
 

 



 

 

 

 

Université de Sherbrooke 

 

 

 

 

 

Un nouveau rôle de HNF4α durant la réparation de l’ADN 

 

 

 

Par 

Samuel David Wilson 

Programme de Biologie cellulaire 

 

 

 

 

 

Mémoire présenté à la Faculté de médecine et des sciences de la santé 

en vue de l’obtention du grade de maitre ès sciences (M. Sc.) 

en Biologie cellulaire  

 

 

 

 

 

 

 

Sherbrooke, Québec, Canada 

Juin, 2018 

 

 

 

 

 

Membres du jury d’évaluation 

 

François Boudreau, Biologie cellulaire 

François-Michel Boisvert, Biologie cellulaire 

Steve Jean, Biologie cellulaire 

Xavier Roucou, Biochimie 

 

 

 

© Samuel David Wilson, 2018



 

 

I’d like to thank: 

 

Jamie, my boyfriend, for his love and long-suffering support which were essential to my 

morale. 

Mom and Dad for their love and vested financial interest in my education. 

Atticus, my cat, for his affections. 



 

 

You’ll get mixed up, of course, 

as you already know. 

You’ll get mixed up 

with many strange birds as you go. 

So be sure when you step. 

Step with care and great tact 

and remember that Life’s 

a Great Balancing Act. 

Just never forget to be dexterous and deft. 

And never mix up your right foot with your left. 

 

And will you succeed? 

Yes! You will, indeed! 

(98 and ¾ percent guaranteed.) 

 

KID, YOU’LL MOVE MOUNTAINS! 

 

Oh, the Places You’ll Go! 

– Dr. Seuss



 

 

1RÉSUMÉ 

Un nouveau rôle de HNF4α durant la réparation de l’ADN 

Par 

Samuel David Wilson 

Programme de Biologie cellulaire 

 

Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention 

du diplôme de maitre ès sciences (M.Sc.) en Biologie cellulaire, Faculté de médecine et des 

sciences de la santé, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

 

Le facteur de transcription HNF4α est exprimé à travers les épithéliaux digestifs chez 

l’homme. Il existe deux classes d’isoformes pour HNF4α, dénommées P1 et P2. La classe de 

P2 est surexprimée au niveau de plusieurs carcinomes du système digestif, comme au foie et 

au colon. La découverte de nouveaux interacteurs protéiques pour HNF4α pourrait élucider 

le rôle de cette protéine au sein de phénotypes des cancers du côlon. 

 

À l’aide du marquage isotopique, dite SILAC, une approche de protéomique 

quantitative fut élaborée afin d’interroger l’interactome de P2-HNF4α. D’ailleurs, des 

analyses par enrichissement d’ontologie génique de ces facteurs enrichis ont permis une 

classification de ces derniers selon leurs rôles biologiques. À la suite de la découverte de 

protéines associées à la réponse aux dommages à l’ADN comme partenaires de P2-HNF4α, 

j’ai utilisé diverses techniques expérimentales pour confirmer ce lien. L’immunobuvardage 

de type western a identifié la présence de HNF4α au sein de complexes associés à la 

réparation de l’ADN. De plus, HNF4α localise aux sites de dommages à l’ADN à la suite de 

blessures double brin. Enfin, des systèmes rapporteurs de la réparation double brin ont 

démontré que la surexpression de P2-HNF4α intervient au niveau de la jonction d’extrémités 

non-homologues (NHEJ), mais pas au niveau de la recombinaison homologue (HR). Les 

résultats présentés au cours de ce mémoire soutiennent que HNF4α participerait dans la 

réponse aux dommages double brin dans les cellules normales et cancéreuses colorectales 

par interaction avec la machinerie de réponse aux dommages à l’ADN.  

 

La découverte de ce rôle pour HNF4α durant la réparation de l’ADN suggère un 

nouveau rôle biologique pour la molécule. De plus, ce serait la première fois que l’on assigne 

une fonction non-transcriptionnelle à ce facteur de transcription. Ces résultats pourraient 

offrir des cibles potentiellement permettant l’exploitation de cette molécule à des fins 

thérapeutiques pour le traitement des cancers colorectaux. 

 

Mots clés : HNF4α, réparation de l’ADN, cancer colorectal, facteur de transcription, 

protéomique quantitative 
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2SUMMARY 

The new role for HNF4α during DNA repair 

 

By 

Samuel David Wilson 

Cell Biology Program 

 

Thesis presented to the Faculty of Medicine and Health Sciences for the obtention of 

Master’s degree diploma, maitre ès sciences (M.Sc.), in Cell Biology, Faculty of Medicine 

and Health Sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 

 

The transcription factor HNF4α is known to be expressed throughout digestive 

epithelia in humans. Two classes of HNF4α isoforms have been identified, P1 and P2. The 

P2 isoform class has an upregulated expression in the context of several carcinomas of the 

digestive system, namely in the liver and colon. The elucidation of novel protein interactors 

of P2 HNF4α could help to identify new biological roles for this isoform class and could also 

clarify HNF4α’s role in the cancerous phenotypes of the colon. 

 

Using isotopic labelling by a SILAC-based quantitative proteomics approach, I 

sought to identify proteins associated with the P2-HNF4α interactome. Furthermore, I used 

gene ontology enrichment analyses to associate identified interactors to a specific biological 

function. Following these findings, I supplemented the investigations with other approaches 

in order to substantiate suspected novel roles for the factor. Classical western blotting 

confirmed HNF4α’s presence in DNA damage response complexes. Furthermore, HNF4α 

was shown to colocalize with DNA double strand break foci following genotoxic injury. 

Finally, double strand break reporter systems identified that P2-HNF4α decreases non-

homologous end joining (NHEJ) efficiency but has no effect on homologous recombination 

(HR). These results support for the first time that HNF4α could participate in the DNA 

damage response in normal and colorectal cancer cells by interacting with the machinery 

specifically recruited to sites of DNA damage. 

 

Discovery of a DNA repair role for HNF4α could represent a previously unknown 

biological role for P2 HNF4α. Moreover, this role in DNA damage response would be the 

first non-transcriptional role associated with the protein. These findings could present 

researchers with new targets for therapeutic remedies in colorectal cancers. 

 

Keywords: HNF4α, DNA repair, colorectal cancer, transcription factor, quantitative 

proteomics 
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1INTRODUCTION 

1.1 Preamble 

 In humans, as well as most other metazoans, the transcription factor hepatocyte 

nuclear factor 4α (HNF4α) is a central regulator of tissue determination throughout many 

endodermal derived tissues as well as an important player in some tissues of mesodermal 

origin, like the kidneys (Babeu and Boudreau 2014). As an aside, the role in human form and 

function will be the sole focus of the research pertaining to HNF4α presented in this 

dissertation. Most organs of endodermal origin form the digestive system, which is composed 

of the alimentary canal, the tube connecting the mouth and anus, and accessory digestive 

organs. The digestive organs’ roles are to permit digestion of food while maintaining separate 

the system’s contents from the internal environment of the organism. The alimentary canal’s 

organs can be subdivided into the gastrointestinal (GI) tract, referring to the stomach through 

to the rectum. The human GI system herein refers to the organs associated with the 

gastrointestinal tract, from stomach to rectum, and accessory digestive organs, including 

pancreas, liver, and gallbladder. 

The physiological function that these GI organs play is to breakdown ingested food 

into substrates available for absorption and render them ready for subsequent enzyme-

mediated reactions in the body. Each GI organ has an integral role to play in this process of 

digestion. When the ingested food bolus reaches the stomach, mechanical digestion and 

enzymatic digestion of the food bolus continue, and chemical digestion begins. The bolus is 

converted to chyme. The acidic chyme released from the stomach into the small intestine is 

neutralized by sodium bicarbonate present in the duodenum with help from pancreas. The 
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liver and pancreas contribute enzymes and the liver and gallbladder contribute bile essential 

to the digestive processes. Enzymatic digestion continues throughout the small intestine by 

secretion of enzymes present at the brush border. The small intestine is responsible for most 

of absorption of nutrients. Chyme and its components reaching the colon undergo further 

breakdown resulting from fermentation by anaerobic bacteria present in the colon. All final 

absorption of nutrients occurs in the colon and the transiting mass is dehydrated into feces 

through massive absorption of water. Finally, a non-negligible role of digestion is its 

endocrine component, which has far reaching affects throughout the organism by the release 

of the hormones from the endocrine pancreas and enteroendocrine cells of the GI epithelia. 

When the regulation of GI epithelia goes amiss, it can often result, initially, in 

adenoma of associated tissue, and with unabated progression, can result in carcinoma. The 

Canadian Cancer Society estimates that for the year 2017, colorectal cancer will represent 

the second most common cancer diagnosis for men, accounting for 14.4% of new cancer 

diagnoses, and the third most common cancer diagnosis for women, accounting for 11.5% of 

new cancer diagnoses (Canadian Cancer Society 2017). Furthermore, colorectal cancer 

represents the second and third deadliest form of cancer in men and women, respectively 

(Canadian Cancer Society 2017). The same report speculates that one in two Canadians will 

develop some form of cancer in their lifetimes and, moreover, one in four Canadians will die 

from cancer (Canadian Cancer Society 2017). To reduce colorectal cancer related morbidity 

and mortality, the development of new therapeutic methods is paramount. However, the 

development of such treatments hinges on an understanding of the fundamental biological 

principles, and their mechanisms, responsible for the pathogenesis of colorectal cancer. 
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1.2 The healthy colon 

 The colon has a unique form allowing it to perform many activities that are crucial 

for homeostasis in a healthy organism. The colon is one of the largest organs in the human 

body. The role of the colon is essentially to absorb water and micronutrients from its luminal 

contents and permit anaerobic bacterial fermentation as the fecal mass transits the tract and 

is compacted through dehydration, eventually resulting in healthy stool. The luminal lining 

of this organ is exposed to much mechanical and chemical stress requiring these cells to 

completely renew themselves every few days. Another important role of the colon is to serve 

as a barrier separating the body from luminal contents and also to serve as a site for immunity. 

The constant renewal of intestinal cells requires great coordination and control so that these 

cells can synthesize DNA with minimal error and proliferate at an almost unparalleled rate. 

The colonic epithelium forms a long hollow tube with a huge surface area in contact with the 

lumen. Moreover, the microscopic architecture of the colon is uniquely suited to fulfil its 

physiological function. 

1.2.1 The crypt, functional unit of the colon 

 Invaginations along the colonic epithelium increase the surface area of the tube 

allowing it to be more efficient. These myriad invaginations are termed crypts, which are the 

functional unit of the organ (Fig. 1) (Reya and Clevers 2005). These infoldings of the 

epithelium descend into the surrounding connective tissue like inversed tear drops. The base 

of the crypt represents the intestinal stem cell niche supported by soluble and insoluble 

factors originating in the epithelium and the surrounding mesenchyme (Medema and 

Vermeulen 2011). These constantly dividing stem cells produce progenitor cells that are 



 

 

4 

4 

pushed up through the crypt towards the lumen where they will differentiate into mature cells 

of the colon (Reya and Clevers 2005). 

 

Figure 1. Microscopic architecture of the colonic epithelium 

Stem cells at the base of the colonic crypt divide and transit towards the lumen while 

undergoing the process of maturation into colonic epithelial cells. 

1.2.2 Proper crypt architecture and transcriptional programming 

 Normal crypt architecture is maintained by various secreted factors originating in 

either the epithelium or surrounding connective tissue, which is called the mesenchyme. The 

most famous of these factors is the WNT family of soluble and insoluble factors. The 

researchers led by Hans Clevers originally described the noteworthiness of the WNT family 

in the colon through description of the LGR5+ stem cells capable of regenerating the entire 

colonic crypt (Barker et al. 2007). The LGR5 receptor, present at the cell surface, is sensitive 

to WNT ligands and prompts a signalling cascade that results in transactivation of genes 

(Hoppler and Kavanagh 2007). 
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Distinct transcriptional programming is essential for defining specific intestinal 

epithelial cell lineages, like in many other tissue contexts. Here, this programming is 

presented with the colon as a model, but it is similar in the small intestinal crypt. To begin, 

the transcription factor complex TCF4/LEF1, the transcriptional effector of the WNT 

pathway, associates with the co-activator β-catenin. This active transcriptional complex will 

be responsible for the transactivation of genes associated with proliferation in the stem cell 

niche of the crypt (Krausova and Korinek 2014). As stem cells produce daughter cells that 

will either repopulate the stem cell pool or progress up the side of the crypt to become 

progenitors, different transcription factors are responsible for epithelial lineage 

determination. For example, the transcriptional effector of the Notch pathway, HES-1, will 

be responsible for conferring an enterocyte lineage in the absence of ATOH-1. Conversely, 

expression of ATOH-1 in the absence of HES-1 in intestinal progenitors will confer a 

secretory lineage. Once a secretory lineage conferred, secretory progenitors can become 

enteroendocrine cells. However, with further specification by expression of the transcription 

Neurogenin 3 (NGN3), these secretory progenitors can become goblet cells or Paneth cells 

in the case of the small intestinal niche (Philpott and Winton 2014). 

Essential to their roles, proteinaceous transcription factors must have some 

mechanism for DNA-protein interaction. As a result, numerous tertiary protein structures 

have evolved to facilitate these inter-molecular interactions. Transcription factors can 

therefore be categorized by the motif that is responsible for their DNA binding ability. In the 

examples cited above for ATOH-1, HES-1, and NGN3, these transcription factors comprise 

a basic helix-loop-helix motif, which rely on two α-helices connected by an amino acid loop 

of variable length for DNA-protein interaction (Murre et al. 1994; Philpott and Winton 2014). 

Secondly, the helix-turn-helix, or homeodomains, are frequently involved in the regulation 
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of homeobox elements. The helix-turn-helix motif has two α-helices connected by a 

somewhat shorter amino acid turn (Brennan and Matthews 1989). Thirdly, the leucine zipper 

motif is comprised of α-helices “zipped” together by the hydrophobic leucine residues. A 

noteworthy example of the leucine zipper being c-myc, a member of innumerable 

transcription platforms (Landschulz, Johnson, and McKnight 1988). Fourth, and finally, the 

last main DNA binding domain to be presented is the zinc finger motif. The transcription 

factor of interest to this dissertation is HNF4α, which has a zinc finger motif (Sladek et al. 

1990). The zinc finger motif consists of α-helices coordinated by ionic zinc cofactors (Klug 

and Rhodes 1987). All transcription factors will have a DNA-binding domain responsible for 

specific DNA response element recognition. Furthermore, these proteins have N-terminal 

and C-terminal protein domains that permit recruitment of co-activators or co-repressor or 

dimerization. In addition to the DNA binding domains, these other protein domains are 

responsible for conferring a unique functional purpose to the factor.  

1.3 Nuclear receptors, form and function 

Nuclear receptors are a family of lipid-binding receptors that are confined to the 

nucleus and are ultimately transcription factors. The whole family of nuclear receptors is 

highly homologous with only two domains, the C-terminal and N-terminal, varying 

significantly between proteins of the family (Fig. 2). To begin, the A/B domain is a highly 

variable domain responsible for protein-protein interaction with many cofactors. The A/B 

domain typically contains an activating function (AF) domain, responsible for transcriptional 

transactivation. The A/B domain is followed by a DNA binding domain (DBD) that is very 

highly conserved between members of the nuclear factor family. Each nuclear receptor 

family member has a unique consensus sequence. A ligand binding domain (LBD) follows 
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and is also strongly conserved between members of the family, but less so than the DBD. 

The LBD always has an AF domain that serves as the primary site for transcriptional 

transactivation. Finally, a highly variable F domain follow at the C-terminus. The F domain’s 

role is less clearly defined, and likely plays a role in regulating protein-protein interactions 

(Kumar and Thompson 1999). 

 

Figure 2. The HNF4A gene and its differentially expressed promotors 

The gene encoding HNF4α, HNF4A, is located on the chromosome 21 and has two promoters 

that are differentially expressed. The isoforms of HNF4α are categorized into one of two 

classes, either P1 or P2, depending on the promotor responsible for its transcription. 

 

For the case of HNF4α, the gene contains two promoters that are differentially 

expressed and responsible for altering the A/B domain between isoforms, and thus conferring 

an isoform its class (Fig. 2) (Babeu and Boudreau 2014). 

1.4 The role of HNF4α in the colon 

The transcription factor hepatocyte nuclear factor 4α (HNF4α) regulates the 

development and differentiation of epithelia in endoderm derived tissue, especially the GI 

system (Chen et al. 1994; Parviz et al. 2003; Babeu et al. 2009). The gene locus HNF4A, 

which is associated with the transcription factor HNF4α, is peculiar in having two promoters 

that are responsible for the production of protein isoforms (Babeu and Boudreau 2014). 
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Within the digestive system, HNF4α is expressed in epithelia of the liver, pancreas, stomach, 

small intestine, and colon (Tanaka et al. 2006). Originally identified in the liver, HNF4α is a 

member of the superfamily of nuclear receptors, NR2A1 (Sladek, et al. 1990). The molecule 

was first identified, cloned and characterized in the early 1990s. The transcription factor acts 

exclusively as a homodimer and recognizes a specific consensus sequence, 5’-

GGCAAAGGTCAT-3’, with its zinc fingers (Sladek et al. 1990). 

HNF4α controls the expression of genes involved in epithelial differentiation that are 

important for the intestinal tissue and necessary for liver, pancreatic, and colon tissue. 

Chromatin immunoprecipitation (ChIP) and microarray analyses of liver and pancreatic 

tissue revealed HNF4α at the promoters of many transcription factors important to these 

organs (Odom et al. 2004). Furthermore, early deletion of HNF4α in the livers of mice results 

disorganized morphology (Parviz et al. 2003a) and deletion of HNF4α in the pancreas results 

in maturity onset diabetes of the young 1 (Gupta et al. 2005). Embryonic mice with a colon-

specific conditional knockout of HNF4α failed to produce colonic crypts (Garrison et al. 

2006). Co-culture of rat intestinal epithelial cells on human mesenchymal cells produced 

semi-differentiated intestinal epithelial cells that show increased expression of HNF4α 

(Lussier et al. 2008). Furthermore, overexpression of HNF4α in intestinal epithelial cell lines 

results in expression of VIL1 and villus formation (Babeu et al. 2009). A conditional intestinal 

knockout model for HNF4α resulted in over proliferation of intestinal crypts and 

dysregulation of WNT/β-catenin signalling (Cattin et al. 2009). 



 

 

9 

9 

1.5 Dysregulation of HNF4α in the cancerous colon 

1.5.1 Tumour suppressor or oncoprotein? 

HNF4α had originally been considered a tumour suppressor protein for its roles in 

differentiation and interplay with the WNT/β-catenin pathway, but conflicting evidence 

emerged referring to the factor as an oncoprotein. Loss of HNF4α expression in adult mice 

resulted in increased WNT/β-catenin signalling in intestinal crypts (Cattin et al. 2009), which 

supported the notion of the protein as a tumour suppressor. HNF4α expression was then also 

shown to be important to interfere with WNT/β-catenin signaling to prevent epithelial-to-

mesenchymal transition in rat hepatocellular carcinoma model (Yang et al. 2013). Some later 

research suggested HNF4α to act as an oncoprotein in the intestine. Pharmacological 

inhibition or knockdown of HNF4α in human colorectal cancer cell lines resulted in 

decreased proliferation and increased caspase-3 cleavage in cellulo (Schwartz et al. 2009). A 

study with ApcMin mice with embryonic deletion for HNF4α showed resistance to polyp 

formation in comparison with their wild-type HNF4α expressing littermates (Darsigny et al. 

2010). Furthermore, analysis of colorectal cancer biopsies revealed relative overexpression 

of HNF4α in the tumour compartment relative to the healthy margin (Darsigny et al. 2010).  

This apparent paradox between tumour suppressor and oncoprotein could be 

explained by the existence of two isoform classes produced by two different promoters, 

namely P1 promoter-driven and P2 promoter-driven HNF4α isoforms (Babeu and Boudreau 

2014). It has recently been suggested that P1-HNF4α exerts a differentiative effect on 

intestinal epithelial cells while P2-HNF4α does not. In P1- or P2-HNF4α inducible colorectal 

cancer cell xenograft models, P1-HNF4α expressing xenografts showed diminished 

tumorigenicity (Vuong et al. 2015). The HNF4A gene seems to show both tumour suppressor 
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and oncogene activity; however, at the protein isoform level, this paradox can be explained 

by a pro-cancer isoform class (P2) and an anti-cancer isoform class (P1) (Fig. 2). 

1.5.2 Differential expression of isoform classes 

 HNF4α’s two isoform classes are differentially expressed along the colonic crypt 

axis. Immunofluorescent staining against either of HNF4α’s isoform classes in the colon of 

mice showed P1-HNF4α expression at the top of the crypt and along the luminal epithelium, 

which is associated with terminally differentiated intestinal epithelial cell types (Chellappa 

et al. 2016). Furthermore, P2-HNF4α expression was found to be concentrated at the base of 

the mouse colonic crypt associating with the marker of proliferation Ki67 (Chellappa et al. 

2016). A similar differential expression of the isoform classes was shown to be true in the 

colonic crypts of human embryos and adults with overlapping staining of P2-HNF4α and 

PCNA (Babeu et al. 2018) (Fig. 2). 
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Figure 3. Dysregulation of HNF4α isoform classes in colorectal cancer progression 

Dysregulation of HNF4α isoform expression occurs as the colonic crypt progresses from a 

healthy state to adenocarcinoma to carcinoma. 

 

An aberrant expression of HNF4α’s isoform classes seems to be implicated in 

oncogenesis. HNF4α’s expression is altered in cancers of all the tissues where it is expressed. 

More specifically, an increase in P2-HNF4α expression coincides with a cancerous state in 

all GI system tissues (Tanaka et al. 2006). P2-HNF4α expression is increased in CRC while 

P1-HNF4α expression is often lost in affected patients. Exacerbation of intestinal 

tumorigenesis was observed in exon swap mice expressing only P2-HNF4α (Chellappa et al. 

2016). High throughput analyses at the genomic and proteomic levels in human colorectal 

carcinomas was performed on samples form The Cancer Genome Atlas. This proteogenomic 

characterization of the disease revealed that amplification of the HNF4A gene locus resulted 

in the overexpression of HNF4α in cancer cells that are thought to be dependent on the protein 

HNF4α (Zhang et al. 2014) (Fig. 3). 
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1.5.3 Preliminary quantitative proteomics data showed DNA damage response 

proteins interacting with P2-HNF4α 

 A preliminary quantitative proteomics pull-down assay attempted to elucidate the role 

for P2-HNF4α in the phenotype of colorectal cancer (Babeu 2016). The technique employed, 

GFP-Trap, resulted in the immunoprecipitation of protein complexes containing the P2-

HNF4α-GFP fusion protein. Surprisingly, the DNA damage response proteins DNA-PKcs, 

RAD50, PARP-1, and p53 were enriched with P2-HNF4α’s pull-down in 293T cells. 

Interaction with these proteins associated with the DNA damage response led to speculation 

that P2-HNF4α might be involved in processes associated to DNA repair. Mechanistic 

involvement with DNA repair could help to explain the observed importance for P2-HNFα 

in the phenotype of colorectal cancer cells. 

1.6 A brief overview of DNA repair 

 The cell is exposed to myriad genotoxic stresses throughout its life. The most 

common source of genotoxic stress in the cell is oxidative. However, other types of genotoxic 

stressors exist, like UV damage, and failed replication.  

1.6.1 Single strand break repair 

 Single strand breaks are the most prevalent form of DNA damage in the cell. Three 

primary mechanisms exist to address DNA damage. Base excision repair (BER) will occur 

when deamination, alkylation, or other modifications occur that only slightly alter helical 

structure. The altered base is quickly identified and removed, followed by trimming and 

synthesis of DNA based on the template strand (Krokan and Bjørås 2013). Nucleotide 

excision repair (NER) is the primary mechanism for repair of bulky lesions, like dithymidine 

dimers generated following UV irradiation. Here, the lesion is recognized, removed by 
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incision upstream and downstream, and normal DNA is synthesized based on the template 

strand (Schärer 2013). Finally, mismatch repair (MMR) occurs following an error in DNA 

replication that results in a bulge in the helix. Specific MMR proteins will recognize the 

mismatched nucleobase in a strand-specific fashion and then will recruit the machinery 

necessary to substitute the mismatched nucleotide (Li 2008). 

1.6.2 Double strand break repair 

 The inability of the cell to repair single strand breaks will result in more serious 

double strand breaks, which ultimately jeopardize genomic integrity. Two primary 

mechanisms exist in eukaryotic cells for double strand break resolution, homologous 

recombination (HR) and non-homologous end joining (NHEJ). Preceding both types of 

double strand break repair is a similar mechanism for sensing DNA damage. The MRN 

complex, composed of MRE11, RAD50, and NBS1, will scan DNA for double strand breaks 

(Lamarche, Orazio, and Weitzman 2010). Upon identifying a break, the MRN complex will, 

firstly, maintain physical proximity between the broken DNA strands. Secondly, the MRN 

complex will result in phosphorylation of histone 2AX (H2AX) by recruitment of the ATM 

kinase. The kinase ATM will phosphorylate (Burma et al. 2001) the histone marker of double 

strand DNA damage on its S139 residue, thereafter termed γH2AX (Rogakou et al. 1998). 

The MRN complex is then responsible for recruiting the machinery necessary for double 

strand break resolution. The mechanism behind selection of method for double strand break 

resolution is highly dependent on the cell cycle (Lamarche, Orazio, and Weitzman 2010).  

1.6.2.1 Homologous recombination 

 Briefly, during HR, the 3’ strand of the damaged chromosome invades the DNA 

duplex of the intact strand, and the sequence lost from the damaged chromosome is repaired 
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based on the sequence of the template strand (Fig 4).  Long homologous sequences between 

the invading strand and template strand permit high fidelity of repair through this method. In 

the process of repair by HR, firstly, the protein RPA will bind to the ssDNA that precedes 

the break (Li and Heyer 2008). RPA binding the overhanging strand must happen for eventual 

binding of the filament by RAD51. RAD51 nucleation is mediated by BRCA2 and RAD52. 

RAD51 will replace RPA on the ssDNA filament. Once RAD51 is bound, strand invasion 

and DNA synthesis can occur. Ultimately, this process is rendered specific to the S and G2/M 

phases of the cell cycle by CDK1 (Li and Heyer 2008). This specificity is conferred by RPA 

and BRCA2. Activation of BRCA2 and RPA through phosphorylation is mediated by the 

kinase activity of CDK1 (Krejci et al. 2012). In this case, double strand breaks can be 

resolved without loss of genetic information (Li and Heyer 2008). 
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Figure 4. Summary of the homologous recombination mechanism 

The process of homologous recombination (HR) depends on the presence of a template 

strand, allowing error-free DNA repair.  
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1.6.2.2 Non-homologous end-joining 

 The process of NHEJ is much more common in eukaryotic cells than HR, as it is not 

dependent on the cell cycle (Fig. 5). However, this mechanism for DNA repair can be faulty 

and result in loss of genetic information. In this process, Ku70/80 will be recruited to both 

sides of the double strand break. Presence of Ku70/80 will result in the recruitment of the 

complex DNA-PK. DNA-PK along with Ku70/80 will maintain the physical proximity 

between damaged strands of DNA. DNA-PK through its catalytic subunit, DNA-PKcs, will 

be responsible for recruiting the machinery necessary for the resolution of the double strand 

break. Ligation will occur by Ligase IV. NHEJ will not result in loss of genetic information 

if both ends of DNA are compatible and do not require resection (Davis and Chen 2013). 
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Figure 5. Summary of the non-homologous end joining mechanism 

The process of non-homologous end-joining (NHEJ) does not depend on homology, yet is a 

relatively error free mechanism form double strand DNA break resolution. NHEJ is the most 

common mechanism for double strand break resolution in eukaryotic cells.  

1.6.2.3 Alt-NHEJ 

 Alternative NHEJ (Alt-NHEJ), also known as microhomology-mediated end joining, 

is a form of double strand break resolution that is DNA-PK and Ku70/80 independent 

(Fig. 6). In the event of alt-NHEJ, PARP-1 is responsible for recruiting all the machinery 

necessary for double strand break repair using short homologous sequences on either side of 

the break. Alt-NHEJ requires Mre11 nuclease activity to resect the DNA duplex in order to 

reveal microhomologies that can be resolved through ligation using LigaseIII (Chiruvella, 

Liang, and Wilson 2013). However, alt-NHEJ always results in loss of genetic information. 

Sites where alt-NHEJ has occurred are flanked by deletions as a result of its mechanism of 

action (Wang et al. 2006). 
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Figure 6. Summary of the alternative non-homologous end joining mechanism 

The process of alternative non-homologous end-joining (alt-NHEJ) depends on sequences of 

microhomology. Despite the use of homologous sequences, alt-NHEJ is a very error prone 

mechanism for double strand break resolution.  

 

1.6.2.4 Genomic integrity depends on the mechanism of double strand break resolution 

From the perspective of genomic integrity, the most reliable mechanism of double 

strand break repair is HR, followed by NHEJ, and then alt-NHEJ. NHEJ is the more useful 

of the latter two mechanisms from the perspective of genomic integrity. NHEJ does not result 

in error should both strands be compatible and not require resection. However, NHEJ can 

result in chromosomal rearrangement. Finally, alt-NHEJ is the most error-prone of the 

presented strategies by virtue of its mechanism of action. Nuclease activity resulting in loss 
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of genetic information is required for regions of micro-homology to be revealed and rendered 

accessible for repair to occur (Ceccaldi, Rondinelli, and D’Andrea 2016). Because of this 

error prone mechanism, alt-NHEJ would seem to be the favourable form of double strand 

break resolution from the perspective of a cancerous cell desiring the accumulation of 

oncogenic mutation. 

1.7 Transcription factors and DNA repair 

The protein p53 is almost undoubtedly the best-known example of transcription factor 

turned DNA damage repair protein. The actions of this protein are twofold. Firstly, through 

immediate phosphorylation, the transcription factor can turn signalling effector. P53’s 

activation through phosphorylation will lead it to inhibit its own inhibitor, MDM2 through 

phosphorylation, resulting in a positive feedback loop. Secondly, activation of the protein 

will result in transactivation of genes under its transcriptional regulation. Transcription 

factors can effect DNA repair indirectly by regulating the expression of genes encoding 

components of different DNA repair pathways (Vogelstein, Lane, and Levine 2000). 

Probably the best characterized example is the initiation of p53’s transactivation activity 

through the phosphorylation of its serine 20 by CHK2 and CHK1 and of its serine 15 by 

ATM/ATR (Delia et al. 2000; Ou et al. 2005). The latter are important DNA damage sensors 

and can also regulate MDM2 degradation by ubiquitination, resulting in the stabilization of 

p53 (Cheng and Chen 2010). These mechanisms converge to increase p53’s transcriptional 

activity and therefore expression of several genes coding for DNA repair. 

An increasing number of studies have now demonstrated that several transcription 

factors can also regulate DNA repair directly through interaction with DNA repair proteins, 

and through recruitment to DNA lesions (Malewicz and Perlmann 2014). For example, the 
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nuclear factor NR4A2 is recruited to double strand break foci by PARP-1 and is activated by 

DNA-PKcs through phosphorylation. The nuclear factor NR4A2 will then go on to effect 

NHEJ (Malewicz et al. 2011). Furthermore, ATF2, a transcription factor from the AP1 family 

of stress response effectors, regulates the expression of several genes functioning in DNA 

repair (Hayakawa et al. 2004). 

The proposed mechanisms for these transcription factors’ involvement in DNA repair 

is still unclear. Chromatin remodelling has been shown to facilitate DNA repair by 

mechanisms that are independent of transcription (Frit et al. 2002). So far, transcription 

factors have been associated with DNA double-strand break and nucleotide excision repair 

mechanisms. 

1.8 DNA damage response defects in colorectal cancer  

 The machinery responsible for DNA damage response and repair is important for all 

cells, but it is of interest in cancer cells. The interplay of the DNA damage response and 

mutagenesis is a role of paramount importance to oncogenesis. Cancer cells will exploit DNA 

repair mechanisms to escape programmed cell death. Initially, mutagenesis confers the cell 

with a proliferative advantage; this initial mutagenesis can result from inefficient DNA 

repair. Furthermore, subsequent genetic aberrations can result in the mutation of a checkpoint 

protein like p53 that is essential for ensuring genomic integrity. In the case of colorectal 

cancer, most colorectal cancers can be classified based on demonstrated genomic aberrations 

(Jeggo, Pearl, and Carr 2016). 

1.8.1 Genomic aberrations in colorectal cancer 

For colorectal cancer, and most other cancers, an abnormal DNA repair response 

underlies the initiation and progression of oncogenesis. Colorectal cancer features genomic 
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instability that can typically be categorized into three subtypes: chromosomal instability 

(CIN), microsatellite instability (MSI), and CpG-island methylator phenotype (CIMP) (Pino 

and Chung 2010). These genomic instabilities usually result from faulty genetic material that 

give rise to deficient DNA damage response in cancerous cells. Firstly, CIN is observed in 

almost all colorectal cancers. Mutations of the tumour suppressor TP53 are prevalent in 40-

50% of CIN positive colorectal carcinomas (Pino and Chung 2010). Secondly, MSI is present 

in most sporadic colorectal cancer caused by mutation of mismatch repair genes (e.g. MSH2) 

(Boland and Goel 2010). Finally, CIMP involves the hypermethylation of CpG sites resulting 

in decreased expression of the targeted sequences (Teodoridis, Hardie, and Brown 2008). 

1.8.2 Mutations 

One of the best-known mutations associated with colorectal cancer is of the protein 

adenomatous polyposis coli (APC). The protein APC is well known for the hereditary cancer 

syndrome known as familial adenomatous polyposis (FAP) (Galiatsatos and Foulkes 2006). 

However, outside of this cancer syndrome, a somatic mutation of the APC tumour suppressor 

protein is also very prevalent in spontaneous colorectal carcinomas (Mori et al. 1992). The 

APC protein is a negative regulator of β-catenin-related signalling. Therefore, loss-of-

function mutations associated to APC can result in unabated cell proliferation (Rowan et al. 

2000). Furthermore, the tumour suppressor p53 is frequently mutated in colorectal 

carcinomas, which allows cancer cells to escape programmed cell death (Jeggo, Pearl, and 

Carr 2016). Finally, mutations resulting in the activation of the BRAF gene are associated 

with colorectal cancer and hypermethylation (Qi Li et al. 2006). 
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1.9 Hypothesis and research question 

The pro-cancerous effects of P2-HNF4α overexpression have already been suggested 

in colorectal cancer cell lines and exon swap mice at the transcriptional level (Vuong et al. 

2015; Chellappa et al. 2016). Furthermore, preliminary results presented in the doctoral 

dissertation of Jean-Philippe Babeu showed, by co-immunoprecipitation, the DNA damage 

response proteins PARP-1, DNA-PK, RAD50, and p53 to be in P2-HNF4α’s interactome 

(Babeu 2016). The nature these preliminarily identified proteins led us to suspect the 

mechanism of NHEJ for potential double strand break resolution. Therefore, the aim of this 

research was to establish whether the new protein factors involved in a DNA damage 

response that interact with P2-HNF4α in cellulo permit the transcription factor to exert a 

mechanistic effect in the NHEJ DNA repair response. Increased understanding of the P2-

HNF4α isoform class’s potential non-transcriptional role could help elucidate its function in 

the phenotype of colorectal cancer.  

In this project, I sought to investigate whether the P2-HNF4α isoform class is 

mechanistically involved in NHEJ in colorectal cancer by characterizing its interactome and 

then further functionally validating new putative functions for the protein in DNA repair. 

Other transcription factors have been suspected of having DNA repair roles, as outlined 

above. Furthermore, our group has identified a critical role for the P2 isoform class in 

colorectal cancer (Babeu et al. 2018). Such elucidations could serve as the mechanistic link 

between P2-HNF4α and colorectal cancer. 

 



 

 

2MATERIALS AND METHODS 

2.1 Isotopic labelling of cells in culture and culturing practices 

The human embryonic kidney cell lines 293T and 293 (HEK293[T]) and colorectal 

cancerous cell lines HCT116, HT-29, and LoVo were obtained from the American Type 

Culture Collection (ATCC, Manassas, USA). The Caco-2/15 cell line was kindly provided 

by Dr. J-F. Beaulieu (Université de Sherbrooke). The cell line is a sub-clone of the Caco-2 

colorectal cancerous cell line (Beaulieu and Quaroni 1991). The 293, 293T, and Caco-2/15 

cells were cultivated in DMEM medium. HCT116 and HT29 were cultured in McCoy’s 

medium. LoVo cells were cultured in F12K. All culture media were supplemented with 10% 

fetal bovine serum, 100 U/mL penicillin/streptomycin (Wisent, St-Bruno, Canada), 10 mM 

HEPES, and 1X GlutaMAX (Gibco, Gathersburg, USA). Cells were cultured at 37°C with 

5% CO2 in a humidified incubator. For isotopic labelling using the SILAC method (Ong et 

al. 2002), cells were incubated in Light or Heavy media for at least six population doublings 

to ensure isotopically labelled amino acid incorporation. Light media contained L-arginine 

R0 and L-lysine K0 (Sigma-Aldrich, Oakville, Canada). Heavy media contained R10 and K8 

(Cambridge Isotope Laboratories, Andover, USA). SILAC media were composed of DMEM 

(devoid of arginine, lysine, glutamine) (Gibco, Gaithersburg, USA) supplemented with 75 

µg/mL of L-arginine, 113 µg/mL of L-lysine, 10% triple dialyzed fetal bovine serum (Gibco, 

Gaithersburg, USA), 1X GlutaMAX (Gibco, Gaithersburg, USA), 10 mM HEPES and 100 

U/mL penicillin/streptomycin. 
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2.2 Plasmid sub-cloning and stable cell line creation 

The HNF4α7-eGFP expression vector was synthesized and subcloned by Feldan 

(Quebec, Canada) into the in-house modified pLenti6/V5, originally from Invitrogen. 

Briefly, the sequence for HNF4α7 (NM_001030003.1) was expression-optimized, including 

Kozak sequence, and to which the linker sequence ‘TTCACTAGTTCAGAATTC’ and eGFP 

(AF188469) were added at the C-terminus. The fragment was inserted between the BamHI 

and EcoRV site in the aforementioned lentiviral vector. The plasmid HNF4α7-eGFP vector 

is herein referred to as P2-GFP. The HNF4α7-BirA lentiviral vector was created by PCR 

amplification of the HNF4α7 cassette and sub-cloned into pLenti6/V5 using BamHI and 

XhoI to be rid of the 3’ GFP tag. The BirA-myc tag (birA mutant R118G with C-terminal 

myc) was amplified from pGLAP5-BirA (Dubois et al. 2016) and inserted to be at the C-

terminus of the fusion protein cassette between SpeI and SacII sites. 

Stable cell lines were generated by lentiviral infection with selection using blasticidin 

at 8 µg/mL. Lentiviral particles were produced through transfection of 293T cells with the 

plp1, plp2, plpVSVG, and pLenti expression vector. Cells were infected with 350 µL of virus 

laden culture media recovered from 293T cells in the presence of 4 µg/mL polybrene. 

Selected cells represent a polyclonal culture. 

The plasmids pimΔEJ5, pCAG-ISceI and pDR-GFP were kindly provided by 

Dr. J.-Y. Masson (Université de Laval, Québec, QC) (Krietsch et al. 2012). The pDR-GFP 

vector was modified by inverse PCR to remove the puromycin resistance cassette and 

replaced by that of kanamycin/neomycin by Gibson assembly. The pimΔEJ5 vector was 

modified as following. Firstly, inverse PCR eliminated the kanamycin/neomycin resistance 
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gene from pEGFP-C1. Amplification of ampicillin resistance gene from the plasmid puc19 

was performed and used to replace the kanamycin/neomycin cassette with that of ampicillin. 

The new plasmid pEGFP-C1 (Ampi) and the plasmid pimΔEJ5 were digested by the 

restriction enzymes Xho1 and NheI. Ligation permitted the insertion of the GFP 

recombination cassette in pEGFP-C1 (Ampi), which is referred to as pimΔEJ5. Inverse PCR 

of pimΔEJ5 was used to eliminate the puromycin resistance gene in the GFP recombination 

cassette. PCR of original pEGFP-C1 permitted the amplification of the kanamycin/neomycin 

resistance gene, which was inserted by Gibson to the GFP recombination cassette of 

pimΔEJ5. Stably transformed clones were selected with 600 µg/µL G418 (Wisent Inc, St-

Bruno, QC) following transfection with Lipofectamine LTX (Thermo Fisher Scientific, 

Waltham, MA). Modified pDR-GFP is referred to as pHR-GFP and modified pimΔEJ5 as 

pNHEJ-GFP. 

2.3 Real time (RT-)PCR 

Total RNA was extracted from cells using the RNeasy kit from Qiagen (Roche, Laval, 

Canada). Then, 2 µg of RNA were reverse transcribed using AMV-RT (Roche, Laval, 

Canada). Quantitative PCR reactions (qPCR) were performed with a Lightcycler 96 (Roche, 

Laval, Canada) using FastStart Essential DNA Green Master (Roche, Laval, Canada), 500 

mM of each primer, and 10 ng of cDNA. The primers 5’-AGCCAGATCACTGCTGAGGT-

3’ and 5’- AGGTGTTCCTCCTTCCTGCT-3’ were used for VIL1, 5’- 

GCACAGCTTGGAGCAGACAT-3’ and 5’- GTTGATGACCGGCACACTCT-3’ for 

HNF4A, and 5’- AAGGAGAAAAGTACTCCACATTCCAGAG-3’ and 5’- 

TGGGTCAGCTGTAGTAACACGA-3’ for the housekeeping gene MRPL19. All qPCR 

reactions had no DNA negative controls. The relative expression of each target gene was 
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calculated using the formula ET
CqT(calib)-CqT(sampl) x ER

CqR(sampl)-CqR(calib) where ET/ER and 

CqT/CqR are the reaction efficiency (E) for quantification cycle (Cq) of the target (T) and 

reference (R) gene for both the experimental sample (sampl) and the calibrator sample 

(calib). 

2.4 GFP-Trap and subsequent in-gel digestion of peptides 

The cell line 293T was infected with P2-GFP or eGFP containing lentivirus particles. 

Labelled cells were recovered using trypsin EDTA 0.5% and washed twice with D-PBS 1X. 

Nuclear protein extracts were prepared as previously described (Boisvert et al. 2010). Cells 

were resuspended in a hypotonic solution (10 mM HEPES pH 7.9, 1 mM MgCl2, 10 mM 

KCl) and Dounce homogenized 25 times with a tight pestle to break the cytoplasmic 

membrane. Nuclei were pelleted, resuspended in a 0.25 M sucrose solution. The sucrose 

solution was layered over a cushion of 0.88 M sucrose solution. Nuclei were cleaned by 

pelleting through centrifugation at 2800 g for 10 minutes. Clean nuclear pellets were 

resuspended in RIPA buffer and sonicated 5 times for 10 seconds at 25%. Nuclear extracts 

were further diluted in 1 X RIPA buffer and incubated for one hour at 4°C with 40 µL of 

GFP-Trap beads (Chromotek, Hauppauge, USA) to pull down P2-GFP proteins and 

interactor partners. Beads were washed three times with RIPA and three times with 1X PBS. 

Following washing, beads from SILAC conditions of the same experiment were pooled and 

eluted at 95°C for 10 minutes in NuPAGE LDS sample buffer and reducing agent 

(Invitrogen, Carlsbad, USA). Protease inhibitor cocktail (PiC; Sigma-Aldrich, Oakville, 

Canada) was added at all steps to avoid protein degradation. The recovered proteins were 

reduced digested in-gel as previously described (Drissi et al. 2015) and then analyzed by 

mass spectrometry. 
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2.5 BioID and on-bead digestion 

The cell lines 293T and HCT116 were infected with lentiviral particles containing P2-

BirA* or an empty control vector and selected with 8 µg/mL blasticin. Cells were incubated 

for 24 hours in media spiked with 50 µM biotin (Sigma-Aldrich, Oakville, Canada) to induce 

biotinylation of surrounding lysine residues. Cells were dissociated with trypsin and washed 

as described above. Nuclear extracts were prepared as outline above. Biotinylated proteins 

were pulled down from nuclear extracts using 50 µL of streptavidin coupled beads (GE 

Healthcare, Mississauga, Canada) during an incubation of 2 hours at 4°C. The beads were 

then washed three times with RIPA and five times with 20 mM ammonium bicarbonate to 

diminish unspecific interactions. After the last wash, beads from each condition within an 

experiment were combined and digested on-bead as previously described (Dubois et al. 

2016). 

2.6 HPLC and MS analyses 

Trypsin digested peptides were loaded and separated onto a nanoHPLC system 

(Dionex Ultimate 3000). 10 µl of the sample (2 µg) was first loaded with a constant flow of 

4 µl/min onto a trap column (Acclaim PepMap100 C18 column, 0.3 mm id x 5 mm, Dionex 

Corporation, Sunnyvale, CA). Peptides were then eluted off towards an analytical column 

heated to 40oC (PepMap C18 nano column (75 µm x 50 cm)) with a linear gradient of 5-35% 

of solvent B (90% acetonitrile with 0.1% formic acid) over a 4 h gradient at a constant flow 

(200 nl/min). Peptides were then analysed by an OrbiTrap QExactive mass spectrometer 

(Thermo Fischer Scientific Inc.) using an EasySpray source at a voltage of 2.0 kV. 

Acquisition of the full scan MS survey spectra (m/z 350-1600) in profile mode was 
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performed in the Orbitrap at a resolution of 70,000 using 1,000,000 ions. Peptides selected 

for fragmentation by collision-induced dissociation were based on the ten highest intensities 

for the peptide ions from the MS survey scan. The collision energy was set at 35% and 

resolution for the MS/MS was set at 17,500 for 50,000 ions with maximum filling times of 

250 ms for the full scans and 60 ms for the MS/MS scans. All unassigned charge states as 

well as singly, 7 and 8 charged species for the precursor ions were rejected, and a dynamic 

exclusion list was set to 500 entries with a retention time of 40 seconds (10 ppm mass 

window). To improve the mass accuracy of survey scans, the lock mass option was enabled. 

Data acquisition was done using Xcalibur version 2.2 SP1.48. Identification and 

quantification of proteins identified by mass spectrometry was done using the MaxQuant 

software version 1.5.2.8 (Cox and Mann 2008). 

2.7 Experimental design and statistical analyses 

 

Two biological replicates were analyzed and combined for the MaxQuant analysis. 

Quantification was done with light (Lys 0 and Arg 0) and heavy (Lys 8 and Arg 10) labels 

and considering a tryptic digestion of the peptides with no cleavages on lysine or arginine 

before a proline. A maximum of two missed cleavages was allowed with methionine 

oxidation and protein N-terminal acetylation as variable modifications of proteins and 

carbamidimethylation as fixed modification. The maximum number of modifications 

allowed per peptide was set to five. Mass tolerance was set to a maximum of 7 ppm for the 

precursor ions and 20 ppm for the fragment ions. The minimum length of peptides to be 

considered for quantification was set to 7 amino acids and the false discovery rate threshold 

set to 5%. The minimum number of peptides to be used for the identification of proteins was 
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set to one but only proteins identified with two or more peptides were considered in further 

analysis. Protein quantification was calculated using both unique and razor peptides. To 

remove common background contaminants from the protein partners identified with the 

BioID assay, the proteins identified by MaxQuant software were analyzed by the CRAPome 

database version 1.1 (Mellacheruvu et al. 2013) to score interactions. Briefly, the spectral 

counts of the proteins identified in both duplicate of the BirA assay for P2-HNF4α-BirA 

condition were compared to the empty control condition as well as twelve (CC532, CC533, 

CC534, CC535, CC536, CC537, CC538, CC553, CC554, CC555, CC556 and CC557 

controls) 293 BirA-Flag negative control pulldowns available from the CRAPome database 

for the 293T BioID assay or sixteen (CC539, CC540, CC541, CC542, CC543, CC544, 

CC545, CC546, CC547, CC548, CC549, CC550, CC551, CC552, CC558 and CC559) HeLa 

BirA-Flag negative control pulldowns for the HCT116 BioID assay. The scoring interaction 

for each protein was determined based on the fold change results (FC_B; default setting used) 

computed by averaging the three-highest normalized spectral counts across all controls (our 

empty control and the CRAPome database selected controls). Interactions with a fold change 

of 2.0 or higher were considered as real targets from the BioID assays and were the only ones 

considered for further analysis. Biological functions associated with the identified HNF4α 

proteins partners in the GFP-Trap or BioID assay were determined using the Functional 

Annotation Chart tool of the DAVID database, version 6.8 (Huang, Sherman, and Lempicki 

2009a, 2009b). Analyses were done based on whole human genome background file of the 

DAVID database. Functional protein interaction networks were analyzed using STRING 

v10.5 (Szklarczyk et al. 2015) based on a minimum required interaction score of 0.400. The 

protein database used for protein identification was the Homo sapiens proteome (88 354 

entries) downloaded from Uniprot database on the 07/16/2013. The mass spectrometry data 
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have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository 

with the dataset identifier PXD008365. 

2.8 Immunoassays 

For immune blotting, total protein extracts of HT-29 and LoVo were prepared with 

RIPA buffer (50 mM Tris-Cl pH 7.4 , 150 mM NaCl, 1% Nonidet p40 substitute, 0.5 % 

sodium deoxycholate) with three rounds of sonication at 20% (Fisher FB-120 Sonic 

Dismembrator). Preclearing using 20 uL MagnaChIP protein G beads (Millipore, Billerica, 

USA) of 400 µg of total protein extracts was performed for two hours. Immunoprecipitation 

was performed overnight with 4 ug of antibody, either HNF4α (Santa Cruz Biotechnology, 

Dallas, USA; sc-6556) or DNA-PKcs (Invitrogen, Carlsbad, USA; MA5-13404) at 4°C with 

constant rotation. Complexes were pulled down over a four-hour incubation with MagnaChIP 

protein G beads. Pulled down proteins were eluted for 10 minutes at 75°C in NuPAGE LDS 

Sample Buffer with Reducing Agent 1X (Invitrogen, Carlsbad, USA). Polyacrylamide gel 

electrophoresis was performed using either NuPAGE Bis-Tris 4-12% or Tris-Acetate 3-8% 

precast gels (Invitrogen, Carlsbad, USA) using 15 µg of protein extract or 50% of 

immunoprecipitate. Antibodies recognizing GFP (Santa Cruz Biotechnology, Dallas, USA; 

sc8334), PARP-1 (Cell Signaling, Danvers USA; 9542), DNA-PKcs (Invitrogen, Carlsbad, 

USA; MA5-13404), Rad50 (Abcam, Cambridge, USA; ab89), β-actin (Millipore, Billerica, 

USA; MAB1501R), and HNF4α (R&D Systems, Minneapolis, USA; H1415) (Santa Cruz 

Biotechnology, Dallas, USA; sc-6556 and sc-374229) were used for immunostaining with 

PBS-0.1% Tween. 

For immunofluorescence, cells cultured on glass slides or coverslips were fixed in 

either 1% or 4% formaldehyde and incubated for 15 minutes at room temperature. Cells were 

https://www.ebi.ac.uk/pride/archive/projects/PXD008365
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washed with 1X PBS and permeabilized with 0.1% Triton-X-100 before being blocked in 

PBS-2% BSA for 30 minutes. Primary antibodies recognizing HNF4α (Santa Cruz, 

Biotechnology, Dallas, USA; sc-6556) and p-H2A.X (Cell Signaling, Danvers, USA; 9718) 

were incubated overnight in blocking solution and secondary antibodies anti-goat-Alexa 555 

(Molecular Probes, Thermo Fisher Scientific, Waltham, USA) and anti-rabbit-Alexa 488 

(Abcam, Cambridge, UK; ab150073) incubated for 45 minutes at room temperature. Nuclei 

were counterstained with DAPI and coverslips were affixed with Immu-Mount Medium 

(Thermo Fisher Scientific, Waltham, USA). For direct observation of P2-GFP, 293T cells 

were fixed, permeabilized, counterstained, and observed by epifluorescence using a 

compound light microscope, Leica DMLB2 using Leica FireCam 3.4.1. 

2.9 DNA damage induction with UV laser 

The cell lines Caco-2/15, HT-29, and LoVo were cultured with a LabTek chambered 

slide (Nunc, Thermo Fisher Scientific, Waltham, USA) and incubated in 10 µM of BrdU 

(Life Technologies, Burlington, Canada) for 24 hours before UV laser damage. UV laser 

damage was performed in phenol red free DMEM (Wisent, St-Bruno, Canada) at a 

wavelength of 355 nm with an MMI CellCut Plus (Molecular Machines & Industries, Haslett, 

USA) at a speed of 50%, focus of 75%, and power of 60%. Immediately following laser 

irradiation, cells were fixed in 4% formaldehyde and subsequently labelled 

immunofluorescently. 

2.10 FACS quantification of NHEJ and HR efficiency 

GFP based DNA repair reporter assays to measure homologous recombination, pHR-

GFP, and non-homologous end-joining, pNHEJ-GFP, were quantified by fluorescent assisted 
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cell sorting (FACS) following induced DNA damage by ISceI. These plasmids are based on 

DR-GFP and EJ5-GFP (Addgene). To quantify NHEJ and HR, 400,000 stable 293 clones 

were plated in 6-well plates and transfected with Lipofectamine LTX (Invitrogen, Carlsbad, 

USA) the following morning. Cells were transfected with either 1.25 µg of pLenti-HNF4α7 

(devoid of GFP sequence), 1.25 µg of pCAG-ISceI, or both. Transfection was completed up 

to 2.5 µg with pLenti6-V5. Furthermore, cells treated with olaparib were spiked with 1 µM 

of the PARP-1/2 inhibitor directly in cell culture (AZD2281, Selleckchem.com, Austin, 

USA). Following transfection, cells were incubated for 40 hours. Cells were dissociated with 

trypsin, washed with 1X D-PBS, and quantified by FACS at the Cytometry Core (Université 

de Sherbrooke, Sherbrooke, Canada). GFP positive cells were excited at 488 nm using the 

LB Fortessa (BD Biosciences) and analyzed using Flowing software created by Perttu Terho 

in 2009 from (http://flowingsoftware.btk.fi). 100,000 cells were counted per condition. 



 

 

3RESULTS 

3.1 Creating transcriptionally active P2-GFP and P2-BirA fusion proteins for 

proteomics studies 

The gene encoding HNF4A leads to the expression of several isoforms that are grouped 

into two isoform classes, designated based on the promoter responsible for its transcription 

(Babeu and Boudreau 2014). Recent data have supported the notion that each isoform class 

has opposing roles (Chellappa, Robertson, and Sladek 2012; Vuong et al. 2015). P2 HNF4α 

is associated with the proliferative state and colorectal cancer (Tanaka et al. 2006; Chellappa, 

Robertson, and Sladek 2012; Vuong et al. 2015). Specific transcriptional targets for HNF4α 

have been studied in the intestine (Bolotin et al. 2011; Verzi et al. 2013; Vuong et al. 2015). 

With literature towards P2-HNF4α’s role in colorectal cancer and preliminary data leading 

me to suspect involvement in NHEJ, I sought to validate the protein’s interactome to confirm 

new roles for this protein that could be explanatory. 

In this work, the P2 isoform class of HNF4α was primarily of interest. Specifically, the 

P2-HNF4α isoform the HNF4α7 isoform (known as α8 in UniProt), was chosen as a 

representative isoform. A gene cassette for HNF4α7 was synthesized to which eGFP was 

added on the C-terminus (Fig. 7A) (P2-GFP) and inserted into pLenti6/V5 for lentiviral 

expression. The 293T cell line was infected by lentiviral particles and selected with 8 µg/mL 

blasticidin. Western blotting against GFP revealed that the P2-GFP fusion protein construct 

was efficiently expressed (Fig. 7B) at a height of 77 kDa. Immunofluorescence against GFP 

was then performed on cells counterstained with DAPI (Fig. 7C). Therein, we see P2-GFP 
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expressed in the 293T cells in a pattern constrained to the cell nuclei. Finally, the ability of 

P2-GFP to transactivate genes known to be under its transcription control, VIL1 and HNF1A 

(Lussier et al. 2008; J.-P. Babeu et al. 2009), were evaluated with reference to housekeeping 

gene MRPL19. Our quantitative PCR results show P2-GFP able to transactivate VIL1 and 

HNF1A (Fig. 7D). Furthermore, the P2-BirA construct appearing in Figure 8 was verified for 

its ability to transactivate the same VIL1 and HNF1A genes. These results show that P2-GFP 

is an effective model for studying the transcription factor’s protein interactors. Moreover, 

upon seeing P2-BirA transactivate the transcription factor’s targets confirms that this works 

as well (Fig. 8). Both fusion protein constructs are thus able to mimic endogenous HNF4α 

transcriptional function.  
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Figure 7. Validation of the P2-GFP construct at the protein and activity level 

A, Schematic representation of the fusion protein construct, representing the sequence for 

HNF4α7, its linker, and C-terminal eGFP tag. Arabic numeral represents amino acid number 

within the construct. B, Expression of the P2-GFP and eGFP constructs was verified in 

transduced 293T cells by western blot against GFP. Actin served as loading control. C, 

Nuclear localization was confirmed in stably transduced 293T cells with nuclei 

counterstained by DAPI. D, RNA from P2-GFP of eGFP transduced 293T cells were 
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measured for transcriptional activation of VIL1 and HNF1A by qPCR. Expression was 

normalized to MRPL19. P2-GFP has n=3 and eGFP has n=2. # indicates background noise, 

as these genes are not expressed in 293T cells. 

 

Figure 8. Validation of P2-BirA’s transcriptional activity 

RNA from P2-BirA or empty vector transduced 293T cells were measured for transcriptional 

activation of VIL1 and HNF1A by qPCR. Expression was normalized to MRPL19. N=1. # 

indicates background noise, as these genes are not expressed in 293T cells. 

 

3.2 New players interacting with P2-HNF4α point towards DNA repair in normal 

and colorectal cancerous cells 

After establishing the activity of our constructs, we devised two pull down systems to 

study the cofactors of P2-HNF4α using a quantitative SILAC approach. Firstly, the 293T 

were infected with either P2-GFP or GFP alone. These cells were selected and cultured in 

isotopically labelled media. Agarose beads coupled to GFP-Trap antibodies were used to 

immunoprecipitate P2-GFP and its complexes from the heavy condition and GFP in the light 

control (Fig. 9A) with two biological replicates. These analyses identified 59 proteins 

enriched more than 1.5 times in the experimental P2-GFP condition (Fig. 9B) (Table 1, 
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Appendix). Gene ontology analysis of the enriched targets with DAVID (Dennis et al. 2003; 

Huang, Sherman, and Lempicki 2009) led to the identification of DNA binding (P = 1.8 e-5) 

and DNA repair (P = 1.8 e-5) as enriched terms (Fig. 9C). The most significantly enriched 

term was Chromosome and Nucleosome maintenance (P = 2.3 e-6) (Fig. 9C), which would 

account for P2-HNF4α transcriptional activity. Of note, some identified targets like PARP1, 

RAD50, and PRKDC (DNA-PKcs) are associated with NHEJ. 
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Figure 9. GFP-Trap of P2-GFP in 293T cells identifies new protein partners 

A, Experimental setup of the GFP-Trap experiment wherein 293T cells were infected with 

P2-GFP of eGFP alone, cultured in SILAC media, GFP-Trap coupled agarose beads pulled 

down protein complexes, pulled down peptides were digested in-gel, and peptides were 

analyzed by MS/MS. Computational analyses were performed using MaxQuant. B, Dot plot 

of interactors associated with P2-GFP pull down versus their ratio of enrichment in 

experimental compared to control. Dotted line represents the 1.5-fold cut off for significant 

interactors. 59 proteins were identified as significant interactors of P2-GFP. This graph 

represents the two biological replicates. C, Gene ontology analysis for biological functions 
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associated with the 59 enriched interactors that were analyzed by DAVID. n = number of 

proteins ascribed to gene ontology term, % = percentage of term-specific proteins compared 

to all 59 significant interactors. P = Benajamini corrected p-value. 

 

To further corroborate these findings, a complementary pull-down technique was 

devised utilizing proximity purification of proteins from isotopically labelled SILAC media 

and quantified by mass spectrometry (Fig. 10A). P2-HNF4α was fused to the mutated BirA* 

tag (Roux et al. 2012) that can promiscuously biotinylated available lysine residues of 

proteins within the constructs’ immediate cellular environment. Biotinylated residues that 

were pulled down using streptavidin coupled beads lead to the identification of 244 proteins 

enriched more than 2 times versus the empty control (Fig. 10B) (Table 2, Appendix). Gene 

ontology analysis identified Transcription (P = 7.5 e-33), Chromatin regulators (P=4e-32), 

Cell cycle (P =1.2-8) and DNA repair (P=3.2 e-7) (Fig. 10C). Between GFP-Trap and BioID, 

13 targets were common and 4 common targets are known DNA repair proteins (Fig. 10D). 

An analysis by String of known connections between identified common targets shows a 

clear density around DNA repair proteins (Szklarczyk et al. 2015) associated with NHEJ, 

suggesting interactions with these complexes (Fig 10E). 
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Figure 10. BioID of P2-BirA in 293T cells 

A, Experimental setup of the BioID experiment wherein 293T cells were infected with P2-

BirA or empty control vector, cultured in SILAC media, streptavidin coupled agarose beads 

pulled down proximity labelled proteins, pulled down peptides were digested on-bead, and 

peptides were analyzed by MS/MS. Computational analyses were performed using 
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MaxQuant for spectral counts and spectral counts were analyzed using CRAPome. B, Dot 

plot of interactors associated with P2-BirA pull down versus their ratio of enrichment in 

experimental condition compared to the control. Dotted line represents the twofold cut off 

for significant interactors. This graph represents the two biological replicates. D, Comparison 

of the P2-HNF4α’s partners identified by GFP-Trap or BioID. Among the 13 common targets 

identified, the DNA repair proteins TP53, RAD50, PARP1 and PRKDC (DNA-PKcs) were 

found. C, Gene ontology analysis for biological functions associated with the 59 enriched 

interactors that were analyzed by DAVID. n = number of proteins ascribed to gene ontology 

term, % = percentage of term-specific proteins compared to all significant interactors. P = 

Benajamini corrected p-value. E, Network of known interactions between the 13 proteins that 

were common targets to both GFP-Trap and BioID. The network was produced by STRING 

(Szklarczyk et al. 2015). Line thickness is proportional to certainty of interaction based on 

experimental evidence. 

 

3.3 P2-HNF4α interacts with DNA repair proteins in colorectal cancer cells 

The colorectal cancerous cell line HCT116, which is known not to express HNF4α 

(Darsigny et al. 2010), was used to study HNF4α interactors in a disease context. A similar 

BioID approach was used to pull down protein interactors of P2-HNF4α (Fig. 10A). The 

BioID approach in HCT116 cells allowed the identification of 208 proteins enriched more 

than twofold (Fig. 11A) (Table 3, Appendix). The catalytic subunit of DNA-PK known as 

DNA-PKcs was identified here as an interactor for P2-BirA, which was observed across all 

pull down experiments (Fig. 7-12). The mismatch repair player MSH6 was also identified in 

this cell line. Gene ontology analysis showed again Chromatin Regulation (P = 9.2 e-29), 

Transcription Activator (P = 2.9 e-16), Transcription Repressor (9.0 e10-5), and DNA repair 

(P = 0.005) associated functions with these pulled down proteins (Fig. 11). 
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Figure 11. BioID of P2-BirA in HCT116 colorectal cancer cells 

A, Dot plot of interactors associated with P2-BirA pull down versus their ratio of enrichment 

in experimental condition compared to the control. Dotted line represents the twofold cut off 

for significant interactors. This graph represents the two biological replicates. B, Gene 

ontology analysis for biological functions associated with the 59 enriched interactors that 

were analyzed by DAVID. n = number of proteins ascribed to gene ontology term, % = 
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percentage of term-specific proteins compared to all significant interactors. P = Benajamini 

corrected p-value. 

 

3.4 Endogenous HNF4α is recruited to the sights of double strand DNA damage 

and interacts with NHEJ repair proteins in colorectal cancerous cells 

I next sought to evaluate endogenous HNF4α’s involvement at these sites of double 

strand DNA repair to ascertain whether this was a relevant function in colorectal cancer. I 

chose the HT-29 and LoVo colorectal cancer cells lines as they both express endogenous 

HNF4α (Darsigny et al. 2010) and primarily the P2 isoform class (Babeu et al. 2018). Firstly, 

total protein extracts of these cells were immunoprecipitated for HNF4α (Fig. 12A). The 

DNA repair factors PARP-1 and RAD50 were identified by immunoblot as being present in 

the co-immunoprecipitate (Fig. 12B,C). The protein DNA-PKcs was immunoprecipitated 

from total cell extracts of the same cell lines and HNF4α was identified in the co-

immunoprecipitate (Fig. 12D). 
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Figure 12. CoIP involving endogenous HNF4α shows interaction with DNA repair 

proteins in colorectal cancer cell lines 

Total protein extracts were incubated O/N with 4 µg of antibody, either HNF4α (A-C) or 

DNA-PKcs (D), followed by incubation with protein G beads the following day to 

immunoprecipitate protein complexes. A, Immunoblot against HNF4α. B, Immunoblot 

against PARP-1. C, Immunoblot against RAD50. D, Immunoblot against DNA-PKcs. 

Incubation of beads alone without antibody served as negative control. 

 

Subsequently, I sought to confirm whether HNF4α was located at the sites of double 

strand DNA damage by inducing double strand breaks and performing immunofluorescence 

of subcellular localization. For this, I used the same HT-29 and LoVo cell lines as before 

and, in addition, the Caco-2/15 colorectal cancer cell line which is known to express both 

HNF4α isoform classes (Babeu et al. 2018). For all three cell lines, a similar pattern of 

HNF4α recruitment to the sites of DNA double strand break (γH2AX) is 

observed (Fig. 13A-B). Cell nuclei are counterstained with DAPI (blue), HNF4α is marked 
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with an Alexa 555 fluorophore (red), and γH2AX is marked with an Alexa 488 fluorophore 

(green). Lines of irradiation by a 355 nm laser (Holton, Andrews, and Gassman 2017) are 

identified by white arrows (Fig. 13). These results combined with those of the co-

immunoprecipitations show that endogenous P2-HNF4α is being recruited to the sites of 

double strand break and interacting with NHEJ DNA repair response proteins. 
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Figure 13. Colocalization of HNF4α with γH2AX in colorectal cancer cells 

All cells were subjected to genotoxic injury with a 355 nm laser, followed by fixation, and 

immunofluorescence. HNF4α is shown in red, γH2AX in green, and cell nuclei were 
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counterstained with DAPI. Colocalization between HNF4α and γH2AX can be observed in 

Caco-2/15 (A), HT-29 (B), and LoVo (C) cells. 

 

3.5 P2-HNF4α diminishes NHEJ efficiency but does not affect HR 

After localizing HNF4α to the sites of double strand breaks, I wanted to assess whether 

HNF4α’s involvement here is of functional relevance. To investigate this, 293 cells were 

transduced to stably express one of the two GFP plasmid reporter systems, 

pNHEJ-GFP (Fig. 10B) or pHR-GFP (Fig. 14A), which permit the quantification of non-

homologous end joining and homologous recombination, respectively. Effective clones were 

selected based on GFP induction of at least threefold following ISceI endonuclease 

transfection, i.e. induction of double strand DNA breaks, and quantified by fluorescence 

activated cell sorting (FACS). Clones were co-transfected with either HNF4α7, the 

endonuclease ISceI, or both. Expression of HNF4α7 was verified by immunoblot (Fig 15A). 

Induction of GFP expression for both clones was quantified in experimental conditions by 

FACS. In these transfected clonal populations, we see a very clear shift in the cloud of dots 

where GFP has been induced (Fig. 15B,C). With the pNHEJ-GFP reporter, we observe on 

average a more than tenfold induction of GFP expression, but with HNF4α present, that same 

induction is diminished in half (p < 0.01; Fig. 15D). In contrast, with quantification of HR 

efficiency, we see induction of GFP with ISceI transfection, but we do no observe an effect 

on HR efficiency in the case of co-transfection of HNF4α7 with ISceI. Furthermore, 

incubation of both double strand break reporter cells with olaparib, the pharmacological 

inhibitor of PARP1/2, does not alter the observed trends (Fig. 16). These GFP reporter system 

results, as a whole, suggest that P2-HNF4α interferes in double strand break repair in a way 
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that is mechanism specific, i.e. in NHEJ but not in HR; and the PARP1 inhibition has not 

affected these phenotypes. 

  

Figure 14. DNA repair reporter cassettes for HR and NHEJ 

Schematic representations of both vector-based reporter systems for assaying double strand 

breaks. A, Detector of HR occurrence. Represented here are the two inactive GFP cassettes, 

which upon double strand break by the endonuclease ISceI are recombined. Recombination 

by HR in this system renders cells GFP+. B, Detector of NHEJ occurrence. Represented here 

are is the reporter gene in which the Neomycin resistance cassette is flanked by two ISceI 

sites. Following repair of the ISceI induced double strand break, cells will be rendered GFP+ 

through reconstitution of the GFP gene. 
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Figure 15. P2-HNF4α overexpression diminishes NHEJ efficiency 

A, A western blot against of total protein extract from pNHEJ-GFP clones that were 

transfected as outlined with ISceI, HNF4α7, or both. The membrane was stripped and 

labelled with β-actin as loading control. B, Representative cloud plots of pNHEJ-GFP 293 

cells 40 hours post transfection. 100,000 cells were counted by FACS. C, Representative 

cloud plots of pHR-GFP in 293 cells 40 hours post transfection. 100,000 cells were counted 

by FACS. D, Percent of GFP positive FACS-sorted cells 40 hours after transfection, 

representing reparation events in pNHEJ-GFP clonal 293 cells. Cells were transfected or not 

with P2-GFP and pCAG-ISceI (n=4, paired t test, ** p<0.01). E, Percent of GFP positive 
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FACS-sorted cells 40 hours after transfection, representing repair events in pHR-GFP clonal 

293 cells. Cells were transfected or not with P2-GFP and pCAG-ISceI (n=3, paired t test, * 

p<0.05). 
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Figure 16. Pharmacological PARP1/2 inhibition has no impact on double strand break 

efficiency trends 

A, Representative cloud plots of pNHEJ-GFP 293 cells 40 hours post transfection and 1 µM 

olaparib incubation. 100,000 cells were counted by FACS. B, Representative cloud plots of 

pHR-GFP in 293 cells 40 hours post transfection and 1 µM olaparib incubation. 100,000 cells 

were counted by FACS. C, Percent of GFP positive FACS-sorted cells 40 hours after 
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transfection and 1 µM olaparib incubation, representing reparation by NHEJ in pNHEJ-GFP 

clonal 293 cells. Cells were transfected or not with P2-GFP and pCAG-ISceI and all 

conditions were olaparib treated (n=2, paired t test, * = p<0.01). D, Percent of GFP positive 

FACS-sorted cells 40 hours after transfection and 1 µM olaparib incubation, representing 

repair events by HR in pHR-GFP clonal 293 cells. Cells were transfected or not with P2-GFP 

and pCAG-ISceI and all conditions were treated with olaparib (n=2). 

 



 

 

4DISCUSSION 

The goal of this research project was to further elucidate the biological role for 

HNF4α in colorectal cancer beyond its known role in transcriptional regulation. The 

significance of the nuclear factor’s transcriptional role has been accepted since the 

molecule’s description in the 1990’s (Sladek et al. 1990). The protein’s significance in the 

development and differentiation of mesoderm-derived tissues, like digestive and accessory 

digestive tissues, through its transcriptional role is also well established. Within the digestive 

system, the factor is expressed in epithelial tissues, and overexpressed in associated 

carcinomas, of the liver, pancreas, stomach, small intestine, and colon (Tanaka et al. 2006). 

The developmental and differentiative roles for HNF4α long led researchers to categorize the 

protein as a tumour suppressor protein (Cattin et al. 2009), and then later research led 

researchers to believe HNF4α is an oncoprotein (Darsigny et al. 2010). The apparent paradox 

could be explained by HNF4α’s two isoform classes (Babeu and Boudreau 2014) wherein 

the P1-isoform class is associated with differentiation and the P2-isoform class associated 

with proliferation and colorectal cancer  

To investigate the role of HNF4α in the colorectal carcinoma phenotype, we began 

with a quantitative proteomics approach combining two separate and complementary pull-

down experiments combined with metabolic labelling. We sought to further shed light on the 

role of P2-HNF4α in this context. These quantitative proteomics experiments led to an 

inkling towards an unexpected role for the protein in NHEJ. 

We confirmed a functional importance for P2-HNF4α at DNA damage response sites 

through colocalization and quantification of HR and NHEJ efficiency. Immunofluorescence 
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in Caco2/15, HT-29, and LoVo cells shows HNF4α colocalized with γH2AX foci and 

HNF4α7 overexpression decreasing NHEJ efficiency in the transformed 293 cell line. 

The differences in approach between the GFP-Trap and BioID techniques served a 

twofold purpose. Firstly, the two separate techniques created redundancy in the experimental 

approach. This redundancy permitted for a more robust identification of proteins found to 

associate with P2-HNF4α. The results from both techniques were compared to each other 

qualitatively to demonstrate whether any targets were identified in both conditions. Secondly, 

the two techniques varied in mechanism of detection. GFP-Trap is dependent on a physical 

association between proteins (Trinkle-Mulcahy et al. 2008) that can withstand cell lysis. 

BioID is dependent on physical proximity between the active site of the BirA enzyme moiety 

of the fusion protein construct without regard for maintaining protein-protein interactions 

post-lysis (Roux et al. 2012; Trinkle-Mulcahy et al. 2008). Therefore, we expected the BioID 

approach to be more efficient in identifying interacting partners with lower affinity, but we 

chose to further limit our analysis to common targets identified from both techniques as a 

more stringent approach. 

This strategy of parallel approaches turned out to be successful given that we were 

able to validate endogenous interactions of P2-HNF4α with PARP1, RAD50 and DNA-PKcs 

in colorectal cancerous cell lines. To further corroborate the efficacy of our study, several 

proteins that we found common to both GFP-Trap and BioID in 293T are expected and or 

previously described. Firstly, direct interaction between p53 and HNF4α has already been 

demonstrated (Maeda et al. 2006). Moreover, the proteins CTBP2 and SMARCA4 are 

common to both assays and are proteins associated with HNF4α’s more classical 

transcription role. The former is a transcription co-repressor and the latter is associated with 

chromatin remodelling. Moreover, through gene ontology analysis from all high throughput 
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studies assigned a high degree of significance to other more canonical roles for a transcription 

factor like DNA binding, chromatin remodelling, and transcription. 

DNA repair is not a role traditionally ascribed to HNF4α or, more generally speaking, 

to other tissue-specific master gene regulators. Recent findings have however identified 

specific transcription factors to act as DNA repair entities independently of their classical 

transcriptional role when recruited to sites of DNA damage (Malewicz and Perlmann 2014). 

One of the most convincing studies showing such a phenomenon was recently with the 

orphan nuclear receptor NR4A, involved in neuron and hematopoietic lineage differentiation 

(Malewicz et al. 2011). NR4A2 was shown to interact with DNA-PKcs and to translocate to 

DNA double-strand breaks upon DNA damage exposure. Interestingly, PARP-1 was shown 

to be functionally necessary for the translocation of NR4A2 to DNA damage sites during this 

process (Malewicz et al. 2011). 

It is tempting to draw many parallels between HNF4α and NR4A because both belong 

to the same superfamily of nuclear receptors, and both proteins have been demonstrated to 

interact with the same DNA repair entities, PARP-1 and DNA-PKcs (Ohkura, Nagamura, 

and Tsukada 2008; Malewicz et al. 2011). In the case of NR4A, its interaction with PARP-1 

and DNA-PKcs seem to be dependent on its DNA binding domain (Ohkura, Nagamura, and 

Tsukada 2008; Malewicz et al. 2011), which is conserved across nuclear factors, including 

HNF4α. Also, interaction between NR4A and DNA-PKcs was sustained in cells where the 

DNA binding domain of the nuclear factor was mutated to prevent DNA binding (Malewicz 

et al. 2011). Therefore, it is tempting to speculate that HFN4α’s involvement in double strand 

break response is akin to NR4A’s, i.e. HNF4α would interact with PARP-1 and DNA-PKcs 

by conserved DNA binding domain and its involvement in this role would be DNA-binding 
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dependent. However, in this study, it was not demonstrated what role NR4A plays in double 

strand break repair beyond speculated involvement in NHEJ.  

So far, we see DNA repair proteins as part of P2-HNF4α’s interactome in normal and 

colorectal cancerous cell lines. These interactions were confirmed with HNF4α through co-

immunoprecipitations. These endogenous proteins appear to be interacting at physiologically 

relevant concentrations. HNF4α’s interaction with these endogenous proteins led us to 

speculate about the nuclear factor’s presence at these sites of DNA damage response. 

The Caco2/15, HT-29, or LoVo cell lines were irradiated with a 355 nm laser, fixed, 

and fluorescently labelled. Incorporation of BrdU into genomic DNA renders the cells 

radiosensitive, which should result in double strand DNA breaks (Holton, Andrews, and 

Gassman 2017). Since none of these cell lines are synchronized, I expect the primary double 

strand DNA repair mechanism to be by NHEJ because not all cells will be at the S/G2 phase 

necessary for repair by HR to occur. According to previous data (Babeu et al 2018), the HT-

29 and LoVo cell lines appear to express primarily the P2 isoform class of HNF4α and the 

Caco-2/15 expresses both isoform classes. Confocal microscopy revealed HNF4α at the site 

of DNA damage, as confirmed by colocalization with γH2AX (Figure 6). These results make 

it tempting to speculate that P2-HNF4α interact with at least some of the previously co-

immunoprecipitated DNA repair proteins, PARP-1, RAD50, and DNA-PKcs. These signs 

led to the speculation of HNF4α’s potentially intervening in NHEJ. RAD50 and DNA-PKcs 

are important players in double strand break repair mediated by the NHEJ pathway (Wang et 

al. 2006).  

Interestingly, incubation of these same 293 cells with 1 µM of olaparib, a 

pharmacological inhibitor of PARP-1/2 undergoing clinical trial for colorectal cancer 

treatment (Chen et al. 2016), concomitant with HNF4α and ISceI co-transfection had no 
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specific impact on NHEJ efficiency. These results are preliminary and lead to much 

speculation. I am tempted to discount these results, as despite being treated with a 

pharmacological inhibitor of PARP1/2, I did not anecdotally observe a slow down in 

proliferation during culturing or other phenotypic changes like excessive cell death (data not 

shown). For a pharmacological inhibitor of PARP-1/2, I would suggest that one expect some 

slow down in cell division and proliferation as a result decreased DNA repair efficiency. 

The data presented in this project support that P2-HNF4α overexpression can reduce 

efficiency of the NHEJ pathway while being recruited to DNA double-strand breaks and 

interacting with RAD50 and DNA-PKcs, two crucial enzymatic components of the NHEJ 

(Wang et al. 2006). It is possible that recruitment of P2-HNF4α in this context could be 

diminishing the overall number of NHEJ processing enzymes available that would promote 

the use of alternative pathways for DNA repair. In support of this, our analysis showed that 

P2-HNF4α interacts with PARP1, a crucial component of various pathways for DNA repair 

(Wang et al. 2006). In addition, our quantitative proteomics approaches identified several 

other DNA repair components predicted to interact with P2-HNF4α providing therefore an 

alternative means to effect a DNA damage response.  

Given HNF4α’s interaction with both DNA-PKcs and PARP-1 shown, and a decrease 

in NHEJ efficiency observed in the context of P2-HNF4α overexpression, these trends run 

counterintuitive to what one might expect for an oncoprotein. One would expect that an 

oncoprotein favour DNA repair to improve the chance of survival by acquiring a mutation 

useful for proliferation. Moreover, given P2-HNF4α’s interaction with PARP-1, a central 

player in alt-NHEJ, it is tempting to speculate that P2-HNF4α, as an oncoprotein favour alt-

NHEJ to promote mutagenesis. 
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Nucleophosmin (NPM1) and p53, both identified in the GFP-Trap procedure (Table 

1), are known to functionally associate. Nucleophosmin1 serves as a stabilizing factor for 

p53 (Colombo et al. 2002). The protein p53’s roles as a universal tumour suppressor gene as 

well as guardian of genome integrity is exerted by numerous cellular mechanisms (Laptenko 

and Prives 2017). Moreover, p53 was shown to physically interact with the ligand-binding 

domain of HNF4α (Maeda et al. 2002), an interaction that was confirmed by another member 

of our group (data not shown). NPM1 is a multifunctional protein involved in the 

maintenance of genome integrity and was shown to regulate the base excision repair (BER) 

pathway (Poletto et al. 2014). 

The protein p53 is a very well-known transcription factor. This protein is known to 

interact at the protein-protein level with other factors involved in the DNA damage response 

to effect DNA repair (Laptenko and Prives 2017). Given that the nuclear receptor NR4A 

interact with DNA-PKcs and PARP-1 through its DNA binding domain, which is conserved 

with HNF4α, it is highly likely that HNF4α also interact with these targets through protein-

protein interaction. Moreover, HNF4α might share with p53 an activity in cell cycle 

regulation, as a master regulator of transcription, and in the transcription of DNA repair 

associated genes through its canonical transcriptional activity (Laptenko and Prives 2017). 

In addition, the BioID technique identified the proteins MSH2 and MSH6 as 

interactors of P2-HNF4α (Tables 2 and 3). These proteins were identified as interactors of 

P2-HNF4α in the colorectal cancerous cell line HCT116. Both proteins are important in first 

identifying DNA mismatches after replication and to then stimulate and effect DNA repair 

(Chen et al. 2016). These proteins are associated with Lynch disease, a hereditary form of 

colorectal cancer (Peltomäki 2001). These proteins are not associated with DNA repair 

through NHEJ, or even double strand break repair. However, it is curious that these proteins 
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are known to be important in colorectal cancer disease and they were only identified in the 

colorectal cancer cell line as interactors of P2-HNF4α.



 

 

5PERSPECTIVES 

 The long-term perspectives of this project would be to utilize the newly described 

involvement of P2-HNF4α in the context of the DNA damage response to target carcinomas 

that overexpress the nuclear factor. To arrive at this long-term goal, I propose the following 

experiments for the short- and medium-term. 

 Firstly, one should establish a system in which endogenous HNF4α could be knocked 

down to determine whether colorectal cancerous cells expressing P2-HNF4α are dependent 

on it for efficient NHEJ. I propose using the CRC cell line DLD-1 for the aforementioned 

double strand break repair system. Previous data demonstrate the cell line as expressing 

primarily P2-HNF4α (J.-P. Babeu et al. 2018). This assay will indicate to whether this is a 

relevant DNA repair mechanism for HNF4alpha in the more specific context of colorectal 

cancer.  

Furthermore, specific DNA damage inhibitors like olaparib, currently being 

investigated in phase I clinical trial for colorectal cancer (E. X. Chen et al. 2016), are 

becoming exciting avenues for therapy in many cancers. The system mentioned above could 

be co-infected with an shRNA for HNF4α (Invitrogen) and ISceI concomitant with olaparib 

to truly confirm whether or not the pharmacological inhibitor has no effect on P2-HNF4α’s 

NHEJ intervention. 

The group led by Malewicz made interesting observations about the nuclear factor 

NR4A interacting at the sites of NHEJ damage response being shuttled by PARP-1 to these 

sites and phosphorylated by DNA-PKcs on its S337 residue (Malewicz et al. 2011). These 

roles are tempting to extend to HNF4α. I suggest that we mine previous MS data for HNF4α 
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phosphorylation at an analogous residue. Then, I suggest performing colocalization 

experiments of HNF4α follow double strand DNA damage with knockdown of PARP-1 

though RNAi showing whether HNF4α’s recruitment to DNA damage response sites depends 

on PARP-1. 

Finally, in the longer term, I would like to see a ChIP-seq (chromatin 

immunoprecipitation and sequencing) against HNF4α realized in colorectal cancer cells to 

observe what other roles HNF4α may play at these sites. Malewicz conjectured in 2014 that 

transcription factors involved in DNA repair might interact directly with DNA damage 

response proteins. These proteins may transcriptionally regulate DNA damage response 

proteins and/or relax chromatin at DNA lesions to facilitate effective damage repair 

(Malewicz and Perlmann 2014). ChIP-seq of HNF4α and RNA pol II following genotoxic 

stress, by UV irradiation or etoposide treatment, would indicate whether HNF4α 

transactivates DNA damage response factors following this type of injury. Furthermore, 

pulling down histone markers associated with euchromatin and heterochromatin structures 

and also γH2AX would reveal what effect the transcription factor has on the chromatin 

structure of these sites. To support this experiment, we observe chromatin remodelling as an 

enriched gene ontology term for the HNF4α-BirA pull down in HCT116 cells (P = 9.2 e-29; 

Fig 4B) 



 

 

6CONCLUSION 

We have shown that P2-HNF4α is recruited to the sites of DNA damage. The 

protein’s involvement at these sites includes important players in DNA repair like PARP-1, 

RAD50, and DNA-PKcs, known for having roles specifically in NHEJ and in colorectal 

cancer. Furthermore, we can infer that HNF4α is capable of intervening in a functional 

capacity in double strand break repair. 

To recapitulate the data presented here and to extrapolate based on data presented for 

the similar nuclear factor NR4A (Malewicz et al. 2011), we can conjecture that P2-HNF4α 

is a player in the NHEJ pathway by the following mechanism. The double strand break is 

sensed by RAD50 along with the other members of the MRN complex, MRE11 and NBS1. 

PARP-1 is then responsible for bringing HNF4α to this site of DNA damage response. P2-

HNF4α could be phosphorylated and activated by DNA-PKcs. In support of a notion of 

strong affinity between HNF4α and DNA-PKcs, DNA-PKcs appears as an interactor for 

HNF4α in all pull-down assays. 

However, in opposition, we see that P2-HNF4α expression is associated with a 

decrease in NHEJ efficiency that is perhaps a result of the nuclear factor favouring alt-NHEJ. 

In support of this conjecture, PARP-1 was shown here to interact with P2-HNF4α and PARP-

1 is known to be a central player in the more error prone alt-NHEJ. Moreover, one might 

expect an oncoprotein to favour DNA repair to favour accumulation of deleterious mutations 

that are helpful in escaping programmed cell death. Therefore, all specific DNA repair roles 

associated to HNF4α beyond simply NHEJ or alt-NHEJ, at this time, are speculative and 

necessitate further study. 
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This is not the first time that a transcription factor is ascribed a non-transcription role. 

However, we are the first to describe this non-transcriptional role to HNF4α. This new and 

exciting role will hopefully lead to new therapeutic possibilities. Exploitation of this link, 

perhaps in the use of something like a targeted therapy such as olaparib, could result in 

improved colorectal cancer treatment. Also, this discovery provides a putative explanation 

for the involvement of P2-HNF4α in colorectal cancer phenotype.  

In conclusion, our report identified an unsuspected and non-classical role for HNF4α 

during DNA repair. The precise non-transcriptional mechanisms for which HNF4α acts 

during this biological process must be complex and opens on a novel field of investigation 

for this central regulator involved in differentiation of endodermal-derived epithelial tissues 

as well as during the control of cell growth in tumorigenesis. 

 



 

 

7ACKNOWLEDGEMENTS 

 I want to show my gratitude to all the individuals who made this work possible. 

Firstly, I recognize my professors François Boudreau and François-Michel Boisvert, without 

whom none of this work would have taken place. I am thankful that both were so patient. I 

appreciate the environment François provided to grow as a scientist and as a person. Also, I 

want to recognize François-Michel for his technical advice and the opportunity provided to 

learn interesting and modern techniques. Jean-Philippe Babeu was instrumental to most of 

this working contributing his ideas, time, and help. Christine Jones provided a lot of technical 

assistance and insight through discussion. Dominique Lévesque was essential for most of the 

cloning and mass spectrometry clean up, and these components would not have been possible 

if not for him. 

 I would like to thank other students, past and present, of both labs who helped. 

Particularly, Marie-Line Dubois who was always available to answer questions about mass 

spectrometry. Romain Drissi for the work he did on GFP reporter system clones. And all 

other members of both labs, past and present, Andréanne Loiselle, Ariane Castro, Camille 

Ouellet, Élie Lambert, Alexis Gonneaud, Romain Girard, Stéphanie St-Jean, Mathieu 

Darsigny, Caroline Telekawa, and Anaïs Chauvin. Finally, I would like to remember Aurélie 

Delannoy, although not a member for the Anatomy and Cell Biology Department, was always 

around to talk science and take knitting breaks. 

  



 

 

8LIST OF REFERENCES 

Babeu, Jean Philippe, and François Boudreau. 2014. “Hepatocyte Nuclear Factor 4-Alpha 

Involvement in Liver and Intestinal Inflammatory Networks.” World Journal of 

Gastroenterology 20 (1): 22–30. 

Babeu, Jean-Philippe. 2016. “Les isoformes P1 et P2 du récepteur nucléaire HNF4  ont 

des fonctions différentes dans le cancer colorectal.” PhD, Sherbrooke, Québec: 

Université de Sherbroole. 

Babeu, Jean-Philippe, Mathieu Darsigny, Carine R Lussier, and François Boudreau. 2009. 

“Hepatocyte Nuclear Factor 4alpha Contributes to an Intestinal Epithelial 

Phenotype in Vitro and Plays a Partial Role in Mouse Intestinal Epithelium 

Differentiation.” American Journal of Physiology. Gastrointestinal and Liver 

Physiology 297 (1): G124–G134. 

Babeu, Jean-Philippe, Christine Jones, Semah Geha, Julie Carrier, and François Boudreau. 

2018. “P1 Promotor-Driven HNF4α Isoforms Are Specifically Repressed by β-

Catenin Signaling in Colorectal Cancer Cells.” Journal of Cell Science In revision. 

Barker, Nick, Johan H van Es, Jeroen Kuipers, Pekka Kujala, Maaike van den Born, 

Miranda Cozijnsen, Andrea Haegebarth, et al. 2007. “Identification of Stem Cells in 

Small Intestine and Colon by Marker Gene Lgr5.” Nature 449 (7165): 1003–1007. 

https://doi.org/10.1038/nature06196. 

Beaulieu, J F, and A Quaroni. 1991. “Clonal Analysis of Sucrase-Isomaltase Expression in 

the Human Colon Adenocarcinoma Caco-2 Cells.” The Biochemical Journal 280 ( 

Pt 3 (December): 599–608. 



 

 

66 

66 

Boisvert, Francois-Michel, Yun Wah Lam, Douglas Lamont, and Angus I Lamond. 2010. 

“A Quantitative Proteomics Analysis of Subcellular Proteome Localization and 

Changes Induced by DNA Damage.” Molecular & Cellular Proteomics : MCP 9 

(3): 457–470. https://doi.org/10.1074/mcp.M900429-MCP200. 

Boland, C. Richard, and Ajay Goel. 2010. “Microsatellite Instability in Colorectal Cancer.” 

Gastroenterology 138 (6): 2073-2087.e3. 

https://doi.org/10.1053/j.gastro.2009.12.064. 

Bolotin, E, K Chellappa, W Hwang-Verslues, J M Schnabl, C Yang, and F M Sladek. 2011. 

“Nuclear Receptor HNF4alpha Binding Sequences Are Widespread in Alu 

Repeats.” BMC Genomics 12 (November): 560. https://doi.org/10.1186/1471-2164-

12-560; 10.1186/1471-2164-12-560. 

Brennan, R. G., and B. W. Matthews. 1989. “The Helix-Turn-Helix DNA Binding Motif.” 

The Journal of Biological Chemistry 264 (4): 1903–6. 

Burma, Sandeep, Benjamin P. Chen, Michael Murphy, Akihiro Kurimasa, and David J. 

Chen. 2001. “ATM Phosphorylates Histone H2AX in Response to DNA Double-

Strand Breaks.” Journal of Biological Chemistry 276 (45): 42462–67. 

https://doi.org/10.1074/jbc.C100466200. 

Canadian Cancer Society. 2017. “Canadian Cancer Statistics 2017: Special Topic: 

Pancreatic Cancer.” Toronto, ON. 

Cattin, Anne-Laure, Johanne Le Beyec, Frederick Barreau, Susan Saint-Just, Anne 

Houllier, Frank J Gonzalez, Sylvie Robine, et al. 2009. “Hepatocyte Nuclear Factor 

4alpha, a Key Factor for Homeostasis, Cell Architecture, and Barrier Function of 

the Adult Intestinal Epithelium.” Molecular and Cellular Biology 29 (23): 6294–

6308. https://doi.org/10.1128/MCB.00939-09. 



 

 

67 

67 

Ceccaldi, Raphael, Beatrice Rondinelli, and Alan D. D’Andrea. 2016. “Repair Pathway 

Choices and Consequences at the Double-Strand Break.” Trends in Cell Biology, 

Special Issue: Quality Control, 26 (1): 52–64. 

https://doi.org/10.1016/j.tcb.2015.07.009. 

Chellappa, Karthikeyani, Poonamjot Deol, Jane R Evans, Linh M Vuong, Gang Chen, 

Nadege Briançon, Eugene Bolotin, Christian Lytle, Meera G Nair, and Frances M 

Sladek. 2016. “Opposing Roles of Nuclear Receptor HNF4α Isoforms in Colitis and 

Colitis-Associated Colon Cancer.” Edited by Kevin Struhl. ELife 5 (May): e10903. 

https://doi.org/10.7554/eLife.10903. 

Chellappa, Karthikeyani, Graham R Robertson, and Frances M Sladek. 2012. “HNF4α: A 

New Biomarker in Colon Cancer?” Biomarkers in Medicine 6: 297–300. 

https://doi.org/10.2217/bmm.12.23. 

Chen, Eric X., Derek J. Jonker, Lillian L. Siu, Karyn McKeever, Deborah Keller, Julie 

Wells, Linda Hagerman, and Lesley Seymour. 2016. “A Phase I Study of Olaparib 

and Irinotecan in Patients with Colorectal Cancer: Canadian Cancer Trials Group 

IND 187.” Investigational New Drugs 34 (4): 450–57. 

https://doi.org/10.1007/s10637-016-0351-x. 

Chen, W S, K Manova, D C Weinstein, S A Duncan, A S Plump, V R Prezioso, R F 

Bachvarova, and J E Darnell. 1994. “Disruption of the HNF-4 Gene, Expressed in 

Visceral Endoderm, Leads to Cell Death in Embryonic Ectoderm and Impaired 

Gastrulation of Mouse Embryos.” Genes & Development 8 (20): 2466–77. 

Cheng, Qian, and Jiandong Chen. 2010. “Mechanism of P53 Stabilization by ATM after 

DNA Damage.” Cell Cycle (Georgetown, Tex.) 9 (3): 472–78. 



 

 

68 

68 

Chiruvella, Kishore K., Zhuobin Liang, and Thomas E. Wilson. 2013. “Repair of Double-

Strand Breaks by End Joining.” Cold Spring Harbor Perspectives in Biology 5 (5). 

https://doi.org/10.1101/cshperspect.a012757. 

Colombo, Emanuela, Jean-Christophe Marine, Davide Danovi, Brunangelo Falini, and Pier 

Giuseppe Pelicci. 2002. “Nucleophosmin Regulates the Stability and 

Transcriptional Activity of P53.” Nature Cell Biology 4 (7): 529–533. 

https://doi.org/10.1038/ncb814. 

Cox, Jurgen, and Matthias Mann. 2008. “MaxQuant Enables High Peptide Identification 

Rates, Individualized p.p.b.-Range Mass Accuracies and Proteome-Wide Protein 

Quantification.” Nat Biotech 26 (12): 1367–72. 

Darsigny, Mathieu, Jean-Philippe Philippe Babeu, Ernest G Seidman, Fernand-Pierre Pierre 

Gendron, Emile Levy, Julie Carrier, Nathalie Perreault, and François Boudreau. 

2010a. “Hepatocyte Nuclear Factor-4α Promotes Gut Neoplasia in Mice and 

Protects against the Production of Reactive Oxygen Species.” Cancer Research 70 

(22): 9423–33. https://doi.org/10.1158/0008-5472.CAN-10-1697. 

Darsigny, Mathieu, Jean-Philippe Babeu, Ernest G Seidman, Fernand-Pierre Gendron, 

Emile Levy, Julie Carrier, Nathalie Perreault, and François Boudreau. 2010b. 

“Hepatocyte Nuclear Factor-4alpha Promotes Gut Neoplasia in Mice and Protects 

against the Production of Reactive Oxygen Species.” Cancer Research 70 (22): 

9423–33. https://doi.org/10.1158/0008-5472.CAN-10-1697. 

Davis, Anthony J., and David J. Chen. 2013. “DNA Double Strand Break Repair via Non-

Homologous End-Joining.” Translational Cancer Research 2 (3): 130–43. 

https://doi.org/10.3978/j.issn.2218-676X.2013.04.02. 



 

 

69 

69 

Delia, D., S. Mizutani, S. Panigone, E. Tagliabue, E. Fontanella, M. Asada, T. Yamada, et 

al. 2000. “ATM Protein and P53-Serine 15 Phosphorylation in Ataxia-

Telangiectasia (AT) Patients and at Heterozygotes.” British Journal of Cancer 82 

(12): 1938–45. https://doi.org/10.1054/bjoc.2000.1168. 

Dennis, G, B T Sherman, D A Hosack, J Yang, W Gao, H C Lane, and R A Lempicki. 

2003. “DAVID: Database for Annotation, Visualization, and Integrated Discovery.” 

Genome Biol 4. https://doi.org/10.1186/gb-2003-4-5-p3. 

Drissi, Romain, Marie-Line Dubois, Melanie Douziech, and Francois-Michel Boisvert. 

2015. “Quantitative Proteomics Reveals Dynamic Interactions of the 

Minichromosome Maintenance Complex (MCM) in the Cellular Response to 

Etoposide Induced DNA Damage.” Molecular & Cellular Proteomics : MCP 14 

(7): 2002–2013. https://doi.org/10.1074/mcp.M115.048991. 

Dubois, Marie-Line, Charlotte Bastin, Dominique Levesque, and Francois-Michel Boisvert. 

2016. “Comprehensive Characterization of Minichromosome Maintenance 

Complex (MCM) Protein Interactions Using Affinity and Proximity Purifications 

Coupled to Mass Spectrometry.” Journal of Proteome Research 15 (9): 2924–2934. 

https://doi.org/10.1021/acs.jproteome.5b01081. 

Frit, Philippe, Kyungrim Kwon, Frédéric Coin, Jérôme Auriol, Sandy Dubaele, Bernard 

Salles, and Jean-Marc Egly. 2002. “Transcriptional Activators Stimulate DNA 

Repair.” Molecular Cell 10 (6): 1391–1401. https://doi.org/10.1016/S1097-

2765(02)00732-3. 

Galiatsatos, Polymnia, and William D Foulkes. 2006. “Familial Adenomatous Polyposis.” 

The American Journal of Gastroenterology 101 (2): 385–398. 

https://doi.org/10.1111/j.1572-0241.2006.00375.x. 



 

 

70 

70 

Garrison, Wendy D., Michele A. Battle, Chuhu Yang, Klaus H. Kaestner, Frances M. 

Sladek, and Stephen A. Duncan. 2006. “Hepatocyte Nuclear Factor 4α Is Essential 

for Embryonic Development of the Mouse Colon.” Gastroenterology 130 (4): 

19.e1-19.e. https://doi.org/10.1053/j.gastro.2006.01.003. 

Gupta, R K, M Z Vatamaniuk, C S Lee, R C Flaschen, J T Fulmer, F M Matschinsky, S A 

Duncan, and K H Kaestner. 2005. “The MODY1 Gene HNF-4alpha Regulates 

Selected Genes Involved in Insulin Secretion.” The Journal of Clinical Investigation 

115 (4): 1006–1015. https://doi.org/10.1172/JCI22365. 

Hayakawa, Jun, Shalu Mittal, Yipeng Wang, Kemal S. Korkmaz, Eileen Adamson, 

Christopher English, Masahide Omichi, Michael McClelland, and Dan Mercola. 

2004. “Identification of Promoters Bound by C-Jun/ATF2 during Rapid Large-

Scale Gene Activation Following Genotoxic Stress.” Molecular Cell 16 (4): 521–

35. https://doi.org/10.1016/j.molcel.2004.10.024. 

Holton, Nathaniel W, Joel F Andrews, and Natalie R Gassman. 2017. “Application of Laser 

Micro-Irradiation for Examination of Single and Double Strand Break Repair in 

Mammalian Cells.” Journal of Visualized Experiments : JoVE, no. 127 (September). 

https://doi.org/10.3791/56265. 

Hoppler, S., and C. L. Kavanagh. 2007. “Wnt Signalling: Variety at the Core.” Journal of 

Cell Science 120 (3): 385–93. https://doi.org/10.1242/jcs.03363. 

Huang, Da Wei, Brad T Sherman, and Richard A Lempicki. 2009a. “Systematic and 

Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics Resources.” 

Nature Protocols 4 (1): 44–57. https://doi.org/10.1038/nprot.2008.211. 



 

 

71 

71 

———. 2009b. “Bioinformatics Enrichment Tools: Paths toward the Comprehensive 

Functional Analysis of Large Gene Lists.” Nucleic Acids Research 37 (1): 1–13. 

https://doi.org/10.1093/nar/gkn923. 

Jeggo, Penny A., Laurence H. Pearl, and Antony M. Carr. 2016. “DNA Repair, Genome 

Stability and Cancer: A Historical Perspective.” Nature Reviews Cancer 16 (1): 35–

42. https://doi.org/10.1038/nrc.2015.4. 

Klug, A., and D. Rhodes. 1987. “Zinc Fingers: A Novel Protein Fold for Nucleic Acid 

Recognition.” Cold Spring Harbor Symposia on Quantitative Biology 52: 473–82. 

Krausova, Michaela, and Vladimir Korinek. 2014. “Wnt Signaling in Adult Intestinal Stem 

Cells and Cancer.” Cellular Signalling 26 (3): 570–579. 

https://doi.org/10.1016/j.cellsig.2013.11.032. 

Krejci, Lumir, Veronika Altmannova, Mario Spirek, and Xiaolan Zhao. 2012. 

“Homologous Recombination and Its Regulation.” Nucleic Acids Research 40 (13): 

5795–5818. https://doi.org/10.1093/nar/gks270. 

Krietsch, Jana, Marie-Christine Caron, Jean-Philippe Gagné, Chantal Ethier, Julien 

Vignard, Michel Vincent, Michèle Rouleau, Michael J. Hendzel, Guy G. Poirier, 

and Jean-Yves Masson. 2012. “PARP Activation Regulates the RNA-Binding 

Protein NONO in the DNA Damage Response to DNA Double-Strand Breaks.” 

Nucleic Acids Research 40 (20): 10287–301. https://doi.org/10.1093/nar/gks798. 

Krokan, Hans E., and Magnar Bjørås. 2013. “Base Excision Repair.” Cold Spring Harbor 

Perspectives in Biology 5 (4). https://doi.org/10.1101/cshperspect.a012583. 

Kumar, Raj, and E.Brad Thompson. 1999. “The Structure of the Nuclear Hormone 

Receptors.” Steroids 64 (5): 310–19. https://doi.org/10.1016/S0039-

128X(99)00014-8. 



 

 

72 

72 

Lamarche, Brandon J, Nicole I Orazio, and Matthew D Weitzman. 2010. “The MRN 

Complex in Double-Strand Break Repair and Telomere Maintenance.” FEBS 

Letters 584 (17): 3682–95. https://doi.org/10.1016/j.febslet.2010.07.029. 

Landschulz, W. H., P. F. Johnson, and S. L. McKnight. 1988. “The Leucine Zipper: A 

Hypothetical Structure Common to a New Class of DNA Binding Proteins.” 

Science 240 (4860): 1759–64. https://doi.org/10.1126/science.3289117. 

Laptenko, Oleg, and Carol Prives. 2017. “P53: Master of Life, Death, and the Epigenome.” 

Genes & Development 31 (10): 955–56. https://doi.org/10.1101/gad.302364.117. 

Li, Guo-Min. 2008. “Mechanisms and Functions of DNA Mismatch Repair.” Cell Research 

18 (1): 85–98. https://doi.org/10.1038/cr.2007.115. 

Li, Xuan, and Wolf-Dietrich Heyer. 2008. “Homologous Recombination in DNA Repair 

and DNA Damage Tolerance.” Cell Research 18 (1): 99–113. 

https://doi.org/10.1038/cr.2008.1. 

Lussier, Carine R, Jean-Philippe Babeu, Benoît A Auclair, Nathalie Perreault, and François 

Boudreau. 2008. “Hepatocyte Nuclear Factor-4alpha Promotes Differentiation of 

Intestinal Epithelial Cells in a Coculture System.” American Journal of Physiology. 

Gastrointestinal and Liver Physiology 294 (2): G418–G428. 

https://doi.org/10.1152/ajpgi.00418.2007. 

Maeda, Yutaka, Wendy W Hwang-Verslues, Gang Wei, Takuya Fukazawa, Mary L 

Durbin, Laurie B Owen, Xuan Liu, and Frances M Sladek. 2006. “Tumour 

Suppressor P53 Down-Regulates the Expression of the Human Hepatocyte Nuclear 

Factor 4alpha (HNF4alpha) Gene.” The Biochemical Journal 400: 303–13. 

https://doi.org/10.1042/BJ20060614. 



 

 

73 

73 

Malewicz, Michal, Banafsheh Kadkhodaei, Nigel Kee, Nikolaos Volakakis, Ulf Hellman, 

Kristina Viktorsson, Chuen Yan Leung, et al. 2011. “Essential Role for DNA-PK-

Mediated Phosphorylation of NR4A Nuclear Orphan Receptors in DNA Double-

Strand Break Repair.” Genes & Development 25 (19): 2031–40. 

https://doi.org/10.1101/gad.16872411. 

Malewicz, Michal, and Thomas Perlmann. 2014. “Function of Transcription Factors at 

DNA Lesions in DNA Repair.” Experimental Cell Research 329 (1): 94–100. 

https://doi.org/10.1016/j.yexcr.2014.08.032. 

Medema, Jan Paul, and Louis Vermeulen. 2011. “Microenvironmental Regulation of Stem 

Cells in Intestinal Homeostasis and Cancer.” Nature 474 (7351): 318–26. 

Mellacheruvu, Dattatreya, Zachary Wright, Amber L Couzens, Jean-Philippe Lambert, 

Nicole A St-Denis, Tuo Li, Yana V Miteva, et al. 2013. “The CRAPome: A 

Contaminant Repository for Affinity Purification-Mass Spectrometry Data.” Nature 

Methods 10 (8): 730–36. https://doi.org/10.1038/nmeth.2557. 

Mori, Yasuo, Hiroki Nagse, Hiroshi Ando, Akira Horii, Shigetoshi Ichii, Shuichi 

Nakatsuru, Takahisa Aoki, Yoshio Miki, Takesada Mori, and Yusuke Nakamura. 

1992. “Somatic Mutations of the APC Gene in Colorectal Tumors: Mutation Cluster 

Region in the APC Gene.” Human Molecular Genetics 1 (4): 229–33. 

https://doi.org/10.1093/hmg/1.4.229. 

Murre, Cornelis, Gretchen Bain, Marc A. van Dijk, Isaac Engel, Beth A. Furnari, Mark E. 

Massari, James R. Matthews, Melanie W. Quong, Richard R. Rivera, and Maarten 

H. Stuiver. 1994. “Structure and Function of Helix-Loop-Helix Proteins.” 

Biochimica et Biophysica Acta (BBA) - Gene Structure and Expression 1218 (2): 

129–35. https://doi.org/10.1016/0167-4781(94)90001-9. 



 

 

74 

74 

Odom, Duncan T, Nora Zizlsperger, D Benjamin Gordon, George W Bell, Nicola J Rinaldi, 

Heather L Murray, Tom L Volkert, et al. 2004. “Control of Pancreas and Liver 

Gene Expression by HNF Transcription Factors.” Science 303 (5662): 1378 LP – 

1381. 

Ohkura, Naganari, Yuko Nagamura, and Toshihiko Tsukada. 2008. “Differential 

Transactivation by Orphan Nuclear Receptor NOR1 and Its Fusion Gene Product 

EWS/NOR1: Possible Involvement of Poly(ADP-Ribose) Polymerase I, PARP-1.” 

Journal of Cellular Biochemistry 105 (3): 785–800. 

https://doi.org/10.1002/jcb.21876. 

Ong, Shao-En, Blagoy Blagoev, Irina Kratchmarova, Dan Bach Kristensen, Hanno Steen, 

Akhilesh Pandey, and Matthias Mann. 2002. “Stable Isotope Labeling by Amino 

Acids in Cell Culture, SILAC, as a Simple and Accurate Approach to Expression 

Proteomics.” Molecular & Cellular Proteomics: MCP 1 (5): 376–86. 

Ou, Yi-Hung, Pei-Han Chung, Te-Ping Sun, and Sheau-Yann Shieh. 2005. “P53 C-

Terminal Phosphorylation by CHK1 and CHK2 Participates in the Regulation of 

DNA-Damage-Induced C-Terminal Acetylation.” Molecular Biology of the Cell 16 

(4): 1684–95. https://doi.org/10.1091/mbc.E04-08-0689. 

Parviz, Fereshteh, Christine Matullo, Wendy D Garrison, Laura Savatski, John W 

Adamson, Gang Ning, Klaus H Kaestner, Jennifer M Rossi, Kenneth S Zaret, and 

Stephen A Duncan. 2003a. “Hepatocyte Nuclear Factor 4α Controls the 

Development of a Hepatic Epithelium and Liver Morphogenesis.” Nature Genetics 

34 (3): 292–96. https://doi.org/10.1038/ng1175. 

Peltomäki, Päivi. 2001. “Deficient DNA Mismatch Repair: A Common Etiologic Factor for 

Colon Cancer.” Human Molecular Genetics 10 (7): 735–40. 



 

 

75 

75 

Philpott, Anna, and Douglas J Winton. 2014. “Lineage Selection and Plasticity in the 

Intestinal Crypt.” Current Opinion in Cell Biology, Cell cycle, differentiation and 

disease, 31 (December): 39–45. https://doi.org/10.1016/j.ceb.2014.07.002. 

Pino, Maria S., and Daniel C. Chung. 2010. “The Chromosomal Instability Pathway in 

Colon Cancer.” Gastroenterology 138 (6): 2059–72. 

https://doi.org/10.1053/j.gastro.2009.12.065. 

Poletto, Mattia, Lisa Lirussi, David M. Wilson, and Gianluca Tell. 2014. “Nucleophosmin 

Modulates Stability, Activity, and Nucleolar Accumulation of Base Excision Repair 

Proteins.” Molecular Biology of the Cell 25 (10): 1641–52. 

https://doi.org/10.1091/mbc.E13-12-0717. 

Qi Li, Wei, Kazuyuki Kawakami, Andrew Ruszkiewicz, Graeme Bennett, James Moore, 

and Barry Iacopetta. 2006. “BRAF Mutations Are Associated with Distinctive 

Clinical, Pathological and Molecular Features of Colorectal Cancer Independently 

of Microsatellite Instability Status.” Molecular Cancer 5 (January): 2. 

https://doi.org/10.1186/1476-4598-5-2. 

Reya, Tannishtha, and Hans Clevers. 2005. “Wnt Signalling in Stem Cells and Cancer.” 

Nature 434 (7035): 843–50. https://doi.org/10.1038/nature03319. 

Rogakou, Emmy P., Duane R. Pilch, Ann H. Orr, Vessela S. Ivanova, and William M. 

Bonner. 1998. “DNA Double-Stranded Breaks Induce Histone H2AX 

Phosphorylation on Serine 139.” Journal of Biological Chemistry 273 (10): 5858–

68. https://doi.org/10.1074/jbc.273.10.5858. 

Roux, Kyle J., Dae In Kim, Manfred Raida, and Brian Burke. 2012. “A Promiscuous Biotin 

Ligase Fusion Protein Identifies Proximal and Interacting Proteins in Mammalian 

Cells.” J Cell Biol 196 (6): 801–10. https://doi.org/10.1083/jcb.201112098. 



 

 

76 

76 

Rowan, A. J., H. Lamlum, M. Ilyas, J. Wheeler, J. Straub, A. Papadopoulou, D. Bicknell, 

W. F. Bodmer, and I. P. M. Tomlinson. 2000. “APC Mutations in Sporadic 

Colorectal Tumors: A  Mutational ‘Hotspot’ and Interdependence of the  ‘Two 

Hits.’” Proceedings of the National Academy of Sciences of the United States of 

America 97 (7): 3352–57. 

Schärer, Orlando D. 2013. “Nucleotide Excision Repair in Eukaryotes.” Cold Spring 

Harbor Perspectives in Biology 5 (10). 

https://doi.org/10.1101/cshperspect.a012609. 

Schwartz, Betty, Anna Algamas-Dimantov, Rachel Hertz, Jennifer Nataf, Ayelet Kerman, 

Irena Peri, and Jacob Bar-Tana. 2009. “Inhibition of Colorectal Cancer by Targeting 

Hepatocyte Nuclear Factor-4alpha.” International Journal of Cancer.Journal 

International Du Cancer 124 (5): 1081–1089. https://doi.org/10.1002/ijc.24041; 

10.1002/ijc.24041. 

Sladek, F M, W M Zhong, E Lai, and J E Darnell. 1990a. “Liver-Enriched Transcription 

Factor HNF-4 Is a Novel Member of the Steroid Hormone Receptor Superfamily.” 

Genes & Development 4 (12B): 2353–65. https://doi.org/10.1101/gad.4.12b.2353. 

Szklarczyk, Damian, Andrea Franceschini, Stefan Wyder, Kristoffer Forslund, Davide 

Heller, Jaime Huerta-Cepas, Milan Simonovic, et al. 2015. “STRING V10: Protein-

Protein Interaction Networks, Integrated over the Tree of Life.” Nucleic Acids 

Research 43 (Database issue): D447-52. https://doi.org/10.1093/nar/gku1003. 

Tanaka, T., S. Jiang, H. Hotta, K. Takano, H. Iwanari, K. Sumi, K. Daigo, et al. 2006a. 

“Dysregulated Expression of P1 and P2 Promoter-Driven Hepatocyte Nuclear 

Factor-4α in the Pathogenesis of Human Cancer.” Journal of Pathology 208 

(January): 662–72. https://doi.org/10.1002/path.1928. 



 

 

77 

77 

Teodoridis, Jens M., Catriona Hardie, and Robert Brown. 2008. “CpG Island Methylator 

Phenotype (CIMP) in Cancer: Causes and Implications.” Cancer Letters 268 (2): 

177–86. https://doi.org/10.1016/j.canlet.2008.03.022. 

Trinkle-Mulcahy, Laura, Séverine Boulon, Yun Wah Lam, Roby Urcia, François-Michel 

Boisvert, Franck Vandermoere, Nick A. Morrice, et al. 2008. “Identifying Specific 

Protein Interaction Partners Using Quantitative Mass Spectrometry and Bead 

Proteomes.” The Journal of Cell Biology 183 (2): 223–39. 

https://doi.org/10.1083/jcb.200805092. 

Verzi, Michael P, Hyunjin Shin, Adrianna K San Roman, X Shirley Liu, and Ramesh A 

Shivdasani. 2013. “Intestinal Master Transcription Factor CDX2 Controls 

Chromatin Access for Partner Transcription Factor Binding.” Molecular and 

Cellular Biology 33 (2): 281–292. https://doi.org/10.1128/MCB.01185-12; 

10.1128/MCB.01185-12. 

Vogelstein, Bert, David Lane, and Arnold J. Levine. 2000. “Surfing the P53 Network.” 

Special Features. Nature. November 16, 2000. https://doi.org/10.1038/35042675. 

Vuong, Linh M., Karthikeyani Chellappa, Joseph M. Dhahbi, Jonathan R. Deans, Bin Fang, 

Eugene Bolotin, Nina V. Titova, et al. 2015a. “Differential Effects of Hepatocyte 

Nuclear Factor 4α Isoforms on Tumor Growth and T-Cell Factor 4/AP-1 

Interactions in Human Colorectal Cancer Cells.” Molecular and Cellular Biology 35 

(20): 3471–90. https://doi.org/10.1128/MCB.00030-15. 

Wang, Minli, Weizhong Wu, Wenqi Wu, Bustanur Rosidi, Lihua Zhang, Huichen Wang, 

and George Iliakis. 2006. “PARP-1 and Ku Compete for Repair of DNA Double 

Strand Breaks by Distinct NHEJ Pathways.” Nucleic Acids Research 34 (21): 6170–

82. https://doi.org/10.1093/nar/gkl840. 



 

 

78 

78 

Yang, Meng, Sheng-Nan Li, Khalid M Anjum, Long-Xin Gui, Shan-Shan Zhu, Jun Liu, 

Jia-Kun Chen, et al. 2013. “A Double-Negative Feedback Loop between Wnt–β-

Catenin Signaling and HNF4α Regulates Epithelial–Mesenchymal Transition in 

Hepatocellular Carcinoma.” Journal of Cell Science 126 (24): 5692 LP – 5703. 

Zhang, Bing, Jing Wang, Xiaojing Wang, Jing Zhu, Qi Liu, Zhiao Shi, Matthew C. 

Chambers, et al. 2014. “Proteogenomic Characterization of Human Colon and 

Rectal Cancer.” Nature 513 (7518): 382–87. https://doi.org/10.1038/nature13438. 

 



 

 

9APPENDIX 

Table 1. Proteins enriched more than 1.5 times in P2-HNF4a-eGFP pull-down (293T) 

Protein Dot # Uniprot ID Enrichment Class 
     

HNF4A   P41235 19.53    Pulled-down 
   proteins GFP   Q9U6Y5 1.06 

     

USP7 6 H3BND8 6.02 

   DNA repair 

RAD50 7 Q92878 4.56 

PARP1 11 P09874 3.64 

SSRP1 15 Q08945 2.78 

PRKDC 29 E7EUY0 1.81 

NONO 50 Q15233 1.47 

SFPQ 51 P23246 1.45 
     

Histone H3 14 K7EMV3 2.65 

   Chromosome  
   and Chromatin 

Histone H1x 1 Q92522 7.05 

Histone H1.2 13 P16403 2.68 

Histone H4 18 P62805 2.04 

Histone H2B  19, 25 B4DR52, Q8N257 1.86 

Histone H2A 21 Q99878 1.80 
     

HOXC4 2 P09017 7.16 

   Transcription factor 

TP53 8 P04637 4.79 

RBBP4 43 Q09028 1.83 

NPM1 22 P06748 1.76 

SMARCA1 44 F6TQG2 1.68 

GTF2I 41 P78347 1.59 
     

SUPT16H 52 Q9Y5B9 2.45 

DNA replication MCM3 53 P25205 1.57 

MCM4 45 P33991 1.46 
     

KPNB1 9 Q14974 4.57 

   Transport 

NUP155 47 E9PF10 1.87 

NUP93 48 H3BVG0 1.65 

AAAS 46 H3BU82 1.60 

SLC25A3 38 F8VVM2 1.58 



 

 

80 

80 

SLC25A5 20 P05141 1.58 

VDAC2 30 P45880 1.56 

SLC25A20 54 C9JPE1 1.53 
     

RPL7A 10 Q5T8U3 4.50 

   Ribonucleoprotein 
NOP56 12 O00567 3.47 

RPL18 17 F8VYV2 2.14 

RPL12 37 P30050 1.52 
     

NOP2 4 P46087 7.19 

   Other 

IQGAP1 3 P46940 7.05 

DDX18 5 Q9NVP1 6.55 

LANCL1 24 O43813 2.28 

HSPA9 23 P38646 2.23 

DDX21 26 Q9NR30 1.88 

TUFM 28 P49411 1.78 

NHP2L1 34 B1AHD1 1.65 

POLDIP2 31 Q9Y2S7 1.63 

PDHB 42 F8WF02 1.63 

NCL 33 P19338 1.60 

VIM 27 P08670 1.58 

CPSF7 35 J3QT54 1.57 

GRPEL1 36 Q9HAV7 1.56 

SUB1 55 P53999 1.49 

CTBP2 56 Q5SQP8 1.48 

ALYREF 57 Q86V81 1.48 

IMPDH2 32 H0Y4R1 1.47 

CHERP 49 J3QK89 1.47 

MLEC 58 Q14165 1.46 

RPL30 39 E5RI99 1.46 

TUBA1B 59 P68363 1.45 

SMARCA4 40 Q9HBD4 1.45 

 

Table 2. Proteins enriched more than 2 times in P2-HNF4a-BirA 293T BioID assay 

Protein Fold enrichment in P2-BirA Mean spectral count 

ARID1A 39.00 111 

TRRAP 20.46 18 



 

 

81 

81 

ZNF629 20.28 17 

SPEN 17.84 50 

KMT2D 17.64 18 

RAD50 16.76 57 

NRIP1 16.13 17 

ARID1B 14.29 14 

SMARCC2 13.87 44 

SRCAP 13.82 12 

SMARCD1 13.55 13 

SMARCA4 12.91 42 

SMARCC1 12.65 29 

PBRM1 12.50 12 

KDM6A 12.40 11 

SMARCD2 11.83 12 

NUP160 11.48 12 

COPA 9.92 20 

CHD8 9.63 65 

ORC3 9.42 9 

DPF2 9.41 8 

QSER1 8.98 15 

HNF4A 8.85 176 

NCOA6 8.28 18 

ZZZ3 8.27 6 

XPO1 8.14 15 

AMOT 8.06 8 

CUX1 7.73 24 

SMARCE1 7.44 15 

ARID2 6.95 16 

YEATS2 6.85 22 

MSH2 6.67 15 

DIS3 6.60 7 

CSRP2BP 6.39 5 

IPO5 6.13 7 

RBPJ 6.04 5 

MBIP 5.98 4 

NUP85 5.87 5 

ARID3B 5.82 32 

MED14 5.77 5 

EP400 5.73 10 



 

 

82 

82 

OGT 5.43 22 

NCAPD2 5.38 5 

SBNO1 5.36 23 

BCOR 5.34 19 

KPNA3 5.27 8 

NR2C2 5.19 4 

NUP107 5.00 13 

ARID3A 4.96 14 

SMARCB1 4.95 11 

BCL7A 4.95 3 

RFC5 4.94 4 

EMSY 4.88 13 

GTF2I 4.86 30 

PAXIP1 4.85 6 

DACH1 4.61 8 

RAD54L2 4.46 13 

CTBP2 4.41 4 

KMT2C 4.35 4 

ACTL6A 4.29 11 

ORC5 4.21 3 

C17orf49 4.20 4 

SALL2 4.19 5 

LETMD1 4.17 3 

NCOR1 4.17 19 

MED17 4.15 3 

TRIM33 4.12 7 

EEF1A1P5 4.06 45 

SETD1A 4.04 5 

STAG2 4.01 5 

MCM3 3.97 6 

TLK2 3.94 3 

ANAPC7 3.92 4 

RFX1 3.92 4 

IMPDH2 3.88 3 

LIN9 3.87 3 

ELF2 3.81 10 

SMARCAD1 3.74 5 

NBN 3.68 8 

UHRF1 3.67 2 



 

 

83 

83 

RING1 3.66 4 

KPNA2 3.64 13 

UBE2I 3.57 4 

MTA2 3.56 24 

THAP11 3.56 3 

SATB2 3.49 3 

RAD21 3.39 4 

DMAP1 3.34 3 

KDM2B 3.32 3 

TP53 3.27 29 

MCTS1 3.27 5 

ZNF207 3.27 2 

MED16 3.21 2 

ZMYM4 3.19 5 

IPO7 3.16 7 

GLE1 3.15 2 

TMEM201 3.15 2 

GTF3C3 3.12 5 

IRF2BP1 3.12 6 

SMG5 3.12 6 

RBBP5 3.10 5 

LUC7L2 3.10 6 

PRPF6 3.07 5 

NUP62 3.06 6 

CDC27 3.05 5 

CCDC6 3.05 2 

PDLIM7 3.02 4 

IKBKAP 3.00 6 

PDLIM4 3.00 6 

RFC2 2.97 2 

TBL1X 2.93 7 

RPS27A 2.90 9 

FANCI 2.84 3 

NHP2L1 2.83 4 

TMEM33 2.82 5 

TMEM194A 2.82 2 

ARPC2 2.82 2 

TADA3 2.82 2 

PLCE1 2.82 2 



 

 

84 

84 

NCOA2 2.81 6 

SMC2 2.80 7 

ZNF8 2.80 8 

RANBP2 2.79 168 

N4BP1 2.79 4 

NUP155 2.77 5 

TAF4 2.77 3 

NCOA3 2.75 5 

IPO8 2.75 5 

TRAF7 2.75 5 

ARPC4 2.73 3 

PHF6 2.73 2 

SMG7 2.72 9 

TCF20 2.71 10 

TPR 2.69 110 

BRD7 2.69 2 

SIN3A 2.64 12 

BEND3 2.64 2 

PHF10 2.64 2 

MMTAG2 2.63 3 

NUP98 2.62 11 

TAF6 2.60 4 

GTF3C1 2.58 8 

GTF3C5 2.58 6 

ESRRA 2.58 2 

HCFC1 2.55 61 

RPL34 2.55 3 

RPL19 2.51 8 

RECQL 2.50 6 

ASH2L 2.50 3 

MTCH2 2.50 2 

RPS19 2.50 9 

ANAPC5 2.49 4 

ACAT1 2.48 3 

LIN54 2.48 5 

SMC1A 2.47 14 

HNRNPA3 2.47 11 

CREBBP 2.47 4 

SPATA22 2.47 4 



 

 

85 

85 

COPE 2.47 4 

PSMD11 2.45 8 

MRPS7 2.45 4 

RPRD1B 2.40 5 

SMC3 2.38 14 

TAF2 2.36 1 

MED20 2.36 1 

ORC4 2.36 1 

SNRPD3 2.34 4 

GTF3C2 2.34 1 

CISD2 2.34 1 

HIRA 2.34 1 

AAAS 2.34 1 

SMPD4 2.34 1 

BRD9 2.34 1 

INTS1 2.33 2 

MDN1 2.33 2 

HSP90AB2P 2.33 2 

KIF2A 2.33 2 

CLASP2 2.33 4 

ZNF362 2.32 2 

NCOA1 2.32 3 

MAZ 2.29 2 

RCOR1 2.27 7 

SUMO1 2.27 4 

DDX17 2.25 17 

MSH6 2.25 6 

MRE11A 2.23 67 

SRP9 2.23 2 

DHX15 2.22 21 

SMC4 2.22 6 

UBN2 2.22 1 

SALL1 2.21 1 

ELAVL1 2.20 9 

RAE1 2.20 8 

MRPL12 2.20 3 

NCOR2 2.20 6 

CMTR1 2.20 4 

ZBTB10 2.20 3 



 

 

86 

86 

DDX5 2.19 42 

ZMYM2 2.18 5 

RPS18 2.18 12 

PRKDC 2.17 69 

TBL1XR1 2.16 5 

ZNF644 2.15 2 

MED27 2.15 3 

MED4 2.15 3 

ARPIN 2.15 3 

BCL9 2.15 3 

MLIP 2.15 3 

PARP1 2.13 68 

RPL8 2.13 15 

TRIM24 2.13 6 

LUC7L3 2.12 3 

IRF2BP2 2.12 6 

RPL17 2.09 12 

COPB2 2.09 6 

PHGDH 2.08 14 

POGZ 2.08 5 

BAP1 2.08 4 

DHX30 2.08 6 

VDAC2 2.07 15 

SNRPD2 2.06 5 

SLC25A13 2.06 6 

RNF113A 2.04 3 

EWSR1 2.04 4 

NXF1 2.03 3 

DIS3L 2.03 3 

SRSF5 2.03 3 

SUMO2 2.03 2 

ILKAP 2.03 3 

SCML2 2.01 25 

RCC1 2.00 11 

PDIA6 1.98 3 

ABCA13 1.98 2 

ATXN1L 1.98 2 

FOXK1 1.98 2 

CXorf57 1.98 2 



 

 

87 

87 

MRPS9 1.98 2 

ELP2 1.98 2 

ELP3 1.98 2 

MRPS22 1.98 2 

HDAC1 1.97 19 

RNF20 1.96 8 

TTN 1.95 1 

RPS10 1.95 7 

 

Table 3. Proteins enriched more than 2 times in P2-HNF4a-BirA HCT116 BioID assay 

Protein Fold enrichment in P2-BirA Mean spectral count 

PLEC 10.0 10 

HNF4A 9.6 10 

NRIP1 7.3 7 

TRRAP 7.3 7 

ARID1A 6.7 7 

PBRM1 5.9 6 

DPF2 5.6 6 

SMARCC2 5.5 5 

MSH2 5.3 5 

SMC3 5.2 5 

MED12 5.1 5 

SMARCD2 5.0 5 

SSFA2 4.8 5 

MED14 4.7 5 

EEF1A1P5 4.7 5 

BAG2 4.5 5 

PPP1CA 3.8 4 

CTNNB1 3.8 4 

PRKDC 3.7 4 

ACTL6A 3.7 4 

MRPL12 3.6 4 

TAF5 3.6 4 

SMARCE1 3.6 4 

CPSF1 3.6 4 

MED17 3.6 4 

SMARCC1 3.5 4 

RUVBL2 3.5 4 

VPS72 3.5 3 



 

 

88 

88 

RBPJ 3.5 3 

OGT 3.4 3 

TRIM25 3.4 3 

RPL38 3.4 3 

AKAP8L 3.4 3 

ZNF629 3.4 3 

SMARCB1 3.3 3 

CTR9 3.3 3 

CAPZB 3.3 3 

PGAM5 3.2 3 

SMC1A 3.2 3 

ZZZ3 3.2 3 

KPNB1 3.2 3 

SETX 3.1 3 

CPSF2 3.1 3 

ORC3 3.1 3 

GTF2F2 3.1 3 

MED13 3.1 3 

ANAPC7 3.1 3 

BEND3 3.1 3 

ING3 3.1 3 

IRF2BPL 3.0 3 

KRT18 3.0 3 

MED4 3.0 3 

GTF3C2 3.0 3 

MED21 3.0 3 

RPL10A 3.0 3 

CDK1 3.0 3 

TCF7L2 2.9 3 

WDR82 2.9 3 

MYO1C 2.9 3 

TAF4 2.9 3 

NACC1 2.9 3 

NR2C2 2.9 3 

RB1 2.8 3 

ACSL5 2.8 3 

MED20 2.8 3 

STAG1 2.8 3 

EZR 2.8 3 



 

 

89 

89 

SYNE1 2.8 3 

GTF3C1 2.8 3 

MED27 2.8 3 

MED16 2.8 3 

SF3B5 2.8 3 

SMARCD1 2.8 3 

DYNLL2 2.7 3 

SRP9 2.7 3 

TAF2 2.7 3 

CSRP2BP 2.7 3 

MBTD1 2.7 3 

MED30 2.7 3 

GTF3C3 2.7 3 

KPNA1 2.7 3 

TAF6 2.7 3 

TBL1XR1 2.6 3 

NCOR2 2.6 3 

CTBP2 2.6 3 

RCOR1 2.6 3 

RING1 2.6 3 

TUBB3 2.6 3 

INTS1 2.6 3 

NUDT21 2.6 3 

BRD7 2.6 3 

SNRPD3 2.6 3 

MED13L 2.6 3 

RNF40 2.6 3 

MBIP 2.6 3 

SRCAP 2.5 3 

AHDC1 2.5 3 

TRIML2 2.5 3 

RFC5 2.5 3 

KDM6A 2.5 3 

CAMK2B 2.5 3 

LZTS2 2.5 3 

RPL30 2.5 2 

MCM7 2.5 2 

FLOT2 2.5 2 

ARID1B 2.5 2 



 

 

90 

90 

SNRPN 2.5 2 

SKIV2L2 2.4 2 

CPSF6 2.4 2 

FXR1 2.4 2 

MCCC2 2.4 2 

POLR3A 2.4 2 

RPL10 2.4 2 

CSNK2A1 2.4 2 

GTF2F1 2.4 2 

PML 2.4 2 

DIS3 2.4 2 

JUNB 2.4 2 

DDB1 2.4 2 

GRHL2 2.4 2 

ZNF827 2.4 2 

TADA2A 2.4 2 

CDK8 2.4 2 

L3MBTL2 2.4 2 

PRPF38A 2.4 2 

MED11 2.4 2 

DSTN 2.4 2 

ACTR3 2.4 2 

RPL7 2.4 2 

RCN2 2.4 2 

PRPF4 2.4 2 

KMT2D 2.4 2 

ROR1 2.3 2 

KPNA2 2.3 2 

DDX47 2.3 2 

EPC1 2.3 2 

RNF20 2.3 2 

ANAPC5 2.3 2 

CDK9 2.3 2 

PHF10 2.3 2 

CCAR1 2.3 2 

CCT3 2.3 2 

C14orf166 2.3 2 

NUP160 2.3 2 

MED31 2.3 2 



 

 

91 

91 

TUBB4B 2.3 2 

SLC25A1 2.3 2 

PRPF31 2.3 2 

MPRIP 2.3 2 

SLC25A11 2.3 2 

MAGI1 2.3 2 

CAMK2D 2.3 2 

MCM5 2.3 2 

AIF1L 2.3 2 

ITGB4 2.2 2 

MED24 2.2 2 

NCOA3 2.2 2 

L3MBTL3 2.2 2 

E2F3 2.2 2 

KAT2A 2.2 2 

YEATS4 2.2 2 

MYO1B 2.2 2 

NOP56 2.2 2 

JMJD1C 2.2 2 

KDM1A 2.1 2 

UBE2I 2.1 2 

SLC25A5 2.1 2 

DIMT1 2.1 2 

CPSF7 2.1 2 

BAP1 2.1 2 

HDAC1 2.1 2 

NUP85 2.1 2 

MYO5A 2.1 2 

MCM3 2.1 2 

RPS9 2.1 2 

MAGEB2 2.0 2 

EHMT2 2.0 2 

ORC5 2.0 2 

MED22 2.0 2 

WDR33 2.0 2 

KPNA3 2.0 2 

MED8 2.0 2 

DNTTIP1 2.0 2 

KAT5 2.0 2 
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NFAT5 2.0 2 

NR2F1 2.0 2 

TEAD1 2.0 2 

TTN 2.0 2 

ABLIM1 2.0 2 

RPL13A 2.0 2 

ARPC3 2.0 2 

RECQL 2.0 2 

RPL27 2.0 2 

NUP107 2.0 2 

PPP1R9A 2.0 2 

BCAS2 2.0 2 

PPP1R9B 2.0 2 

RPS10 2.0 2 

MYCBP2 2.0 2 

SYT7 2.0 2 

NT5E 2.0 2 

CAPZA1 2.0 2 

PKP3 2.0 2 

CAMK2G 2.0 2 

CPSF3 2.0 2 

MGA 2.0 2 

SETD1A 2.0 2 

KANSL1 2.0 2 

 

 


