thus, at least using the basis that substrates of Plk1 bind to its PBD, it seems that Cdk15 is not 

a substrate of Plk1. Rather, it seems that Cdk15 binds to (and possibly phosphorylates) Plk1 at 

the kinase domain of Plk1.  

 

Cdk15 nuclear localization is dependent on a classical nuclear localization sequence 

Having established that Cdk15 can bind to mitotic proteins, we next sought to determine 

the localization of Cdk15 in cells. We could not determine a clear mitotic localization for Cdk15. 

However, we did observe that Cdk15 FL localized slightly within the nucleus. Using a 

computational tool (Nguyen Ba et al., 2009) to identify canonical nuclear localization signals 

(NLS; we used a cut off value of 0.4 instead of the default 0.5), we identified a putative 

monopartite NLS within the N-terminus of Cdk15: 67KFKSKRP73. As NLS tend to involve basic 

residues, we disrupted the NLS via mutation of amino acids KR (underlined in previous 

sentence) to AA, giving Cdk15 KR71AA. We transfected pgLAP1-tagged Cdk15 WT or KR71AA 

into HeLa cells and assessed the localization of each protein (Figure 4). For Cdk15 FL and 

NTKD, mutation of these residues to alanine significantly weakened the nuclear localization of 

Cdk15. For the Cdk15 NT, mutation of these residues did not have as significant an effect on 

the nuclear localization of the Cdk15 NT. Given that pgLAP1 Cdk15 NT is about 30 kDa (28 kDa 

EGFP-S Tag + 1.3 kDa Cdk15 N-terminus), the Cdk15 NT is small enough to avoid exclusion by 

the nuclear pore complex, which generally excludes molecules larger than approximately 60 

kDa (Wang and Brattain, 2007).  

 

Discussion 
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The full ensemble of proteins that regulate the spindle assembly checkpoint are 

unknown. Here, we describe Cdk15 as a potential regulator of the spindle assembly checkpoint 

and document its ability to bind the key mitotic proteins Mad2, Plk1, Aurora Kinase B, and 

Survivin and its nuclear localization, dependent on a nuclear localization sequence. 

We initially identified Cdk15 as a novel mitotic regulator via a high-throughput siRNA 

screen. Subsequent experimentation has suggested that the original siRNAs used in the screen 

to identify Cdk15 as a novel mitotic regulator may have also had off-target effects on Mad2, a 

common off-target effect of siRNAs (Hübner et al., 2010). In particular, loss of Cdk15 via some 

siRNAs also led to loss of Mad2 via immunoblotting. Thus, Cdk15 may be a false positive as a 

regulator of the spindle assembly checkpoint. Why the key mitotic proteins Mad2, Plk1, Aurora 

Kinase B, and Survivin thus seem to bind to Cdk15 is unclear. Perhaps, if the loss of Mad2 via 

Cdk15 siRNAs is due to off-target effects, Cdk15 may nonetheless be an important mitotic 

regulator like Cdk1. On the other hand, the consistent loss of Mad2 by various Cdk15 siRNAs 

may suggest that Cdk15 may serve a role in stabilizing Mad2, either transcriptionally (discussed 

below) or directly through protein-protein interactions.  

The observation of Cdk15 in the nucleus is reminiscent of transcriptional Cdks, like Cdk5 

or Cdk9. These transcriptional kinases bind to cyclins that are not cell-cycle regulated and thus 

the regulation of these kinases is not cell cycle-dependent (Malumbres, 2014). However, Cdks 

cannot be simply divided into “transcriptional” or “cell cycle” Cdks. Indeed, in S. cerevisiae, 

Cdk1, a canonical “cell cycle” Cdk, has strong roles in transcriptional activation of RNA 

polymerase and promoting the transcription of S-phase genes (Kõivomägi et al., 2021). Perhaps 

Cdk15 is also similarly responsible for the transcription of other genes necessary for cell cycle 

progression. 

Key questions in understanding the role of Cdk15 remain. What is the cyclin that binds to 

and regulates Cdk15? We were unable to pursue any viable in vitro kinase assays with Cdk15 

because Cdks are not active in the absence of their cyclin. Consequently, we were unable to 
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determine the substrates of Cdk15. These experiments were done with exogenous Cdk15 

because no commercial antibody against Cdk15 could be validated. The localization and role of 

endogenous Cdk15, which would be possible via good antibodies against Cdk15 and/or 

CRISPR-based tagging or disruption of the genetic locus of Cdk15, would greatly aid our 

understanding of Cdk15. Similarly, the reagents available to disrupt Cdk15 (while leaving Mad1 

intact) to study its function are necessary for understanding the role of Cdk15 within the cell. 
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Figure 1. The Cdk15 kinase domain binds to Plk1, Mad2, Aurora Kinase B, and Survivin. 

IVT-expressed Myc-Cdk15 full length (FL, amino acids 1-429), N-terminus (NT, 1-101), kinase 

domain (KD, 102-387), or C-terminus (CT, 388-429) and (A) HA-Mad2, (B) HA-Plk1, (C) FLAG-

Aurora Kinase B (AurK B), and (D) FLAG-Survivin were subjected to Myc-immunoprecipitation 

and the resulting blots probed with the indicated antibodies. In (D), no vector refers to no Myc-

tagged protein (just the IVT master mix and water), and Myc-SPOP is used as a negative 

control. 

  



147 
 

 

Figure 2. Plk1, Mad2, Aurora Kinase B, and Survivin co-immunoprecipitate with Cdk15 

from HeLa lysates. (A) Lysates from HeLa cells co-transfected with Myc-Cdk15 and HA-Plk1 or 

HA-Mad2 were subjected to Myc-immunoprecipitaiton and the resulting blot probed with the 

indicated antibodies. (B) Same as (A), except with FLAG-AurK B and FLAG-Survivin and 

subjected to Myc-immunoprecipitation. Because FLAG-Survivin migrates at the same weight as 

the IgG light chain, the blot was also probed with a Survivin antibody. LCMT1 was used as a 

negative control.  
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Figure 3. Cdk15 binds to the kinase domain of Plk1. Lysates from HeLa cells co-transfected 

with Myc-Cdk15 and FLAG-LCMT1 or FLAG-Plk1 truncations (FL, full length: amino acids 1-

603; KD, kinase domain: 1-305; Linker + PBD: 306-603; PBD, polo box domains: 377-603) were 

subjected to Myc-immunoprecipitaiton and the resulting blot probed with the indicated 

antibodies. LCMT1 was used as a negative control. 
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Figure 4. The nuclear localization of Cdk15 is dependent on an N-terminal NLS. HeLa cells 

were transfected with pgLAP1 Cdk15 FL, NT, NTKD, either WT or with the putative N-terminal 

NLS mutated (KR71AA) and stained with the indicated antibodies. The scale bar is 20 μm.  
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Appendix Chapter 1: Dissecting the mechanisms of cell division 

 

This chapter is reproduced from 

Joseph Y. Ong and Jorge Z. Torres. Dissecting the mechanisms of cell division. Review. 

J Biol Chem. 2019 Jul 26;294(30):11382-11390. doi: 10.1074/jbc.AW119.008149 PMID: 

31175154 
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Appendix Chapter 2: Phase separation in cell division 

 

This chapter is reproduced from 

Joseph Y. Ong and Jorge Z. Torres. Phase separation in cell division. Review. Mol Cell. 

2020 Aug 19;S1097-2765(20)30550-5. doi: 10.1016/j.molcel.2020.08.007 PMID: 

32860741 
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Appendix Chapter 3: Human Protein-l-isoaspartate O-Methyltransferase Domain-Containing 

Protein 1 (PCMTD1) Associates with Cullin-RING Ligase Proteins 

 

This chapter is reproduced from 

Rebeccah A. Warmack, Eric Z. Pang, Esther Peluso, Jonathan D. Lowenson, Joseph Y. 

Ong, Jorge Z. Torres, Steven G. Clarke. The human protein-L-isoaspartate O-

methyltransferase domain-containing protein 1 (PCMTD1) associates with Cullin-RING 

ligase proteins. Biochemistry. 2022 Apr 29. doi: 10.1021/acs.biochem.2c00130. PMID: 

35486881 

 

This chapter describes a rather peculiar working model of protein degradation. Whereas most 

E3 ubiquitin ligases are specific for a particular subset of proteins, the working model for the E3 

ubiquitin ligase PCMTD1 is that it can target any protein with an isoaspartyl residue, a form of 

protein damage generally caused by protein age. Whether or not this model holds true is still to 

be determined, as we were unable to determine any definitive substrates for PCMTD1, although 

affinity mass spectrometry has given us some interesting leads. 

 



180 
 

  



181 
 

 



182 
 

  



183 
 

 



184 
 

  



185 
 

 



186 
 

  



187 
 

 



188 
 

  



189 
 

 



190 
 

  



191 
 

 



192 
 

  



193 
 

 



194 
 

  



195 
 

 



196 
 

  



197 
 

 



198 
 

  



199 
 

 



200 
 

  



201 
 

 



202 
 

  



203 
 

 



204 
 

  



205 
 

 



206 
 

  



207 
 

 



208 
 

  



209 
 

 



210 
 

  



211 
 

Appendix Chapter 4: Synonymous Mutation Generator: a web tool for designing RNAi-resistant 

sequences 

 

This chapter is reproduced from 

Joseph Y. Ong. Synonymous Mutation Generator: a web tool for designing RNAi-resistant 

sequences. bioRxiv. 2021.01.02.425100. doi: https://doi.org/10.1101/2021.01.02.425100 
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Appendix Chapter 5: Leukemia cell cycle chemical profiling identifies the G2-phase leukemia 

specific inhibitor leusin-1 

 

This chapter is reproduced from 

Xiaoyu Xia, Yu-Chen Lo, Ankur A. Gholkar, Silvia Senese, Joseph Y. Ong, Erick F. 

Velasquez, Robert Damoiseaux, Jorge Z. Torres. Leukemia Cell Cycle Chemical Profiling 

Identifies the G2-phase Leukemia Specific Inhibitor Leusin-1. ACS Chem Biol. 2019 May 

17;14(5):994-1001. doi: 10.1021/acschembio.9b00173 PMID:31046221  

This chapter describes my work in characterizing a small molecule inhibitor of cell growth, 

Leusin-1. Determining the target of small molecules has been an interesting question in my PhD 

research experience. In collaboration with the Backus lab at UCLA, we are also working to 

determine the target and mechanism of some cysteine-reactive compounds. In particular, the 

compounds of interest can react with Cys of some proteins, and these reacted proteins are then 

targeted for degradation, presumably through proteasomal degradation. The working model 

behind the Backus lab project is quite interesting: a protein of interest (whether the SARS-CoV-

2 protein nsp14 or the human proteins Nup153, Aurora Kinase A, or PCMT1) reacts with the 

compound, the compound acts as a molecular glue to recruit an E3 ubiquitin ligase (perhaps 

HUWE1), and the protein is ubiquitylated and degraded. We can observe a number of cell 

division related defects when we add these drugs in cells: namely, depending on the drug, we 

observe monopolar spindles, poor spindle separation and poor establishment of spindle 

bipolarity, and multipolar spindle formation and PCM fragmentation. Altogether, working with 

and studying these small molecules has been a fascinating aspect of my PhD experience. 
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Appendix Chapter 6: Supplemental File 1 for Chapter 2 (SPOP) 

 

Table 1: List of plasmids  

Item 

# 
Plasmid name Plasmid Source 

Plasmid 

Identifier/Catalog 

Number 

1 pDONR221 (empty vector) Invitrogen 12536017 

2 pgLAP1 (empty vector) Addgene 
Addgene Plasmid 

#19702 

3 pCS2-3xHA (empty vector) Torres lab (UCLA) PMID: 26929214 

4 pCS2-Myc (empty vector) Torres lab (UCLA) PMID: 26929214 

5 pCS2-FLAG-S Tag (empty vector) Torres lab (UCLA) PMID: 26929214 

6 pEGFPx3-Nup153 
Jan Ellenberg 

(EMBL Heidelberg) 
PMID: 11448991 

7 pDONR221 Nup50 (no stop codon) 
DNASU plasmid 

repository 
HsCD00296748 

8 pDONR221 KPNA6 (no stop codon) 
DNASU plasmid 

repository 
HsCD00040555 

9 pCS2-3xHA Cdc20 

Peter Jackson lab 

(Stanford 

University) 

PMID: 15469984 
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10 pCS2-3xHA Plk1 

Peter Jackson lab 

(Stanford 

University) 

PMID: 15469984 

11 pDONR223 SPOP WT Addgene 
Addgene Plasmid 

#81856 

12 pDONR223 SPOP F102C Addgene 
Addgene Plasmid 

#81642 

13 pDONR223 SPOP E50K Addgene 
Addgene Plasmid 

#81631 

14 pDONR221 Nup153 This paper  

15 pDONR221 Nup50 This paper  

16 pDONR221 KPNA6 This paper  

17 pDONR221 Cdc20 This paper  

18 pDONR221 Plk1 This paper  

19 pCS2-FLAG-S Tag Cdc20 This paper  

20 pCS2-FLAG-S Tag Plk1 This paper  

21 pCS2-FLAG-S Tag Nup50 This paper  

22 pCS2-FLAG-S Tag KPNA6 This paper  

23 pCS2-FLAG-S Tag LCMT1 Torres lab (UCLA) PMID: 25839665 

24 pgLAP1 SPOP WT This paper  

25 pgLAP1 SPOP F102C This paper  

26 pGLAP1 SPOP E50K This paper  

27 pCS2-FLAG-S Tag Nup153 This paper  

28 pCS2-Myc Nup153 This paper  
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29 pgLAP1 Nup153 NPC (aa 1-619) This paper  

30 pgLAP1 Nup153 NPCZnF (aa 1-872) This paper  

31 pgLAP1 Nup153 ZnF (aa 620-873) This paper  

32 
pgLAP1 Nup153 ZnFFG (aa 620-

1475) 
This paper  

33 pgLAP1 Nup153 FG (aa 873-1475) This paper  

34 
pCS2-FLAG-S Nup153 NPC (aa 1-

619) 
This paper  

35 
pCS2-FLAG-S Tag Nup153 NPCZnF 

(aa 1-872) 
This paper  

36 
pCS2-FLAG-S Tag Nup153 ZnF (aa 

620-873) 
This paper  

37 
pCS2-FLAG-S Tag Nup153 ZnFFG (aa 

620-1475) 
This paper  

38 
pCS2-FLAG-S Tag Tag Nup153 FG 

(aa 873-1475) 
This paper  

39 
pCS2-FLAG-S Tag Nup153 NPC 

304AAA 
This paper  

40 
pCS2-FLAG-S Tag Nup153 NPC 

480AAA 
This paper  

41 
pCS2-FLAG-S Tag Nup153 NPC 

562AAA 
This paper  

42 
pCS2-FLAG-S Tag Nup153 NPC 

3xAAA (304AAA, 480AAA, 562AAA) 
This paper  
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43 pCS2-3xHA SPOP WT This paper  

44 pCS2-3xHA SPOP F102C This paper  

45 pOG44 Invitrogen V600520 

46 pgLAP2-SPOP WT This paper  

47 pgLAP2 (empty vector) Addgene 
Addgene Plasmid 

#19703 
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Table 2: List and sequence of oligonucleotides  

# Name Sequence (given 5' to 3') Comments 

1 

SPOP 

siRNA 

#100 

 

Millipore 

Sigma siRNA 

ID: 

SASI_Hs01_00

034100 

 Sense GUCAACAUUUCUGGCCAGA[dT][dT]  

 

Antisen

se 
UCUGGCCAGAAAUGUUGAC[dT][dT]  

2 

SPOP 

siRNA 

#101 

 

Millipore 

Sigma siRNA 

ID: 

SASI_Hs01_00

034101 

 Sense GAAAUGGUGUUUGCGAGUA[dT][dT]  

 

Antisen

se 
UACUCGCAAACACCAUUUC[dT][dT]  

3 

SPOP 

siRNA 

#102 

 

Millipore 

Sigma siRNA 

ID: 

SASI_Hs01_00

034102 
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 Sense GAGCAAAUGAUAAACUGAA[dT][dT]  

 

Antisen

se 
UUCAGUUUAUCAUUUGCUC[dT][dT]  

4 

Nup15

3 N-

term 

Fwd 

(Start 

aa 1) 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GCCTCGGGAGCCGGAGG 

Used to 

attach 

Gateway 

cloning sites 

to Nup153  

5 

Nup15

3 NPC 

Rev 

(End aa 

619) 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA 

CGATGCGAAACCAGGGCTTTTCAG 

Used to 

attach 

Gateway 

cloning sites 

to Nup153  

6 

Nup15

3 ZnF 

Fwd 

(Start 

aa 620) 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GGGCCGAAGATAGATTCTGTTGC 

Used to 

attach 

Gateway 

cloning sites 

to Nup153  

7 

Nup15

3 ZnF 

Rev 

(End aa 

872) 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTA 

CAAACATTTGGTAGAGTCTGCC 

Used to 

attach 

Gateway 

cloning sites 

to Nup153 
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8 

Nup15

3 FG 

Fwd 

(Start 

aa 873) 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GCATGTGAAAGTGCAAAGCCAGG 

Used to 

attach 

Gateway 

cloning sites 

to Nup153 

9 

Nup15

3 C-

term 

Rev 

(End aa 

1475) 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTTCCTGCGTCTAACAG

CAGTCTTTATCTTGC 

Used to 

attach 

Gateway 

cloning sites 

to Nup153 

10 

Nup15

3 1-330 

Rev 

(End aa 

330) 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGATGGAATTCTTTTTG

CATCC 

Used to 

attach 

Gateway 

cloning sites 

to Nup153 

11 

Nup15

3 331-

619 

Fwd 

(Start 

aa 331) 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GGGATTGTTTCTTCTCCTCTGAATTC 

Used to 

attach 

Gateway 

cloning sites 

to Nup153 

12 
Nup15

3 1-167 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTACTTTACAAGGGAAAATC

CCG 

Used to 

attach 
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Rev 

(End aa 

167) 

Gateway 

cloning sites 

to Nup153 

13 

Nup15

3 168-

330 

(Start 

aa 168) 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GAAATTAAAGATTCTACC 

Used to 

attach 

Gateway 

cloning sites 

to Nup153 

14 

Nup15

3 

303VTS

ST > 

VAAAT 

#1 

CAATATTCGCCGAGCTGTTGCAGCGGCCACACCGTAAGATTGTGCAC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

15 

Nup15

3 

303VTS

ST > 

VAAAT 

#2 

GTGCACAATCTTACGGTGTGGCCGCTGCAACAGCTCGGCGAATATTG 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

16 

Nup15

3 

479ITSS

S > 

CTAAAATTAAAGGTAGGCAGTGAAGCAGCGGCGATCGGTAGAGAGATTT

TCGGTAAT 

Used with 

QuickChange 

Lightning to 

mutate 
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IAAAS 

#1 

Nup153 

residues 

17 

Nup15

3 

479ITSS

S > 

IAAAS 

#2 

ATTACCGAAAATCTCTCTACCGATCGCCGCTGCTTCACTGCCTACCTTTAAT

TTTAG 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

18 

Nup15

3 

561GSS

ST > 

GAAAT 

#1 

GCTGAACTACTTATAATTGGTTCTAAAGTAGCAGCAGCACCAGAAAGTTC

TGCTGTTTTTGCAACAGG 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

19 

Nup15

3 

561GSS

ST > 

GAAAT 

#2 

CCTGTTGCAAAAACAGCAGAACTTTCTGGTGCTGCTGCTACTTTAGAACCA

ATTATAAGTAGTTCAGC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

20 
Nup15

3 
TATTCGCCGAGCACCGTAAGATTGTGCACTGAGT 

Used with 

QuickChange 

Lightning to 
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del303-

7 #1 

mutate 

Nup153 

residues 

21 

Nup15

3 

del303-

7 #2 

ACTCAGTGCACAATCTTACGGTGCTCGGCGAATA 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

22 

Nup15

3 

del312-

316 #1 

AAAGGGCTTGACATCTTTATTCGCCGAGCTGTTGAAC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

23 

Nup15

3 

del312-

316 #2 

GTTCAACAGCTCGGCGAATAAAGATGTCAAGCCCTTT 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

24 
Nup15

3 1-330 
ATTGCAGTCTTTAGAGAAGATGGCAAAAAGAATTCCATCCTAGG 

Used with 

QuickChange 

Lightning to 
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del319-

324 #1 

mutate 

Nup153 

residues 

25 

Nup15

3 1-330 

del319-

324 #2 

CCTAGGATGGAATTCTTTTTGCCATCTTCTCTAAAGACTGCAAT 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

26 

Nup15

3 

219Ter

m #1 

AGCTGAACGTTCTCACTCACTCTAACAGCACACTGC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

27 

Nup15

3 

219Ter

m #2 

GCAGTGTGCTGTTAGAGTGAGTGAGAACGTTCAGCT 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

28 
Nup15

3 
GGATTGAAGAATTCCCAAGTGACTAGGAAAGTGTTCCAAAGGCAGAC 

Used with 

QuickChange 

Lightning to 
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241Ter

m #1 

mutate 

Nup153 

residues 

29 

Nup15

3 

241Ter

m #2 

GTCTGCCTTTGGAACACTTTCCTAGTCACTTGGGAATTCTTCAATCC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

30 

Nup15

3 

276Ter

m #1 

GCAGCAGCTGCTGTAAGACAGTAGAAACTACGAAATACACCTTATC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

31 

Nup15

3 

276Ter

m #2 

GATAAGGTGTATTTCGTAGTTTCTACTGTCTTACAGCAGCTGCTGC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

32 
Nup15

3 
CTGGTCACACCCTAAGATTGTGCACTGAGTTGC 

Used with 

QuickChange 

Lightning to 



256 
 

301Ter

m #1 

mutate 

Nup153 

residues 

33 

Nup15

3 

301Ter

m #2 

GCAACTCAGTGCACAATCTTAGGGTGTGACCAG 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

34 

Nup15

3 

del300-

330 #1 

ATTCAGAGGAGAAGAAACAATTTGTGCACTGAGTTGCTTAGC 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 

35 

Nup15

3 

del300-

330 #2 

GCTAAGCAACTCAGTGCACAAATTGTTTCTTCTCCTCTGAAT 

Used with 

QuickChange 

Lightning to 

mutate 

Nup153 

residues 
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36 

Nup15

3 

Double

Del 

del312-

316 #1  

ATTCAGAGGAGAAGAAACAATTTGTGCACTGAGTTGCTTAGC 

This primer 

was used with 

QuickChange 

Lightning to 

delete 

residues 312-

316 using the 

Nup153 1-330 

del303-307 

and del319-

324 as a 

template. The 

previous set 

of primers 

could not be 

used as 

deleting 

nucleotides 

coding for 

amino acids 

303-307 and 

319-324 

removed 

some of the 



258 
 

annealing 

regions for 

the previous 

primer set. 

37 

Nup15

3 

Double

Del 

del312-

316 #2 

GCTAAGCAACTCAGTGCACAAATTGTTTCTTCTCCTCTGAAT 

This primer 

was used with 

QuickChange 

Lightning to 

delete 

residues 312-

316 using the 

Nup153 1-330 

del303-307 

and del319-

324 as a 

template. The 
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previous set 

of primers 

could not be 

used as 

deleting 

nucleotides 

coding for 

amino acids 

303-307 and 

319-324 

removed 

some of the 

annealing 

regions for 

the previous 

primer set. 

38 

Gapdh 

qPCR, 

fwd 

TGCACCACCAACTGCTTAGC 

Adapted from 

PMID: 

19036168 

39 

Gapdh 

qPCR, 

rev 

GGCATGGACTGTGGTCATGAG 

Adapted from 

PMID: 

19036168 
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40 

SPOP 

qPCR, 

fwd 

TGCTGACAAGTATGCCCTGG 

These primers 

were also 

verified to 

detect 

overexpresse

d SPOP; 

designed 

using NCBI 

Primer-BLAST 

tool to span 

an exon and 

produce a 

product of 

193 bp 

41 

SPOP 

qPCR, 

rev 

TTCCACCCAGAGGTCTCCAA 

These primers 

were also 

verified to 

detect 

overexpresse

d SPOP; 

designed 

using NCBI 

Primer-BLAST 

tool to span 
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an exon and 

produce a 

product of 

193 bp 

42 

Plk1 N-

term, 

fwd 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GGGAGTGCTGCAGTGACTGC 

Used to 

attach 

Gateway 

cloning sites 

to Plk1 

43 

Plk1 C-

term, 

rev 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGAGGCCTTGAGACGG

TTGCTGG 

Used to 

attach 

Gateway 

cloning sites 

to Plk1 

44 

Cdc20 

N-term, 

fwd 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GCACAGTTCGCGTTCGAGA 

Used to 

attach 

Gateway 

cloning sites 

to Cdc20 

45 

Cdc20 

C-term, 

rev 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATCAGCGGATGCCTTGGT

GGATG 

Used to 

attach 

Gateway 
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cloning sites 

to Cdc20 

46 

KPNA6 

N-term, 

fwd 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

GAGACCATGGCGAGCCCAG 

Used to 

attach 

Gateway 

cloning sites 

to KPNA6 

47 

KPNA6 

C-term, 

rev 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATAGCTGGAAGCCCTCCA

TGGG 

Used to 

attach 

Gateway 

cloning sites 

to KPNA6 

48 

Nup50 

N-term, 

fwd 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATAGAACCATG

ATGGCCAAAAGAAATGCCGAG 

Used to 

attach 

Gateway 

cloning sites 

to Nup50 

49 

Nup50 

C-term, 

rev 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAGGCATCCTTTTTCTCCA

GTAAAATTTTG 

Used to 

attach 

Gateway 

cloning sites 

to Nup50 

 

  



263 
 

Table 3: List of primary antibodies 

Primary antibodies for IB were diluted in blocking buffer (0.5% (w/v) BSA + 0.1% Tween 20 (v/v) in 

PBS) + 0.1% (w/v) sodium azide. Secondary antibodies for IB were diluted into blocking buffer. 

Item 

# Name Company 

Catalog 

Number Notes 

1 HA CST 3724S Used for IB at 1:1000; used for IF at 1:250 

2 HA Abcam ab18181 Used for IB at 1:1000; used for IF at 1:250 

3 FLAG800 Rockland 

200-345-

383 

Used for IB at 1:10,000; note this antibody is already 

conjugated to a fluorophore and does not require a 

secondary antibody 

4 Nup153 Abcam ab84872 Used for IB at 1:1000; used for IF at 1:100 

5 Nup50 Abcam ab151567 Used for IB at 1:1000 

6 KPNA6 ProteinTech 12366-2-AP Used for IB at 1:1000 

7 Daxx Sigma D7810-.2ML Used for IB at 1:10,000 

8 DEK ProteinTech 16448-1-AP Used for IB at 1:1000 

9 SPOP ProteinTech 16750-1-AP Used for IB at 1:500 

10 CREST 

Antibodies 

Incorporated 15-234 Used for IF at 1:200 

11 Mad1 GeneTex GTX109519 

Used for IF at 1:100; must be used with MeOH 

fixation 

12 Myd88 ProteinTech 23230-1-AP Used for IB at 1:1000 

13 Caprin1 ProteinTech 15112-1-AP Used for IB at 1:1000 
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14 

Poly 

ubiquitin Enzo 

BML-

PW8805 Used for IB at 1:1000 

15 GFP Abcam ab13970 Used for IB at 1:1000; used for IF at 1:100 

16 Myc ProteinTech 60003-2-1G Used for IF at 1:250 

17 Nup98 Abcam ab50610 Used for IB at 1:1000 

18 

Lamin 

A/C 

Santa Cruz 

BioTech sc-376248 Used for IB at 1:500; used for IF at 1:100 

19 pHH3 

Millipore 

Sigma 06-570 Used for IB at 1:1000 

20 

Alpha 

tubulin BioRad MCA77G Used for IB at 1:1000; used for IF at 1:250 

21 Gapdh ProteinTech 60004-1-Ig Used for IB at 1:3000 

22 S-Tag GeneTex GTX19321 Used for IB at 1:1000 
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Table 4: List of secondary antibodies 

Secondary antibodies for IB   

All IB secondaries were purchased from LI-COR Biotechnology, resuspended in 800 microliters of 50% 

glycerol (stock concentration = 0.625 mg/mL), stored at 4C in the dark, and used at 1:10,000 

Item 

# Name Catalog #  

1 IRDye® 800CW Donkey anti-Goat IgG (H + L), 0.5 mg 926-32214  

2 IRDye® 800CW Donkey anti-Rabbit IgG (H + L), 0.5 mg 926-32213  

3 IRDye® 800CW Goat anti-Rat IgG (H + L), 0.5 mg 926-32219  

4 IRDye® 800CW Donkey anti-Mouse IgG (H + L), 0.5 mg 926-32212  

5 IRDye® 800CW Donkey anti-Chicken IgG (H + L), 0.5 mg 926-32218  

6 IRDye® 680RD Donkey anti-Goat IgG (H + L), 0.5 mg 926-68074  

7 IRDye® 680RD Goat anti-Rat IgG (H + L), 0.5 mg 926-68076  

8 IRDye® 680RD Donkey anti-Rabbit IgG (H + L), 0.5 mg 926-68073  

9 IRDye® 680RD Donkey anti-Mouse IgG (H + L), 0.5 mg 926-68072  

10 IRDye® 680RD Donkey anti-Chicken IgG (H + L), 0.5 mg 926-68075  

    

Secondary antibodies for IF   

All IF secondaries were purchased from Jackson ImmunoResearch Laboratories, resuspended in 400 

microliters of 50% glycerol (stock concentration = 1.25 mg/mL), stored at -20C in the dark, and used at 

1:500 
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# Name Catalog #  

1 Fluorescein (FITC) AffiniPure Donkey Anti-Rat IgG (H+L) 712-095-150  

2 Fluorescein (FITC) AffiniPure Donkey Anti-Rabbit IgG (H+L) 711-095-152  

3 Fluorescein (FITC) AffiniPure Donkey Anti-Mouse IgG (H+L) 715-095-151  

4 Fluorescein (FITC) AffiniPure Donkey Anti-Chicken IgY (IgG) (H+L) 703-095-155  

5 Cy™5 AffiniPure Donkey Anti-Rat IgG (H+L) 712-175-150  

6 Cy™5 AffiniPure Donkey Anti-Rabbit IgG (H+L) 711-175-152  

7 Cy™5 AffiniPure Donkey Anti-Mouse IgG (H+L) 715-175-151  

8 Cy™5 AffiniPure Donkey Anti-Human IgG (H+L) 709-175-149  

9 Cy™3 AffiniPure Donkey Anti-Rat IgG (H+L) 712-165-153  

10 Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L) 711-165-152  

11 Cy™3 AffiniPure Donkey Anti-Mouse IgG (H+L) 715-165-151  
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Appendix Chapter 7: Supplemental File 1 for Chapter 3 

 

Table 1: List of plasmids 

# Plasmid name Source (Catalog 

Number) 

Notes 

1 pGLAP1 (empty vector) Addgene, #19702 For mammalian expression; 

backbone (empty) vector 

codes for EGFP-S Tag-

(protein) 

2 pCS2 FLAG DEST PMID: 26748699 For IVT and mammalian 

expression; Gateway-

compatible vector; 

backbone (empty) vector 

codes for FLAG-S Tag-

(protein) 

3 pCS2 HA DEST PMID: 26748699 For IVT and mammalian 

expression; Gateway-

compatible vector; 

backbone (empty) vector 

codes for 3xHA-(protein) 

4 pENTR221 Cul3 Thermo Fisher 

Scientific, Ultimate ORF 

Clone IOH26262 

Gateway vector containing 

human Cul3 coding 

sequence with stop codon, 

matching NM_003590.4 

5 pCS2 HA Cul3 (This study) For IVT and mammalian 

expression; generated via 
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Gateway cloning; codes for 

3xHA-Cul3 

6 pENTR223 KCTD1 DNASU, 

HsCD00288028 

Gateway vector containing 

human KCTD1 without stop 

codon; matches 

BC063652.1 except for the 

addition of nucleotides TAC 

(coding for Tyr) at the 3' 

end of the sequence 

7 pDONR223 KCTD3 DNASU, 

HsCD00353755 

Gateway vector containing 

human KCTD3 without stop 

codon, matching HQ258497 

8 pDONR221 KCTD4 DNASU, 

HsCD00076174 

Gateway vector containing 

human KCTD4 with stop 

codon, matching BC018063 

9 pDONR221 KCTD5 DNASU, 

HsCD00829069 

Gateway vector containing 

human KCTD5 without stop 

codon; sequence matches 

NM_018992.4 except for 

the addition of nucleotides 

TTG (coding for Leu) at the 

3’ end of the sequence 

10 pDONR223 KCTD8 DNASU, 

HsCD00353710 

Gateway vector containing 

human KCTD8 without stop 

codon, matching HQ258617 
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11 pDONR223 KCTD9 DNASU, 

HsCD00352800 

Gateway vector containing 

human KCTD9 without stop 

codon, matching HQ447786 

12 pENTR223 KCTD12 DNASU, 

HsCD00515338 

Gateway vector containing 

human KCTD12 without 

stop codon, matching 

BC013764.1 

13 pDONR221 KCTD14 DNASU, 

HsCD00044794 

Gateway vector containing 

human KCTD14 with stop 

codon, matching 

BC001062; note that this 

sequence codes for Isoform 

3b (Uniprot Q9BQ13-2) and 

is distinct from the protein 

isoform NDUFC2-KCTD14 

(Uniprot E9PQ53) 

14 pENTR223 KCTD16 DNASU, 

HsCD00511508 

Gateway vector containing 

human KCTD16 without 

stop codon, matching 

BC113435.1 

15 pDONR221 KCTD18 DNASU, 

HsCD00718393 

Gateway vector containing 

human KCTD18 without 

stop codon, matching 

NM_001321547.2 

16 pDONR223 KCTD19 DNASU, 

HsCD00398604 

Gateway vector containing 

human KCTD19 without 

stop codon, matching 

HQ258662 
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17 pENTR221 KCTD1 stop (This study) Generated via PCR 

amplification of coding 

sequence (appending a 

stop codon) and BP 

reaction into empty 

pDONR221 plasmid 

18 pENTR221 KCTD9 stop (This study) Generated via PCR 

amplification of coding 

sequence (appending a 

stop codon) and BP 

reaction into empty 

pDONR221 plasmid 

19 pENTR221 KCTD16 stop (This study) Generated via PCR 

amplification of coding 

sequence (appending a 

stop codon) and BP 

reaction into empty 

pDONR221 plasmid 

20 pENTR221 KCTD18 stop (This study) Generated via PCR 

amplification of coding 

sequence (appending a 

stop codon) and BP 

reaction into empty 

pDONR221 plasmid 

21 pDONR223 KCTD3 stop (This study) Generated via inserting a 

stop codon with 

QuikChange Lightning at 

end of coding sequence 
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22 pDONR221 KCTD5 stop (This study) Generated via inserting a 

stop codon with 

QuikChange Lightning at 

end of coding sequence 

23 pDONR223 KCTD8 stop (This study) Generated via inserting a 

stop codon with 

QuikChange Lightning at 

end of coding sequence 

24 pDONR223 KCTD12 stop (This study) Generated via inserting a 

stop codon with 

QuikChange Lightning at 

end of coding sequence 

25 pDONR223 KCTD19 stop (This study) Generated via inserting a 

stop codon with 

QuikChange Lightning at 

end of coding sequence 

26 pGLAP1 KCTD1 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

27 pGLAP1 KCTD3 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

28 pGLAP1 KCTD4 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 
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29 pGLAP1 KCTD5 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

30 pGLAP1 KCTD8 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

31 pGLAP1 KCTD9 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

32 pGLAP1 KCTD12 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

33 pGLAP1 KCTD14 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

34 pGLAP1 KCTD16 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

35 pGLAP1 KCTD18 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 
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36 pGLAP1 KCTD19 (This study) For mammalian expression; 

generated via Gateway 

cloning; codes for EGFP-S 

Tag-KCTD 

37 pCS2 FLAG KCTD1 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

38 pCS2 FLAG KCTD3 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

39 pCS2 FLAG KCTD4 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

40 pCS2 FLAG KCTD5 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

41 pCS2 FLAG KCTD8 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

42 pCS2 FLAG KCTD9 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 
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43 pCS2 FLAG KCTD12 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

44 pCS2 FLAG KCTD14 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

45 pCS2 FLAG KCTD16 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

46 pCS2 FLAG KCTD18 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

47 pCS2 FLAG KCTD19 (This study) For IVT and mammalian 

expression; generated via 

Gateway cloning; codes for 

FLAG-S Tag-KCTD 

48 pDONR221 Thermo Fisher 

Scientific, 12536017 

Backbone (empty) vector 

for Gateway cloning 

49 pGLAP2 (empty vector) Addgene, #19703 For mammalian expression; 

backbone (empty) vector 

codes for FLAG-S Tag-

(protein) 

50 pGLAP2 Cul3 (This study) For mass spectrometry 
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pCS2 FLAG DEST protein sequence (where the last M is the initiator Met of the tagged protein): 

MDYKDDDDKAGGGGENLYFQGGGGGKETAAAKFERQHMDSGGGGINYNGHQTSLYKKVGTM... 

pCS2 HA DEST protein sequence (where the last M is the initiator Met of the tagged protein): 

MYPYDVPDYAYPYDVPDYAYPYDVPDYAGRPEFKDQTSLYKKAGTM... 
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Table 2: List and sequence of oligonucleotides 

# Primer 

name 

Primer sequence (5' to 3') Notes 

1 KCTD1_fw

d 

GGGGACAAGTTTGTACAAAAAAGCAGGCTT

CGAAGGAGATAGAACCATGGGGTCAAGAC

CTCTGATCACTAG 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 

for BP reaction with empty 

pDONR221 

2 KCTD1_re

vStop 

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTAGTCCAGAGGCTCTTGCTTTATCCGG 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 

for BP reaction with empty 

pDONR221 

3 KCTD9_fw

d 

GGGGACAAGTTTGTACAAAAAAGCAGGCTT

CGAAGGAGATAGAACCATGGGGAGGCGGG

TGACCCTGTTCC 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 

for BP reaction with empty 

pDONR221 

4 KCTD9_re

vStop 

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTATCTGACACTTTGTGACATGTG 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 

for BP reaction with empty 

pDONR221 

5 KCTD16_f

wd 

GGGGACAAGTTTGTACAAAAAAGCAGGCTT

CGAAGGAGATAGAACCATGGCTCTGAGTG

GAAACTGTAGTCG 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 
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for BP reaction with empty 

pDONR221 

6 KCTD16_r

evStop 

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTATAGATGATACTTCCTTAAAAGTTC 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 

for BP reaction with empty 

pDONR221 

7 KCTD18_f

wd 

GGGGACAAGTTTGTACAAAAAAGCAGGCTT

CGAAGGAGATAGAACCATGGAAGGCCACA

AGGCAGAAGAAG 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 

for BP reaction with empty 

pDONR221 

8 KCTD18_r

evStop 

GGGGACCACTTTGTACAAGAAAGCTGGGT

CCTAATTTCCCTTGTTCTTCCCGTTC 

Used to amplify out coding 

sequence with stop codon 

added; PCR product used 

for BP reaction with empty 

pDONR221 

9 KCTD3_Q

CL_stop1 

CAGGAGTACAGCTTGTAATTGCCAACTTTC

TTGTAC 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

1

0 

KCTD3_Q

CL_stop2 

GTACAAGAAAGTTGGCAATTACAAGCTGTA

CTCCTG 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 
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1

1 

KCTD5_Q

CL_stop1 

CTCAAGGATGTTGTGAGACCCAGCTTTC Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

1

2 

KCTD5_Q

CL_stop2 

GAAAGCTGGGTCTCACAACATCCTTGAG Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

1

3 

KCTD8_Q

CL_stop1 

GTTGCAGAAGTATGGGTTATAATTGCCAAC

TTTCTTGTAC 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

1

4 

KCTD8_Q

CL_stop2 

GTACAAGAAAGTTGGCAATTATAACCCATA

CTTCTGCAAC 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

1

5 

KCTD12_

QCL_stop

1 

GTCTTCTGCAGGGAGTAATTGCCAACTTTC

TTGTAC 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

1

6 

KCTD12_

QCL_stop

2 

GTACAAGAAAGTTGGCAATTACTCCCTGCA

GAAGAC 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

1

7 

KCTD19_

QCL_stop

1 

GTACCTACAAGAGGACTAATTGCCAACTTT

CTTGTAC 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 
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1

8 

KCTD19_

QCL_stop

2 

GTACAAGAAAGTTGGCAATTAGTCCTCTTG

TAGGTAC 

Used to insert a stop codon 

at the end of the protein 

coding sequence with 

QuikChange Lightning 

 




