
i 

 

 

 

 

 

 

Characterizing and Therapeutically Exploiting Chromosome Instability Induced by 

USP22 Deficiency in Colorectal Cancer 

 

by 

Lucile Marie-Paule Jeusset 

 

 

 

 

 

A thesis submitted to the Faculty of Graduate Studies of 

The University of Manitoba 

in partial fulfilment of the requirements of the degree of 

 

Doctor of Philosophy 

 

 

 

 

 

 

Department of Biochemistry and Medical Genetics 

University of Manitoba 

Winnipeg, Manitoba, Canada 

 

Copyright © 2021 by Lucile Marie-Paule Jeusset 



ii 

 

ABSTRACT 

Colorectal cancer (CRC) remains the second leading cause of cancer-associated deaths in 

Canada. To develop new treatments with enhanced efficacy, a greater understanding of the 

processes driving CRC pathogenesis is required. In this regard, chromosome instability (CIN) is 

an aberrant phenotype observed in ~ 85% of CRCs that is characterized by an increased rate of 

chromosome gains and losses. Although CIN contributes to CRC development and is associated 

with poorer outcomes, the genetic defects giving rise to CIN in tumors remain largely unknown. 

In mitosis, chromatin compaction is critical to ensure accurate chromosome segregation. 

Intriguingly, monoubiquitination of histone H2B (H2Bub1) impairs chromatin compaction in 

vitro, while H2Bub1 is rapidly depleted from chromosomes upon mitosis onset in vivo. This 

suggests that H2Bub1 removal in mitosis is required for accurate chromosome compaction and 

segregation. Accordingly, impaired H2Bub1 removal may disrupt mitotic fidelity and promote 

CIN. In interphase, USP22 is a major enzyme catalyzing H2Bub1 removal, which may also be 

responsible for H2Bub1 depletion in mitosis.  

In this thesis, quantitative imaging microscopy revealed that siRNA-based USP22 depletion 

impairs H2Bub1 removal and mitotic chromatin compaction in CRC cell line HCT116 and induces 

CIN in two karyotypically stable cell lines (Chapter 4). As USP22 is deleted in ~ 48% of CRCs, I 

employed CRISPR/Cas9 methods to generate homozygous and heterozygous USP22 knockout 

models in malignant and non-malignant colonic epithelial cell lines. Long term monitoring of these 

USP22-deficient models revealed dynamic CIN phenotypes relative to controls, which identifies 

reduced USP22 expression as a novel genetic determinant of CIN and indicates that USP22 

deletion may promote CRC pathogenesis (Chapter 5). To discover drug targets to selectively kill 

USP22-depleted cells, I employed the USP22-deficient models in a screen of 239 DNA damage 

response genes that identified 86 putative USP22 synthetic lethal interactors. Validation assays for 

two top candidates revealed that the clinically approved drug sorafenib preferentially targets 

USP22-deficient cells relative to controls (Chapter 6). Collectively, these findings provide novel 

insight into the molecular origins of CIN and represent a first step towards the development of 

therapeutic strategies that effectively kill USP22-deficient CRCs. 
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CHAPTER 1: INTRODUCTION 

 

1.1. THE BURDEN OF CANCER 

In 2020, over 19 million new cancer cases were diagnosed and more than 9.9 million individuals 

succumbed to the disease worldwide1. Cancer is currently the leading cause of death in the most 

developed countries, including Canada2. Within the course of the 21st century, cancer is expected 

to also become the leading cause of death in every other country, as developing nations experience 

declining mortality from other causes and increased exposure to cancer risk factors that are 

associated with higher socio-economic status2,3. In addition, population aging and growth are 

expected to contribute to a sustained increase in the number of cancer cases and deaths within the 

next two decades1. Globally, breast, lung and colorectal cancers are currently the most frequent 

diagnoses, while lung, colorectal and liver cancers are the leading causes of cancer deaths1.  

In Canada, 225,800 individuals were diagnosed with cancer and 83,300 patients died from the 

disease in 20204. While age-standardized cancer mortality rates have been gradually decreasing 

for both males and females since 1988, the numbers of cancer cases and deaths continue to increase 

every year because of population aging and growth5. Currently, approximately (~) half of 

Canadians are expected to develop cancer within their lifetime and one quarter of all Canadians 

are expected to succumb to the disease5. Cancer is a major burden for the Canadian society in 

many respects. In addition to the emotional and physical hardship for patients and their family, 

premature loss of life and clinical care incur a staggering financial cost. Medical care alone cost 

7.5 billion dollars in 2012, a figure that is expected to increase steadily with increasing cost of care 

and increased number of cases4,6. Accordingly, further research is required to better characterize 

the processes driving cancer pathogenesis and develop therapeutic strategies with increased 

efficacy, to ultimately improve cancer patient outcomes and reduce the burden of cancer. 

 

1.2. AN OVERVIEW OF COLORECTAL CANCER (CRC) 

CRC is the third most common cancer diagnosis for both males and females in Canada, totaling 

26,900 new diagnoses in 20204. The CRC age-standardized incidence rate remains higher in males 

than females but has been gradually decreasing for both since 2000. However, the total number of 

new cases continues to increase, primarily as a result of population growth and aging4,5. With 

regards to mortality, CRC is the second and third leading cause of cancer-associated deaths for 
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Canadian males and females, respectively, accounting for a total of 9,700 deaths in 20204. The 

age-standardized mortality rate has been decreasing since 1985 and the current 5-year survival rate 

is 64%4,7. However, this figure masks vast disparities in survival rates depending on disease stage 

at diagnosis (Section 1.2.5). 

 

1.2.1. CRC initiation and progression 

CRC can develop anywhere within the proximal colon (cecum, ascending or transverse colon), 

distal colon (descending or sigmoid colon) or rectum (Figure 1.1). Over 96% of CRCs are 

adenocarcinomas, which arise from the epithelial cells that line the lumen of the colon or rectum8. 

As such, the remainder of this thesis will focus on colorectal adenocarcinomas. 

 

 

 

Figure 1.1. Anatomy of the colon and rectum and comparison of left- versus right-sided 

CRCs. 

The last section of the small intestine (ileum) supplies its content to the cecum (orange), the first 

section of the colon. The proximal or right-sided colon is comprised of the cecum, ascending colon 

(yellow) and transverse colon (green). The distal or left-sided colon is composed of the descending 

colon (blue) and sigmoid colon (pink) and is followed by the rectum (red). The digestive tract is 

terminated by the anus. The prevalence of specific CRC molecular features varies between right 

and left-sided tumors (black bounding boxes; Section 1.2.2). MSI: microsatellite instability; CIMP: 

CpG island methylator phenotype. 
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The cell of origin for colorectal adenocarcinoma has not been precisely identified. It is generally 

accepted that a stem cell located at the bottom of a colonic crypt acquires initial genetic alterations 

associated with increased proliferation, enabling the colonization of the colonic crypt by the altered 

cells and the formation of a precursor lesion, called a polyp9,10. However, within patients, 

genetically altered polyps are often located at the top of a crypt that contains genetically and 

morphologically unaltered cells11. This raises the possibility that precursor lesions and CRC may 

arise from non-stem cell epithelial cells, including transit amplifying cells or dedifferentiated cells 

from the crypt apex (reviewed by Huels and Sansom12). While the precise nature of the cell of 

origin remains uncertain, it is established that initial genetic or epigenetic alterations conferring a 

proliferative advantage result in the formation of polyps. Polyps can progress towards CRC 

through the stepwise accumulation of genetic and epigenetic alterations that promote cellular 

transformation, over a long period of time13. Importantly, not all polyps ultimately evolve into 

malignant tumors, and polyps of distinct histological subtypes differ in their prevalence and 

malignant potential13,14. Adenomas and sessile serrated lesions are the two predominant precursor 

lesions that can give rise to CRC. Adenomas can progress through the adenoma to carcinoma 

sequence (Section 1.2.2), accounting for ~ 60% of CRCs15,16. It is estimated that progression from 

a small adenoma to an adenocarcinoma takes 10 to 15 years17. Sessile serrated lesions have recently 

been identified as another precursor of CRC and it is now estimated that they account for 15-30% 

of CRC cases, arising through the serrated neoplastic molecular pathway (Section 1.2.2)14,15,18. 

Eventually, CRC can progress towards metastatic disease, with liver and lungs being the most 

common metastatic sites19.  

 

1.2.2. Pathogenesis 

CRC is a heterogeneous disease encompassing multiple subtypes that differ in their 

pathogenesis, genetic features and clinical characteristics. Nonetheless, core signaling pathways, 

including Wingless-related Integration Site (WNT), Mitogen-Activated Protein Kinase (MAPK), 

Transforming Growth Factor β (TGFβ) and Tumor Protein 53 (TP53) pathways, are frequently 

altered in all distinct subtypes to drive CRC initiation and progression20. The canonical WNT 

pathway regulates nuclear levels of β-catenin to control cellular proliferation and death. This 

pathway is upregulated in virtually all CRCs, resulting in nuclear accumulation of β-catenin and 

transcription of WNT target genes that enhance cellular proliferation and inhibit cell death20,21. 
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The MAPK pathway is normally activated when extracellular ligands activate receptors such as 

Epidermal Growth Factor Receptor (EGFR), initiating a cascade of phosphorylation events that 

promote cellular proliferation. In CRC, oncogenic mutations within members of this pathway, 

including Kirsten Rat Sarcoma Viral Proto-Oncogene (KRAS) or B-Raf Proto-Oncogene, 

Serine/Threonine Kinase (BRAF), result in constitutive activation of the pathway and enhanced 

proliferation, independently of extracellular stimuli20,22. The TGFβ pathway controls cellular 

proliferation and differentiation and exerts a tumor suppressive function. In CRC, it is frequently 

downregulated through inactivating mutations or deletion of pathway members TGFβ Receptor 2 

(TGFBR2) and Mothers Against Decapentaplegic Homolog 4 (SMAD4), resulting in enhanced cell 

growth20,23. The TP53 pathway controls progression through the G2/M cell cycle checkpoint and 

regulates cellular response to DNA damage by promoting apoptotic cell death in the presence of 

excessive cellular damage. In CRC, the pathway is frequently inactivated through mutations and/or 

deletion of tumor suppressor TP5320. In addition to shared alterations within these critical 

pathways, genome instability is ubiquitous in all CRC subtypes. Genome instability is 

characterized by the accumulation of genetic alterations, including point mutations, copy number 

alterations, chromosomal changes or aberrant epigenetic modifications. Genome instability is an 

“enabling hallmark” of cancer that promotes the alteration of cancer-associated genes, including 

oncogenes and tumor suppressors within the aforementioned signaling pathways, thereby enabling 

the acquisition of additional cancer hallmarks that drive disease initiation and progression24. Three 

main forms of genome instability occur in CRC, namely the hypermutated phenotype, the CpG 

island methylator phenotype (CIMP) and chromosome instability (CIN). 

Approximately 16% of CRC are classified as hypermutated and harbor 1,000 to 10,000 non-

synonymous point mutations and short insertions or deletions (indels)20,25. The vast majority of 

hypermutated tumors arise from inactivation of the DNA mismatch repair pathway, which enables 

accumulation of point mutations and induces microsatellite instability (MSI), an aberrant 

phenotype characterized by the accumulation of contractions or expansion in repetitive 

microsatellite DNA sequences20. In sporadic CRC, MSI often results from hypermethylation and 

silencing of the DNA mismatch repair gene MutL Homolog 1 (MLH1)20, whereas in the familial 

cancer syndrome Lynch syndrome (Section 1.2.3), MSI is generally caused by missense/nonsense 

mutations within a DNA mismatch repair gene26. A small subset (~ 3%) of hypermutated CRCs 

are microsatellite stable and do not harbor any alterations of DNA mismatch repair genes but 
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instead exhibit deleterious mutations within the DNA Polymerase Epsilon, Catalytic subunit 

(POLE) gene. These mutations compromise the proof-reading ability of POLE during replication, 

resulting in the accumulation of numerous replication errors that confer a hypermutator 

phenotype20,27. Hypermutator and MSI phenotypes enable the accumulation of mutations in 

cancer-associated genes, which can promote the acquisition of cancer hallmarks and thus drive 

CRC initiation and progression28,29. For instance, mutations in the short microsatellite region of 

TGFBR2 are frequent in MSI tumors and impair the TGFβ pathway, resulting in enhanced cell 

proliferation and tumorigenenicity28,30. MSI tumors also produces neoantigens that facilitate 

recognition of the tumor by the immune system and underly susceptibility of this CRC subtype to 

immunotherapies (Section 1.2.6)31.  

CIMP is characterized by aberrant DNA hypermethylation within CpG islands, which can 

induce gene silencing and promote CRC progression32. As hypermethylation of the DNA 

mismatch repair gene MLH1 can induce MSI and is frequent in CIMP tumors, hypermutated CRC 

cases can exhibit both CIMP and MSI20. Emerging evidence indicates that CIMP may be an early 

event occurring in sessile serrated lesions that synergize with oncogenic BRAF alterations to drive 

the development of CRC through the serrated neoplastic pathway33,34. 

CIN is characterized by an increase in the rate at which whole chromosomes or large 

chromosomal fragments are lost or gained, resulting in karyotypically complex and heterogeneous 

tumors (Section 1.3)35-37. CIN is observed in up to 85% of CRCs20,38,39. MSI and CIN were initially 

thought to be mutually exclusive but emerging evidence indicates that both phenotypes can coexist 

in upwards of 12% of CRCs40-43. CIN is associated with the adenoma to carcinoma sequence giving 

rise to most CRCs15. This neoplastic pathway is characterized by aberrant activation of WNT 

signaling, most frequently as a result of deletion or inactivating mutations within the Adenomatosis 

Polyposis Coli Tumor Suppressor (APC) gene that negatively regulates WNT16,38,44. As small 

adenomas often harbor inactivated APC alleles, APC inactivation is thought to be an early 

pathogenic event critical for initiation of the neoplastic pathway45. Subsequently, oncogenic KRAS 

mutations, which are frequently observed in larger adenomas, promote aberrant activation of the 

MAPK pathway that enhances cellular proliferation. In addition, impaired TGFβ and TP53 

signaling, typically caused by inactivation of SMAD4 and TP53, respectively, promote progression 

towards carcinoma16,23,46,47. CIN is thought to occur early in this neoplastic pathway and to 
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promote the acquisition of the aforementioned driver alterations, thereby enabling cellular 

transformation and disease initiation and progression (Section 1.3).  

Distinct molecular and genetic features are unevenly distributed along the colon and rectum 

(Figure 1.1). For instance, while MSI is only observed in a minority of CRCs throughout the colon 

and rectum, it is more prevalent in right-sided cancers (cecum to transverse colon) than left-sided 

cancers (descending colon to rectum)48. CIMP and oncogenic BRAF mutations are also more 

frequent within right-sided than left-sided CRCs48. Accordingly, CRCs arising through the serrated 

neoplastic pathway are more frequent on the right side14, while the molecular features associated 

with the canonical adenoma to carcinoma sequence are most frequent within left-sided tumors38,48. 

Importantly, right-sided CRCs are associated with reduced survival and tumor sidedness impacts 

treatment response (Section 1.2.6)48. The differences between left- and right-sided tumors may be 

attributable in part to differences in embryological origin, as the epithelial lining from the cecum 

to the first two-thirds of the transverse colon originate from endoderm-derived midgut, while the 

epithelial lining from the last third of the transverse colon to the rectum arise from endoderm-

derived hindgut. In addition, composition of the microbiome, lumen content and physiological 

parameters (e.g. oxygen gradient, mucus production) vary across the colon and rectum, which may 

differentially impact pathogenesis of left- and right-sided CRCs49,50. 

 

1.2.3. Risk factors 

Genetic, behavioral and environmental risk factors influence an individual’s probability of 

developing CRC. Analysis of CRCs associated with a positive family history of CRC suggests that 

genetic factors may contribute to ~ 7-10% of all CRCs51. In particular, multiple familial cancer 

syndromes that collectively account for ~ 5% of all CRCs are associated with very high (45-100%) 

lifetime risk of developing CRC26. The most common of these familial syndromes is Lynch 

syndrome (or hereditary nonpolyposis CRC), an autosomal dominant disorder accounting for 2-

4% of all CRCs52. This syndrome confers a 45-75% lifetime risk of developing CRC, compared to 

5-7% lifetime probability for the general population7,26,52-55. In addition, affected individuals 

generally develop CRC at a younger age than the general population (mean age at diagnosis 45 

versus 69) and have an increased risk of developing extra-colonic cancers, including endometrial, 

ovarian and gastric cancers26,55. The syndrome is generally caused by germline inheritance of an 

inactivating mutation in one of four DNA mismatch repair genes, namely MLH1, MutS Homolog 
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2 (MSH2), Postmeiotic Segregation Increased 2 (PMS2) or MutS Homolog 6 (MSH6)26. In rare 

cases it is caused by a germline deletion of the terminal portion of a gene (Epithelial Cell Adhesion 

Molecule [EPCAM]) that neighbors MSH2, which disrupts MSH2 expression56. Subsequently, 

somatic genetic or epigenetic alterations can inactivate the second allele of the corresponding gene, 

resulting in inactivation of the DNA mismatch repair pathway, MSI and development of 

hypermutated CRC (Section 1.2.2). Specific family history-based criteria (e.g. Amsterdam criteria 

or Bethesda guidelines) are employed to identify and offer genetic testing to potential Lynch 

syndrome families57,58. In addition, affected individuals are offered enhanced screening (Section 

1.2.4) that is initiated at an earlier age (20-25 years) than the general population and involves 

frequent colonoscopies (every 1-2 years) to decrease CRC incidence and mortality26.  

Preexisting medical conditions can also increase the risk of developing CRC. Inflammatory 

bowel diseases can give rise to a subtype of CRC termed colitis-associated cancer59,60. The risk is 

best established for ulcerative colitis and increases with disease severity and duration, although 

the anti-inflammatory drugs that are often used to treat the disease may protect against CRC and 

reduce its incidence61-63. The molecular etiology underlying colitis-associated cancer is beginning 

to emerge and hinges on the pro-inflammatory pathways that are aberrantly upregulated in 

ulcerative colitis (e.g. Nuclear factor kappa-light-chain-enhancer of activated B cell [NF-κB] and 

interleukin 6 signaling) and regulate multiple processes associated with the hallmarks of 

cancer24,59,60. For instance, pro-inflammatory pathways can suppress apoptosis, promote 

angiogenesis, cellular proliferation and invasion and increase the formation of reactive oxygen 

species that drive the accumulation of genetic alterations59,60. The chronic misregulation of these 

processes can ultimately drive cellular transformation and promote initiation and progression of 

colitis-associated CRC. Type II diabetes and obesity, which affect 8% and 26% of Canadian adults 

respectively, are two other prominent risk factors associated with increased CRC incidence64-67. 

These metabolic diseases may promote CRC initiation through multiple processes. For instance, 

impaired insulin signaling induces metabolic stress and can increase levels of reactive oxygen 

species that drive the accumulation of mutations68,69, while obesity promotes a state of chronic 

inflammation and induces transcriptional and epigenetic changes within colonic epithelial cells 

that support disease initiation69-71. In addition, emerging evidence indicates that obesity impairs 

the functions of immune cells within the tumor micro-environment to promote disease 

progression72. 
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Multiple behavioral risk factors are associated with increased CRC incidence and/or mortality. 

Smokers, including both active and past smokers, have a 20% increased risk of developing CRC 

and this risk increases with both amount and duration of smoking73. Heavy alcohol drinking is 

associated with an increase in both CRC incidence and mortality74,75. Dietary factors also modulate 

the risk of developing CRC as excessive amounts of food can promote type II diabetes and obesity, 

while high consumption of a few specific foodstuffs, including processed and red meats, are 

associated with increased CRC incidence76.  

 

1.2.4. Diagnosis and screening 

CRC is generally asymptomatic until the disease reaches an advanced stage, when the presence 

of a large tumor can obstruct the bowel. Symptoms can then include cramping in the lower 

abdomen, changes in bowel habits and persistent constipation or diarrhea. In addition, bleeding 

from the tumor can produce enough blood to be visible within the stool77. As these symptoms are 

not exclusively associated with CRC, diagnosis requires an examination of the colon that is 

typically performed by colonoscopy78. If detected, small lesions (i.e. polyps or small 

adenocarcinomas) can be entirely removed by polypectomy during the colonoscopy79. For larger 

lesions, a biopsy is collected during the procedure for histopathological analyses that seek to 

ascertain the malignant nature of the tumor and establish a CRC diagnosis, in which case the biopsy 

can be further processed to assess molecular markers that help determine the best treatment course 

(Section 1.2.6)79,80.  

Since CRC is generally asymptomatic until advanced stages and advanced disease is associated 

with reduced survival (Section 1.2.5), screening programs have been implemented across all 

Canadian provinces and territories (except Nunavut) to identify CRCs at an earlier stage. Within 

these jurisdictions, all individuals aged 50 to 74 receive a fecal occult blood test (FOBT) kit 

enabling them to collect a stool sample and return it to the screening program for analysis81. 

Provinces and territories in Canada employ either a guaiac FOBT, which detects the rapid 

oxidation of guaiac paper into a blue-colored product in the presence of blood within the stool, or 

a fecal immunochemical test that detect hemoglobin using specific antibodies81,82. Both tests aim 

to detect small amounts of blood (i.e. not noticeable by the patients) in the stool that may indicate 

the presence of large polyps (e.g. advanced adenomas) or CRC. Thus, patients with a positive 

FOBT are referred for further colonoscopy-based screening to determine if such lesions are 
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present. If CRC is not observed but one or more polyps are present, patients may require additional 

follow-up colonoscopies at regular intervals. The specific interval for subsequent colonoscopies 

depend on the size, number and histopathology of the polyps detected during the initial 

examination83. Screening programs can decrease CRC incidence as polypectomies performed 

during colonoscopies can prevent adenomas from developing into CRCs84. Further, screening 

successfully increases the proportion of CRCs diagnosed at earlier stages and reduces mortality 

due to CRC by 11-15% within the eligible population84-86. Further reduction of CRC-specific 

mortality is observed with increased rate of participation of eligible individuals into the screening 

program84,86. For instance, a 25% decrease in CRC-specific mortality was observed within 

individuals that completed at least one FOBT during their eligibility period84. 

 

1.2.5. Staging and survival 

Once CRC is diagnosed, disease staging is critical to estimate a patient’s survival prognosis and 

select an appropriate treatment. For the purpose of determining the most appropriate clinical care, 

staging is performed according to the TNM standards (tumor, lymph node and metastasis), where 

each parameter is graded to describe disease progression87. For instance, T0 indicates absence of 

a tumor, while T1 to T3 describe malignant tumors that breached beyond the epithelial layer where 

they originated and are invading an increasing number of the tissue layers that make up the colon 

wall, from the submucosa (immediately below the epithelial layer) up to the subserosa. A T4 tumor 

has breached beyond the peritoneum and/or is invading other organs neighboring the colon. A 

tumor graded N0 has not invaded any regional lymph nodes (i.e. lymph nodes specifically located 

within close proximity of the primary tumor site), whereas tumors ranked N1 or N2 have invaded 

an increasing number of regional lymph nodes. Lastly, M0 indicates absence of distant metastasis 

while M1 indicates the presence of one or more distant metastases. For the purpose of assessing 

survival prognosis, the TNM stage is often assigned to one of four groups defined by the American 

Joint Committee on Cancer (AJCC; Table 1.1)88. Stage I is the earliest stage, where the tumor has 

only breached through the first few tissue layers of the colon (T1 or T2) and neither regional lymph 

node invasion nor distant metastasis are present. Stage II describes larger tumors (T3 or T4) 

without lymph node involvement and without metastasis. Stage III groups tumors of any size (T1 

to T4) that have invaded regional lymph nodes (N1 or N2) but do not present with distant 

metastasis. Stage IV comprises all CRCs that have progressed to metastatic stage. 
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Table 1.1. CRC survival rate and prevalence by stage at diagnosis.  

AJCC 

stage 
TNM staging 

5-year survival in 

Canada89,A 

Prevalence at diagnosis 

in Canada90,B 

I T1-2 N0 M0 91-94% 24% 

II T3-4 N0 M0 78-88% 24% 

III T1-4 N1-2 M0 70-71% 29% 

IV T1-4 N0-2 M1 12-13% 20% 
ARelative 5-year survival for patients diagnosed in Canada (excluding Quebec and territories) 

between 2010 and 2015. 
BPrevalence in the population aged 18 to 79 in Canada (excluding Quebec) from 2011 to 2015. 

Percentages do not add up to 100% as a small number of cases are classified as unknown stage at 

diagnosis. 

 

 

In Canada, less than half of CRCs are diagnosed at an early stage (I or II) when 5-year relative 

survival exceeds 78%89,90 (Table 1.1). Importantly, and despite the implementation of screening 

programs (Section 1.2.4), 20% of patients still present with metastatic disease at diagnosis, when 

5-year relative survival is less than 15%89,90. These figures underscore the importance of 

encouraging and facilitating participation in CRC screening programs to increase the proportion 

of cases diagnosed at earlier stages and decrease mortality. In addition, these numbers highlight 

the ongoing need for treatment strategies to improve the survival of patients diagnosed with 

advanced disease. 

 

1.2.6. Treatments 

The optimal course of treatment depends on disease stage, location and a patient’s performance 

status and preferences. For localized disease (i.e. non-metastatic), surgery is performed with 

curative intent and seeks to remove the entirety of the tumor and eventual cancerous lymph nodes. 

Complete tumor excision can be performed via endoscopy for small T1 tumors79, while larger 

tumors can be removed by minimally invasive surgery (i.e. laparoscopic surgery) or open surgery 

(i.e. laparotomy)91,92. If tumor excision requires removing a section of the colon or rectum, ideally, 

the healthy tissues can be reconnected to maintain a functional digestive tract. However, if this 

cannot be performed immediately, patients may require a temporary or permanent ostomy that 

connects the digestive tract to an external bag where waste is collected93. To increase the likelihood 

of removing all residual cancer cells and diminish the occurrence of disease relapse for high-risk 

stage II and for stage III tumors, more extensive surgical procedures that remove regional lymph 
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nodes in addition to the primary tumor are generally coupled with adjuvant chemotherapy94-96. 

Conventional 5-fluorouracil based chemotherapies are generally employed in this setting, such as 

FOLFOX, which is composed of folinic acid, 5-fluorouracil and oxaliplatin80,94,95. Folinic acid and 

5-fluorouracil target cancer cells by inhibiting the thymidylate synthase enzyme, thereby inhibiting 

DNA synthesis and repair, while oxaliplatin inhibit DNA replication and induce DNA damage by 

inducing the formation of DNA crosslinks97,98. For rectal cancer specifically, pre-operative 

radiotherapy or radiochemotherapy may be employed to reduce tumor size and decrease the risk 

of local reccurence99.  

For metastatic disease, treatment options depend on the number and localization of metastases. 

Limited metastatic deposits that are only present on the liver and/or lungs can sometimes be 

resected, in which case treatment involves surgical removal of the primary tumor and metastases, 

followed by adjuvant chemotherapy. This treatment strategy can be curative for a subset of patients 

and is associated with prolonged survival for others100. If the metastases are too extensive to be 

safely resected or if metastases are present in other sites, surgery can be employed to reduce 

symptoms (e.g. prevent colon obstruction) and systemic chemotherapy is employed to prolong 

survival80. While the specific chemotherapy regimen depends on a patient’s performance status, 

treatment history and clinical and molecular features of the tumor80, first line treatment generally 

involves a conventional chemotherapy regimen, such as FOLFOX or FOLFIRI (folinic acid and 

5-fluorouracil supplemented with irinotecan, a topoisomerase I inhibitor)80,101. Targeted therapy 

agents may be combined with the conventional chemotherapy depending on the clinical and 

molecular features of the tumor (Table 1.2). For instance, EGFR inhibitors cetuximab or 

panitumumab selectively prolong survival of patients with left-sided CRC and wild-type KRAS 

and Neuroblastoma RAS Viral Oncogene Homolog (NRAS) status, while immune checkpoint 

therapeutics such as nivolumab and pembrolizumab are employed to treat metastatic CRC with 

MSI80,102. Following acquisition of drug resistance and disease relapse, additional lines of 

chemotherapy can be employed to slow disease progression and prolong survival80. The multi-

kinase (e.g. Vascular Endothelial Growth Factor Receptor 1 [VEGFR1], BRAF, RAF Proto-

Oncogene Serine/Threonine-Protein Kinase [RAF1]) inhibitor regorafenib is generally reserved as 

a last line of systemic therapy80.  

 

  



12 

 

Table 1.2. Targeted therapies employed against metastatic CRC. 

DrugA Molecular target(s) Tumor featuresB 

Nivolumab or  

pembrolizumab 

Programmed cell death 1 (PD-

1) 

Only for tumors with DNA 

mismatch repair deficiency 

and/or high MSI 

Cetuximab* or  

panitumumab* 
EGFR 

Only for left-sided tumors with 

wild-type KRAS and NRAS 

Bevacizumab* 
Vascular endothelial growth 

factor A (VEGF-A) 
N/A 

Ramucirumab* VEGFR-2 N/A 

Ziv-aflibercept* 
VEGF-A and -B 

Placental growth factor (PGF) 
N/A 

Regorafenib 

VEGFR1, 2 and 3 

BRAF (wild-type and V600E) 

RAF1 

Platelet-derived growth factor 

receptor beta (PDGFRβ) 

Mast/stem cell growth factor 

receptor Kit (KIT) 

Proto-oncogene tyrosine protein 

kinase receptor Ret (RET) 

N/A 

ADrugs highlighted with * are generally employed in combination with the FOLFOX or FOLFIRI 

chemotherapy regimens. 
BCertain drugs are only employed against tumors that exhibit the indicated features. N/A not 

applicable. 

 

 

1.3. CIN PROMOTES CRC INITATION AND PROGRESSION 

CIN is a form of genomic instability characterized by an increased rate of gains and losses of 

whole chromosomes (i.e. numerical CIN) or an increased frequency of chromosomal 

rearrangements such as amplification, deletion, translocation or inversion of large chromosomal 

fragments (i.e. structural CIN; Figure 1.2A), which induces cell-to-cell genetic heterogeneity35. 

Numerical and structural CIN can occur independently but may also be driven by the same 

underlying molecular mechanisms (Section 1.4) and can therefore occur simultaneously103-106. CIN 

occurs in most cancer types, including lung, breast, colorectal and ovarian cancers36,39,107-111. 

Conceptually, gains and losses of chromosomes or large fragments thereof can alter the copy 

number and expression of key cancer-associated genes that reside on these chromosomes. For 
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instance, chromosome gains can induce gene amplifications that activate oncogenes, while 

chromosome losses can result in the deletion of tumor suppressor, apoptotic or DNA repair 

genes36,112,113. While recent evidence suggests that a few chromosomes may be preferentially mis-

segregated under specific experimental conditions promoting mitotic errors, CIN generally 

induces gains and losses of chromosomes that occur in a largely random fashion114,115. Thus, 

distinct tumor cells acquire different chromosome complements and CIN drives intra-tumor 

genetic heterogeneity. Increases in genetic heterogeneity provide a broad substrate for selection 

pressures to act on and promote the expansion of specific clones that have acquired proliferative 

advantages associated with hallmarks of cancer, such as sustained proliferative potential and 

ability to metastasize (Figure 1.2B)24,36,37,116-118. Critically, CIN is a dynamic phenotype that occurs 

throughout the course of the disease. Thus, CIN and selection pressures can synergize to enable 

tumor evolution and adaptation to changing conditions within the tumor environment, such as 

therapeutic interventions or invasion of a new organ37,113,118. Accordingly, CIN is an important 

driver of oncogenesis that promotes tumor initiation112,116,119-121, metastatic progression117,122, drug 

resistance113,123,124 and is associated with poor patient prognosis110,125-128.  
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Figure 1.2. CIN promotes genetic heterogeneity and disease progression. 

(A) Schematic depiction of the impact of numerical and structural CIN on chromosome 

complements. Nuclear features associated with these phenotypes that can be employed to detect 

CIN are also represented, namely changes in nuclear areas and micronucleus formation (Section 

1.4.3). (B) CIN promotes intra-tumor genetic heterogeneity that favors the emergence of clones 

harboring chromosomal alterations conferring growth or fitness advantages and cancer-associated 

properties. Selective pressures enable the expansion of these clones and cooperate with ongoing 

CIN to promote disease initiation and progression.  
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CIN occurs in 85% of CRCs and plays a prominent role in the initiation and progression of the 

adenoma to carcinoma sequence (Section 1.2.2)20,38,39. Multiple mouse models have demonstrated 

that within the APCMin/+ background (containing one mutated and one wild-type APC allele), 

induction of CIN induces loss of the remaining wild-type APC allele and duplication of the mutant 

gene (i.e. loss of heterozygosity) that greatly enhances the formation of colonic adenomas112,116,120. 

This indicates that CIN may synergize with APC alterations to promote tumor initiation. CIN may 

even represent the first pathogenic event, arising prior to APC and WNT pathway alterations, as 

induction of CIN alone in APC wild-type context can be sufficient to initiate the formation of 

adenomas (albeit at low frequency) and induce overactive WNT signaling116. The relevance of 

CIN for tumor initiation is supported by the frequent losses and gains of multiple chromosomal 

regions even in small adenomas (i.e. early precursor lesions)129. Beyond disease initiation, CIN 

may also contribute to CRC progression. In this regard, aneuploidy and whole chromosome or 

segmental copy number alterations, which often arise from CIN, are more frequent in carcinomas 

than adenomas and within metastases compared to primary CRC tumors130,131, suggesting that CIN 

persists throughout the course of the disease and may promote the emergence of new clones with 

metastatic properties. CIN can also promote treatment resistance, as intra-tumor genetic 

heterogeneity increases the probability that clones harboring alterations associated with drug 

resistance already exist within the tumor prior to treatment132. Moreover, CRC cell lines exhibiting 

CIN display increased resistance to many cancer drugs compared to chromosomally stable lines. 

Similarly, near-tetraploid CRC cell lines exhibiting CIN are more resistant to 5-fluorouracil, 

oxaliplatin and radiation compared to their diploid chromosomally stable isogenic counterparts133. 

Furthermore, aneuploid CRCs are associated with shorter progression-free survival following 

adjuvant chemotherapy than diploid cases123. Ultimately, CIN is associated with reduced overall 

survival for CRC patients diagnosed at stage II or III125,126. 

 

1.4. CHARACTERIZING THE MOLECULAR AND GENETIC DETERMINANTS OF 

CIN 

As CIN can promote cancer initiation and progression, numerous cellular processes normally 

cooperate to ensure chromosome stability and protect organisms from CIN. For instance, 

investigations in model organisms have identified genes that encode functions critical for the 

maintenance of chromosome stability in a myriad of biological pathways, including DNA damage 
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repair (DDR) and replication, mitotic chromosome segregation, RNA processing, nuclear 

transport, mitochondrial functions or cellular metabolism134. To date, the most established 

determinants of chromosome stability in humans include the DNA double strand break (DSB) 

repair pathways (Section 1.4.1) and the numerous processes ensuring mitotic fidelity (Section 

1.4.2), which are reviewed below.  

 

1.4.1. Effective DSB repair pathways protect cells from CIN 

Two main pathways are responsible for the majority of DSB repair, namely non-homologous 

end joining (NHEJ) and homologous recombination (HR; Figure 1.3). NHEJ repairs DSBs 

occurring in G1 while HR, which requires a sister chromatid as a template, is the main DSB repair 

pathway in S and G2 phases135. Briefly, NHEJ is initiated with the recruitment of the Ku70/Ku80 

dimer, followed by DNA ends processing steps that depend on the configuration of the break site. 

Ultimately, DNA ligation is completed by the complex composed of X-ray repair cross 

complementing 4 (XRCC4) and DNA Ligase IV. As the DNA end processing steps can introduce 

indels, NHEJ is considered an error prone pathway136. In contrast, HR-mediated repair relies on a 

homologous template (i.e. sister chromatid) and is generally error free135. HR is initiated by 

recruitment of the MRN complex composed of Meiotic recombination 11 homolog 1 (MRE11), 

RAD50 DSB repair protein (RAD50) and Nibrin/NBS1 (NBN), which performs short-range DNA 

end resection, while nucleases such as Exonuclease 1 (EXO1) subsequently perform long-range 

resection. RAD51 recombinase (RAD51) is recruited to the resulting single-stranded DNA 

overhangs by Breast cancer type 2 susceptibility protein (BRCA2) and Partner and localizer of 

BRCA2 (PALB2). Formation of the RAD51 nucleoprotein filament enables the search for the 

homologous template (i.e. sister chromatid) and invasion of the template strand, followed by DNA 

synthesis and ligation of the DNA ends.  
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Figure 1.3. NHEJ and HR are the two main DSB repair pathways. 

Schematic depiction of the mains steps in the NHEJ and HR pathways. NHEJ (left) is initiated 

with the recruitment of the Ku70/Ku80 dimer, followed by DNA ends processing steps that depend 

on the configuration of the break site and may involve various enzymes, including kinases (e.g. 

DNA-dependent protein kinase catalytic subunit [DNA-PKcs]), nucleases (e.g. Artemis) and 

polymerases (e.g. Polμ and Polλ). Subsequently, DNA ligation is completed by XRCC4/Ligase IV 

and stimulated by XRCC4-like factor (XLF). NHEJ may result in indels at the break site. Repair 

by the HR pathway (right) is initiated by recruitment of Carboxy-terminal binding protein 

interaction protein (CtIP) and the MRN complex that perform short-range DNA resection. 

Subsequently, long-range resection is executed by EXO1 or Bloom syndrome RecQ like Helicase 

(BLM) and DNA replication helicase/nuclease 2 (DNA2). The resulting single strand DNA 

overhangs are stabilized by the Replication protein A (RPA) complex until BRCA2/PALB2 recruit 

RAD51 to displaces RPA. The RAD51 nucleoprotein filament invades the region of the 

homologous template to enable template-based DNA synthesis. Ligation of the DNA ends 

completes the DNA repair process. Note that only a subset of repair proteins is shown as dozens 

of proteins have been identified to participate in DSB repair135. 
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Exogenous factors such as exposure to ionizing radiation and DNA damaging 

chemotherapeutics can promote the formation of DSBs. Importantly, DSBs also arise 

spontaneously, driven by endogenous factors such as reactive oxygens species produced by 

cellular metabolism or erroneous enzyme activity (e.g. topoisomerase failure)137. In vertebrate 

cells, as many as 50 DSBs may spontaneously arise per cell per cell cycle138. Accordingly, both 

NHEJ and HR are critical for the rapid repair of DSBs and the maintenance of chromosome 

stability. Conversely, misregulation of the DSB repair proteins promotes chromosomal 

rearrangements and structural CIN139-141. Germline mutations of DSB repair proteins such as BLM, 

MRE11 or BRCA2 are associated with distinct syndromes that all increase the probability of 

developing cancers142,143 and genomic alterations of genes encoding DSB repair proteins are also 

frequent in many sporadic cancers144,145.  

Proficient DNA break repair pathways are also critical to preserve chromosome stability in the 

presence of replication stress, which occurs when spatial and/or temporal dynamics of DNA 

replication are altered146. Replication stress can be caused by shortage or misregulation of 

replication factors that induce under- or over-activation of replication origins, or arise when 

replication forks encounter obstacles, such as DNA breaks or the transcription machinery, which 

can induce replication fork stalling or collapse146,147. Sustained replication stress can result in 

replication-associated DSBs that promote both structural and numerical CIN105. Importantly, 

increased replication stress is often observed in cancers and alterations of specific genes have been 

causally implicated with replication stress and ensuing CIN146,148,149. 

 

1.4.2. Highly coordinated processes ensure faithful chromosome segregation in mitosis 

The accurate execution of mitosis resulting in equal segregation of chromosomes within the 

daughter cells requires the cooperation of numerous processes, including mitotic spindle 

formation, kinetochore assembly and function, sister chromatid cohesion and mitotic chromatin 

compaction (Figure 1.4). These processes and their interactions are briefly summarized below. 
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Figure 1.4. Multiple processes cooperate to ensure mitotic fidelity. 

Schematic depiction (not to scale) of the pathways that maintain chromosome stability during 

mitosis, including mitotic spindle assembly, kinetochore microtubule attachment, sister chromatid 

cohesion and chromatin compaction. Details are provided in the text below. H3PhosS10: H3 

phosphorylation on serine 10; H4K20me1: H4 monomethylation on lysine 20; SAC: spindle 

assembly checkpoint. 

 

1.4.2.1. Assembly and function of the mitotic spindle 

Microtubules are polarized cytoskeletal filaments that determine cell shape and interact with 

motor proteins to control intercellular trafficking and form the mitotic spindle150. The centrosome 

is a microtubule organizing center containing a pair of centrioles and scaffolding proteins that 
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enable the anchorage of the microtubules minus-ends151. In interphase, the centrosome is 

duplicated but the two copies remain co-localized until the onset of mitosis151. The interpolar and 

astral microtubules (Figure 1.4) that emanate from centrosomes in mitosis interact with motor 

proteins to enable the migration of the two centrosomes towards opposite poles, control their 

localization and establish spindle polarity, while kinetochore-microtubules are directed towards 

kinetochores152. Microtubules are dynamic structures and multiple proteins control the rate of 

microtubule assembly and disassembly to promote correct kinetochore-microtubule attachment in 

metaphase and chromosome segregation in anaphase152-154. Ultimately, a “bundle” of 15 to 20 

microtubules binds to each kinetochore in humans155. Centrosome defects including structural or 

numerical aberrations (e.g. super-numerary centrosomes) have been observed in many cancer 

types and can promote chromosome segregation errors and CIN156. In addition, misregulation of 

motor proteins and microtubule dynamics disrupts the formation of the mitotic spindle and drives 

chromosome segregation errors that may contribute to cancer pathogenesis157-159. Interestingly, 

motor proteins and microtubule dynamics are also relevant therapeutic targets to induce cell cycle 

arrest and/or increase CIN levels beyond a threshold compatible with viability (Section 1.4.3) and 

induce cancer cell death160-163. In fact, multiple microtubule destabilizer and stabilizers (e.g. Taxol) 

are currently employed in the clinic to treat certain advanced cancers160,163. 

1.4.2.2. Kinetochore assembly and function 

The centromeric region of chromosomes is epigenetically marked by the presence of specific 

nucleosomal histone octamers that contain the histone H3 variant, centromeric protein A 

(CENPA). CENPA enables the recruitment of kinetochore proteins to the centromeric region and 

promotes kinetochore assembly and function164. The kinetochore is a large multi-subunit protein 

complex that binds to both the centromere and the plus-end of kinetochore-microtubules, thereby 

anchoring the chromosomes to the mitotic spindle165. Kinetochores unattached to the spindle also 

recruit attachment sensors that activate the spindle assembly (mitotic) checkpoint (SAC) to prevent 

anaphase onset until all chromosomes are attached to the mitotic spindle and sister chromatids are 

attached to opposite spindle poles (i.e. biorientation)166,167. Biorientation generates inter-

kinetochore tension as the two sister chromatids are simultaneously pulled towards opposite poles 

while cohesion keeps them attached to one another until anaphase (Figure 1.4; Section 1.4.2.3) 

Aberrant kinetochore microtubule attachments can occur (Figure 1.5), such as syntelic attachment 

(i.e. both sister chromatids are attached to the same spindle pole) or merotelic attachment (i.e. one 
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of the sister chromatids is attached to both spindle poles)154. These attachment errors reduce inter-

kinetochore tension and trigger the recruitment of tension sensors such as Budding Uninhibited by 

Benzimidazoles 1 Homolog (BUB1) to the kinetochores168-170. Tension sensing activates error 

correction mechanisms that destabilize aberrantly attached microtubules and reduce the frequency 

of aberrant attachments155,170-172. Importantly, the SAC is activated and anaphase onset is delayed 

by syntelic attachments but not merotelic attachments170,172. As merotelic attachments promote the 

formation of lagging chromosomes in anaphase and can ultimately drive chromosome segregation 

errors, correction of merotelic attachments before transitioning into anaphase is critical to ensure 

faithful chromosome segregation and may depend on the detection of subtle tension changes170. 

Misregulation of CENPA abundance or localization, kinetochore assembly and function, SAC 

activity, tension sensing or correction of microtubule attachment errors may all induce segregation 

errors and CIN and may contribute to oncogenesis173-175. For instance, BUB1 is frequently 

overexpressed in CRC and BUB1 overexpression in mouse models is associated with segregation 

errors, CIN and spontaneous tumor formation in multiple organs25,176,177.  
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Figure 1.5. Correct and aberrant kinetochore microtubule attachments in mitosis. 

Amphitelic attachment (green box) occurs when the two kinetochores are attached to opposite 

spindle poles, enabling chromosome biorientation in metaphase that satisfies the SAC. In contrast, 

merotelic, monotelic and syntelic attachments (red boxes) are all aberrant types of kinetochore 

microtubule attachments. Monotelic attachments occur when one kinetochore is not attached to 

the spindle, which is frequent in early mitosis and activates the SAC to prevent anaphase onset 

until corrected. Syntelic attachments occur when both sister chromatids are attached to the same 

spindle pole, which also activates the SAC until biorientation is achieved. Merotelic attachments 

occur when one of the kinetochores is attached to both spindle poles. This does not activate the 

SAC and can induce lagging chromosomes if left uncorrected before entry into anaphase.  

 

1.4.2.3. Regulation of sister chromatid cohesion 

Cohesin is a ring-shaped complex that encircles and holds together the sister chromatids 

following replication to prevent premature sister chromatid separation178. In prophase, Cohesin is 

removed from the chromosome arms but remains in the centromeric region until cleaved by the 

Anaphase promoting complex/cyclosome (APC/C). The APC/C is a large E3 ubiquitin ligase 

(Section 1.6.1) complex that promotes proteasomal degradation of key substrates (e.g. Cyclin B1, 
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Aurora Kinase A, Securin) to control progression through mitosis179. In metaphase, attachment 

and biorientation of all the chromosomes turns off the SAC, which releases the Cell Division Cycle 

20 (CDC20) protein, allowing it to interact with and activate APC/C. APC/C subsequently triggers 

the degradation of Securin, promoting the release of the protease Separase. In turn, Separase 

cleaves the Cohesin rings, triggering anaphase onset, separation of the sister chromatids and 

migration into daughter cells178. By maintaining the two sister chromatids together until anaphase, 

Cohesin ensures that they are pulled towards opposite poles of the mitotic spindle and correctly 

segregated178. Cohesion also generates a force that counteracts the pulling forces exerted by the 

mitotic spindle to produce inter-kinetochore tension178,180, which enables the detection and 

correction of aberrant kinetochore microtubule attachment and establishment of biorientation, as 

described above. Aberrant regulation of cohesion can induce premature separation of sister 

chromatids, chromosome segregation errors and extensive numerical CIN181,182. In cancers, the 

genes that encode subunits of the Cohesin ring or proteins responsible for loading the ring onto 

chromatin are frequently altered at the genomic level and reduced expression of these genes is 

associated with poorer patient outcomes in multiple cancer types181,182. 

1.4.2.4. Higher-order compaction of mitotic chromatin 

Chromatin compaction is spatially and temporally regulated throughout the cell cycle to 

regulate all DNA-dependent processes. The nucleosome unit represents the first level of chromatin 

compaction. The nucleosome is composed of 146 bp of DNA wrapped in a 1.7-turn spiral around 

a histone octamer comprised of two copies of each of the core histones, namely H2A, H2B, H3 

and H4183,184. In interphase, the three-dimensional organization of neighboring nucleosomes 

determines chromatin accessibility to modulate transcription, replication and DNA repair185,186. 

Local changes in the organization of nucleosomes and chromatin compaction levels are controlled 

by histone post-translational modifications (PTMs), Cohesin complexes and ATP-dependent 

chromatin remodelers (e.g. Switch Sucrose Non-Fermentable [SWI/SNF] complex)184,187. In 

mitosis, through a visually striking process, chromatin becomes two to three times as compact as 

in interphase188-192. Mitotic chromatin compaction promotes sister chromatid separation, whereas 

insufficient compaction enables sister chromatid entanglements to persist throughout mitosis. 

Entanglements induce congression (i.e. migration of the chromosomes during prometaphase 

towards the metaphase plate) and/or segregation (i.e. migration of the chromosomes towards 

opposite spindle poles in anaphase) defects that are most often associated with an increased rate 
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of chromatin bridges in anaphase, ultimately promoting numerical and/or structural CIN189,193-197. 

Compaction is also required to sufficiently shorten the chromosomes such that no segment of the 

segregated chromosomes remains stretched across the cleavage furrow, which would generate 

chromosome breakages during cytokinesis and promote structural CIN193,198. Lastly, chromatin 

compaction confers chromatids with sufficient rigidity to withstand and counterbalance the pulling 

forces exerted by the mitotic spindle to produce inter-kinetochore tension, which is critical for 

detection and correction of incorrect kinetochore-microtubules attachments to protect cells from 

numerical CIN, as discussed above (Section 1.4.2.2)170,180,199,200.  

The architecture of mitotic chromatin remains poorly understood184,201 but several molecular 

determinants of mitotic chromatin compaction have been identified, including Condensin 

complexes I and II, topoisomerase II189 and mitosis-specific dynamics of multiple histone PTMs 

(reviewed by Thompson and colleagues202; Figure 1.4). For instance, phosphorylation of histone 

H3 on serine 10 (H3PhosS10) increases dramatically during mitosis and disrupting H3PhosS10 

dynamics induces mitotic chromatin compaction defects and chromosome segregation errors203-

205. Similarly, H4 monomethylation on lysine (K) 20 (H4K20me1) increases specifically in mitosis 

and depletion of this PTM results in chromosome decompaction206. Deacetylation of H4 lysine 16, 

phosphorylation of histone H3 serine 28 and phosphorylation of histone H1 in mitosis may also 

contribute to higher-order chromatin compaction189,207,208. Although the processes controlling 

mitotic chromatin compaction remain under investigation, emerging evidence suggests that they 

may be frequently altered in cancers, which may promote CIN and oncogenesis209,210. For instance, 

the eight genes encoding the Condensin complexes I and II are frequently deleted in cancers, and 

reduced expression of these genes is associated with poorer prognosis in CRC210. 

 

1.4.3. Characterizing the genetic determinants of CIN in tumors to target cancer cells 

Disruption of the DSB repair pathways and processes governing mitotic fidelity can induce CIN 

in vitro and several components of these pathways are misregulated at the genomic, transcriptomic 

and/or protein level in tumors, as discussed above. Nonetheless, the causal relationship between 

these alterations and oncogenesis often remains unclear. Furthermore, comparison with model 

organisms such as Saccharomyces cerevisiae, where the genes whose misregulation induce CIN 

(i.e. CIN genes) have been systematically identified, suggests that up to 2,300 CIN genes may exist 

in humans134,148. Most of these human CIN genes remain to be identified and their impact on 
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tumorigenesis investigated to support the development of novel therapeutic strategies that 

effectively target CIN-positive cancers. Addressing this knowledge gap requires experimental 

approaches that can accurately determine the presence of CIN. As CIN is a dynamic phenotype 

characterized by ongoing changes in chromosome complements that induce cell-to-cell genetic 

heterogeneity, assessing CIN requires quantitative single-cell approaches to evaluate changes in 

chromosome complements over time and/or measure cell-to-cell heterogeneity in chromosome 

complements35,211. In this regard, nuclear area analysis and micronuclei quantification are two 

single-cell, high-throughput approaches employed to quantitatively assess CIN-associated 

phenotypes (Figure 1.2A)35,160,211,212. As nuclear area correlates with DNA content, changes in 

nuclear area are indicative of underlying large-scale changes in chromosome complements induced 

by CIN148,212. A micronucleus is an extra nuclear body containing whole missegregated 

chromosomes or large chromosomal fragments. DNA repair defects and structural CIN promote 

the formation of acentric chromosome fragments that are often missegregated in mitosis, giving 

rise to a micronucleus213. Micronuclei can also form following missegregation of whole 

chromosomes due to aberrant kinetochore microtubule attachments generally associated with 

numerical CIN213. Thus, increased micronucleus formation is also an established hallmark of 

CIN35,212. To complement these high-throughput approaches and directly quantify changes in 

chromosome complements, more labor-intensive cytogenetics methods can be employed, such as 

manual enumeration of chromosomes within mitotic chromosome spreads148,211,212. 

The deployment of quantitative approaches to assess CIN has revealed that distinct tumors 

exhibit different rates of CIN, which differentially impacts prognosis. For instance, in ovarian, 

gastric, non-small cell lung cancers and estrogen receptor negative breast cancers, intermediate 

CIN levels are associated with worse survival than extreme levels128,214,215. In addition, 

experimental models have determined that different rates of chromosomal alterations have a 

contrasted impact on cellular viability and tumorigenicity. While intermediate CIN levels 

maximize tumor heterogeneity and facilitate tumor evolution and progression, high/extreme levels 

of CIN that induce rapid and extensive changes in chromosome complements decrease cellular 

viability and can inhibit oncogenesis37,216-221. This observation suggests there may be a “CIN 

threshold” beyond which cancer cell viability decreases and suggests that therapeutic approaches 

exacerbating CIN beyond this threshold may enable the killing of cancer cells160,218,222. In support 

of this possibility, multiple CIN-inducing therapeutic strategies are currently employed or are 
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under various stages of clinical development160,163,222. However, emerging evidence indicates that 

the CIN threshold may be tissue- and cancer subtype-specific116,125,215. Further, in order to 

minimize undesirable side-effects such as secondary malignancies, an ideal therapeutic strategy 

should selectively increase CIN within cancer cells but not healthy tissues160,222. This could be 

achieved with a precision-medicine strategy such as synthetic lethality (Section 1.5) that 

selectively exploits the aberrant molecular origins of CIN within the targeted cancer cells. 

Accordingly, the development of such therapies requires a detailed understanding of the 

misregulated genes and pathways that give rise to CIN in cancers. 

 

1.5. LEVERAGING SYNTHETIC LETHALITY TO SELECTIVELY TARGET 

CANCERS 

Synthetic lethality is defined as the lethal combination of two independently viable mutations 

and the genes involved are called synthetic lethal (SL) interactors (Figure 1.6A). In contrast, 

synthetic sickness refers to a combination of mutations that reduces growth or cellular proliferation 

without inducing cell death. Calvin Bridges first described genetic interactions analogous to 

synthetic sickness and synthetic lethality in 1922 following manipulations of the chromosome 

complements of fruit flies223. The term “SL” interaction itself was coined by Theodosius 

Dobzhanzky in 1946 to describe the results of chromosome crossover experiments inducing 

lethality in fruit flies224. Subsequently, SL interactions were extensively investigated in another 

model organism, budding yeast S. cerevisiae, where the viability of nearly all pairwise gene 

knockouts was systematically compared to the viability of corresponding single knockouts225-231. 

These efforts revealed that SL interactions are rare and only occur between a small subset of all 

pairwise gene combinations, which is supported by emerging data in human cellular 

models228,232,233. Extensive mapping of SL interactions in model organisms also highlighted the 

main molecular mechanisms through which synthetic lethality may occur (Figure 1.6B)234. For 

instance, partial ablation of the function of two distinct proteins operating within the same essential 

pathway can combine to render the pathway nonfunctional, thereby inducing cell death. 

Alternatively, ablation of the function of two distinct pathways can also decrease cellular fitness 

when loss of function within the first pathway results in a dependency on the second pathway for 

survival. For example, alteration of mitotic microtubule dynamics can increase the rate of 

kinetochore microtubule attachment errors, requiring effective mechanisms to correct aberrant 
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attachments and avoid large-scale chromosome segregation errors. Accordingly, simultaneous 

alterations within the pathway that controls microtubule dynamics and the mechanisms that detect 

and correct aberrant kinetochore microtubule attachments can promote extreme CIN levels that 

compromise cell viability220. Lastly, alterations of two parallel pathways that contribute to the 

same essential function can also induce cell death. For instance, as the majority of DSBs are 

repaired either by NHEJ or HR, simultaneous ablation of both pathways can drive an accumulation 

of unrepaired DSBs leading to cell death. 

  



28 

 

 

Figure 1.6. Exploiting SL interactions to selectively target cancer cells. 

(A) Synthetic lethality is defined as a rare and lethal combination of two independently viable 

mutations. When either of the genes (i.e. GENE 1 or GENE 2) are independently mutated/deleted, 

cells remain viable; however, when both genes are mutated/deleted in the same cell, and cell death 

occurs, it is referred to as a SL interaction. (B) Schematic depiction of three distinct mechanisms 

underlying SL interactions. Circles represent proteins within a given pathway, with dashed outlines 

indicating partial (faded color) or complete (white background) ablation of protein function.  

i) Partial ablation of the function of two proteins within the same essential pathway renders the 

pathway nonfunctional and induces lethality; ii) Ablation of the function of one pathway (e.g. blue 

pathway) creates a dependency on a second pathway (pink) for survival. Thus, simultaneous 

ablation of both pathways leads to lethality; iii) Ablation of two parallel pathways that contribute 

to the same essential function renders the essential process nonfunctional and causes lethality. (C) 

In a cancer context, if GENE1 and GENE2 are SL interactors, the product of GENE2 can be 

therapeutically inhibited to induce the selective death of GENE1-deficient cancer cells, while 

leaving normal cells unharmed (or relatively unharmed).  

 

 

In 1997, Hartwell and colleagues235 first suggested that SL interactions could be exploited to 

develop novel cancer therapies. Conceptually, inhibiting a SL interactor of a gene that is frequently 
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deleted or mutated in cancer (e.g. tumor suppressor, apoptotic or DNA repair gene) would induce 

selective killing of cancer cells harboring the original gene alteration (Figure 1.6C). Importantly, 

many standard chemotherapeutics are non-specific and are associated with adverse side effects 

since they typically target both cancerous and non-cancerous dividing cells. In contrast, SL 

strategies selectively target cancer cells by exploiting genetic defects in key cancer genes, while 

leaving the normal healthy cells unaffected and minimizing adverse side effects. In addition, 

synthetic lethality opens new avenues for targeted therapies beyond the traditional paradigm of 

inhibiting the products of overexpressed/overactive oncogenes, as SL strategies can exploit and 

target the absence of a gene product (e.g. tumor suppressor gene) by inhibiting the SL partner 

instead.  

In 2005, the identification of SL interactions between Poly(ADP-Ribose) Polymerase 1 

(PARP1) and the HR genes BRCA1 or BRCA2 paved the way for the development of clinically 

relevant SL strategies139,236. PARP1 is a DNA damage sensor that binds to damaged DNA at single 

strand break sites to recruit DDR effectors. Importantly, PARP1 inhibition leads to persistent DNA 

lesions, including DSBs that require repair via the HR pathway139. Thus, it was hypothesized that 

PARP1 depletion or inhibition would induce an accumulation of unrepaired DSBs within BRCA1- 

or BRCA2-deficient cells that may compromise viability139. In agreement with this hypothesis, 

PARP1 silencing was found to induce the selective death of BRCA1- or BRCA2-deficient cells 

relative to BRCA1- and BRCA2-proficient cells139,236. Critically, PARP inhibitors were found to 

recapitulate the impact of PARP silencing and selectively target BRCA1- or BRCA2-deficient cells, 

thereby identifying an effective chemo-genetic interaction139,236. Following clinical trials, PARP 

inhibitor olaparib was first approved in 2015 as a monotherapy to treat advanced ovarian cancer 

in patients with a germline BRCA1 or BRCA2 mutation237. Further characterization of the 

molecular mechanism underlying the chemo-genetic interaction and additional clinical 

investigations have identified more patient groups that may also benefit from PARP 

inhibition238,239. Accordingly, multiple PARP inhibitors are now employed to treat ovarian, breast, 

prostate and pancreatic cancers, for patients with a germline BRCA1 or BRCA2 mutation or patients 

whose tumor exhibit somatic mutations of BRCA1, BRCA2 or in some cases other HR genes240-242. 

The successful deployment of PARP inhibitors into the clinic is inspiring extensive research 

efforts to identify additional SL interactions with therapeutic potential. Multiple methods can be 

employed to identify novel human SL interactions. For instance, cross-species approaches seek to 
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mine the extensive budding yeast datasets to identify promising interactions between 

evolutionarily conserved human orthologs, whereas statistical approaches employ large cancer 

patient genomic datasets such as The Cancer Genome Atlas (TCGA) to identify mutually exclusive 

mutations that may reveal SL interactors243. Hypothesis-driven approaches may also identify SL 

interactions. As described above, general principles have been identified regarding the 

mechanisms underlying SL interactions (Figure 1.6B). Accordingly, knowledge of a gene’s 

function may suggest specific pathways whose genes may be assessed for potential SL 

interactions. For instance, a gene that encode functions within the DSB repair pathways may have 

other DSB repair genes as SL partner if the simultaneous deletion of both genes abolishes DSB 

repair and drives a lethal accumulation of DNA damage. Since SL interactions are rare, screening 

approaches are generally employed to rapidly assess many candidate SL interactors identified 

through any of the aforementioned methods and select a small subset of putative interaction for 

further validation and characterization. Multiple quantitative screening methods are now being 

employed within human cellular models. For instance, dropout screens employing barcoded short 

hairpin RNA (shRNA) or clustered regularly interspersed short palindromic repeats 

(CRISPR)/CRISPR associated protein 9 (Cas9) synthetic guide RNA (sgRNA) libraries can 

support large-scale SL screens232,233,244,245, although generating and employing the barcoded 

libraries remains costly and labor intensive. In contrast, short interfering RNA (siRNA) based 

screens can be readily performed with commercially available reagents and have proven effective 

to identify novel SL interactions with therapeutic potential246-250. 

 

1.6. MISREGULATION OF H2B MONOUBIQUITINATION MAY COMPROMISE 

CHROMOSOME STABILITY 

Characterizing novel molecular mechanisms underlying CIN may reveal novel genetic 

determinants of CIN in tumors and provide insight into the impact CIN has on oncogenesis. 

Further, it may reveal novel drug targets to selectively kill aggressive CIN-positive tumors. In this 

thesis, I explore the relationship between CIN and the regulation of histone H2B 

monoubiquitination on lysine 120 (H2Bub1) by the deubiquitinating enzyme Ubiquitin-specific 

peptidase 22 (USP22). 
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1.6.1. Ubiquitination is a multi-functional PTM 

Ubiquitin is a 76-amino acid residue polypeptide (8.5 kilodaltons [kDa]) composed of a 

globular domain and a flexible six amino acid carboxy-terminal tail ending with a glycine residue. 

Ubiquitination is the formation of an isopeptide bond between this terminal glycine and the ε-

amino group of a lysine residue within a target protein251,252. Ubiquitination is catalyzed by the 

sequential action of three enzymes (Figure 1.7). First, ubiquitin is loaded onto a ubiquitin-

activating enzyme (E1) in an ATP-dependent reaction, before being transferred to a ubiquitin-

conjugating enzyme (E2). Finally, ubiquitin is transferred from the E2 to the target lysine residue 

by a ubiquitin ligase (E3)251,253. While the human genome only encodes two E1 and ~ 40 E2 

enzymes, hundreds of E3 enzymes have been identified and E3 ligases are primarily responsible 

for substrate specificity251,254. Target proteins may be monoubiquitinated or polyubiquitinated. 

Polyubiquitin chains are comprised of two to ten ubiquitin molecules covalently linked to one 

another via one of the seven lysine residues contained in the ubiquitin (K6, 11, 27, 29, 33, 48 and 

63) or its amino-terminal methionine252. The topology of the ubiquitin chain determines the impact 

of the PTM on the target protein. For instance, monoubiquitin and K63-linked polyubiquitin chains 

typically modulate protein function, localization, or interaction with DNA and/or other proteins252. 

In contrast, K48-linked polyubiquitin chains generally modulate protein abundance by targeting 

proteins for proteasomal degradation via the 26S proteasome252. The impact of more complex 

ubiquitin chains that are branched or contain multiple distinct linkage types is only beginning to 

emerge255,256.  

 

 



32 

 

 

Figure 1.7. Ubiquitin is a dynamic PTM. 

Schematic presenting the enzymatic machinery catalyzing the addition and removal of 

ubiquitination. Ubiquitination requires a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating 

enzyme (E2), and a ubiquitin ligase (E3). Ubiquitin (Ub) is removed from target proteins by a 

deubiquitinating enzyme (DUB). For illustrative purposes, H2Bub1 is used as an example and the 

main enzymes catalyzing H2Bub1 addition or removal are indicated in brackets. UBA1: Ubiquitin 

like modifier activating enzyme 1; RNF20/RNF40: Really interesting new gene finger protein 

20/40. 

 

 

Monoubiquitination and polyubiquitination are reversible PTMs that can be removed by 

deubiquitinating enzymes (DUBs; Figure 1.7). Thus, the opposing activities of E3 enzymes and 

DUBs enable a dynamic regulation of target protein ubiquitination and function. In humans, ~ 100 

DUBs have been identified with distinct substrate specificity257. For instance, certain DUBs 

selectively target specific types of ubiquitin chains, irrespective of the target protein that is 

ubiquitinated, whereas others exhibit substrate specificity towards a given target protein and can 

cleave any type of monoubiquitin or polyubiquitin chain257. Additionally, a subset of DUBs, 

including USP22, function within large protein complexes that control their activity and substrate 

specificity (Section 1.6.3)257.  
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1.6.2. H2Bub1 is a dynamic PTM that modulates chromatin compaction 

The core histones H2A, H2B, H3 and H4 are each composed of a flexible amino-terminal 

domain (i.e. histone tails), followed by a globular domain and a shorter carboxy-terminal 

region187,258. While the globular domains of the eight histones (i.e. two copies of each) assemble 

to form the core nucleosome particle, the histone tails and the H2A and H2B C-terminal regions 

extend outwards away from the globular domains. Each region of the histones can be subjected to 

multiple PTMs such as phosphorylation, methylation (mono-, di- or tri-methylation), acetylation 

or ubiquitination, which modulate histone-histone and histone-DNA interactions or enable the 

recruitment of additional proteins187,258. Thus, histone PTMs regulate a diverse array of biological 

processes including nucleosome stability, histone eviction or incorporation of histone variants, 

chromatin accessibility and crosstalk between distinct histone PTMs187,259. 

Histone H2B may be monoubiquitinated on multiple residues, including K34 and K120. While 

the function and regulation of K34 monoubiquitination is only beginning to emerge260, 

monoubiquitination of K120 (H2Bub1) is known to regulate transcription187,261-266, DNA repair267-

269 and chromatin compaction270-272. H2Bub1 abundance is dynamically regulated by the opposing 

activities of the E3 complex Really interesting new gene finger protein 20/40 (RNF20/RNF40) 

and at least eleven DUBs, including USP22260. The association between H2Bub1 and transcription 

was first reported three decades ago261 and the nature of this relationship has since been refined. 

H2Bub1 is enriched within the body of actively transcribed genes and promotes transcription 

elongation by facilitating progression of RNA polymerase II through the nucleosome barrier, 

presumably by cooperating with the Facilitates chromatin transcription (FACT) complex to enable 

eviction of the H2A/H2B dimer187,262,263. Intriguingly, removal of H2Bub1 from the body of 

transcribed gene is also required to stimulate RNA polymerase II activity and enhance gene 

transcription. In this context, H2Bub1 removal is mediated by the USP22-containing Spt-Aga-

Gcn5 acetyltransferase (SAGA) complex (Section 1.6.3)264-266. H2Bub1 also regulates 

transcription via histone crosstalk, as H2Bub1 promotes the methylation of H3 K4 and K79, two 

PTMs that also modulate transcription259,273,274. With respect to DDR, dynamic regulation of 

H2Bub1 is implicated in both major DSB repair pathways. Increases in H2Bub1 levels are 

observed following DSBs and required for efficient repair via NHEJ and HR267,268. H2Bub1 is also 

required for effective recruitment of NHEJ or HR effectors, such as XRCC4 and Ku80 or BRCA2 

and RAD51, respectively267,268. Remarkably, as in the regulation of transcription, eukaryotic 
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models and recent human findings suggest that both the addition and removal of H2Bub1 promote 

optimal DSB repair, as USP22-mediated H2Bub1 removal may be required for both NHEJ and 

HR269,275-277. 

Beyond its roles in the regulation of transcription and DDR, in vitro experiments indicate that 

H2Bub1 may directly regulate chromatin compaction. Pioneering biophysical assays revealed that 

the presence of H2Bub1 decreases nucleosome compaction, increases the distance between 

successive nucleosomes and reduces interactions between adjacent chromatin fibers270,272. As 

monoubiquitination is a relatively bulky PTM (8.5 kDa) relative to the size of H2B (14 kDa), 

H2Bub1 may be expected to disrupt nucleosome compaction via steric hindrance. However, 

complementary experiment with a ubiquitin-like protein, which shares the structure of ubiquitin 

but presents difference surface residues, suggested that steric hindrance is insufficient to explain 

the impact of H2Bub1 on nucleosome organization270. Instead, subsequent experiments identified 

specific ubiquitin residues (glutamic acid 16 and 18) involved in electrostatic interactions with 

neighboring histones and nearby ubiquitin molecules, which are responsible for the impact of 

H2Bub1 on nucleosome compaction (Figure 1.8)271. It is hypothesized that H2Bub1 modulates 

transcription and DSB repair at least in part by modulating local chromatin accessibility and 

opening up chromatin to facilitate the recruitment of additional factors, such as DSB repair 

effectors and H3 K79 methylating enzyme Disruptor of telomeric silencing 1 like histone methyl 

transferase (DOT1L)259,267. 
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Figure 1.8. H2Bub1 promotes chromatin decompaction. 

(A) Schematic representation of compacted chromatin in the absence of H2Bub1 (red circles), 

exhibiting short distances between successive nucleosome and adjacent chromatin fibers. (B) 

Schematic depiction of the impact of H2Bub1 on chromatin compaction. Electrostatic interactions 

(red waves) between the ubiquitin molecule (Ub) and adjacent nucleosomes and other ubiquitin 

molecules promote chromatin decompaction, with increased inter-nucleosome distance and 

reduced inter-fiber interactions. 

 

In interphase, H2Bub1 abundance is locally regulated during transcription or DSB repair. 

Critically, H2Bub1 also exhibit striking dynamics throughout the cell cycle. Global H2Bub1 

abundance is maximal in interphase, whereas upon entry into mitosis (i.e. prophase) H2Bub1 

abundance is rapidly depleted and remains below the level of detection from prometaphase until 

cytokinesis/early G1 when levels begin to increase278. This mitosis-specific regulation is 

reminiscent of other histone PTMs that exhibit rapid changes in global abundance during mitosis, 

such as H3PhosS10 or H4K20me1 (Section 1.4.2.4). Importantly, the accurate regulation of 

H3PhosS10 or H4K20me1 in mitosis is critical for higher-order chromatin compaction and 

accurate chromosome segregation203-206. Similarly, the dramatic changes in H2Bub1 abundance 

upon mitotic entry suggest that rapid H2Bub1 depletion may be critical for mitotic fidelity and 

accurate chromosome segregation. As discussed above, H2Bub1 decreases chromatin compaction 

in vitro whereas higher-order chromatin compaction is a major determinant of mitotic fidelity in 

vivo. Accordingly, the rapid removal of H2Bub1 may be required to achieve sufficient chromatin 

compaction levels and ensure faithful segregation of chromosomes. Within this framework, 

misregulation or aberrant expression of DUBs such as USP22 are expected to disrupt H2Bub1 
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removal, chromatin compaction and chromosome segregation, resulting in segregation errors and 

CIN.  

 

1.6.3. USP22 is a major H2Bub1 DUB 

USP22 maps to chromosome 17p11.2 and contains 13 exons encoding a 1,578 nucleotide-long 

mRNA that produces a 525 amino acid (60 kDa) protein279,280. USP22 belongs to the ubiquitin 

specific peptidase (USP) subfamily of DUBs and harbors two main domains (Figure 1.9A), namely 

a N-terminal zinc-finger motif (residues 61-121) and the catalytically active C-terminal ubiquitin 

hydrolase domain (residues 176-520)281,282. The ubiquitin hydrolysis activity of USP22 is 

catalyzed by two evolutionary conserved residues, cysteine 185 and histidine 479282-284. To 

catalyze H2Bub1 removal, USP22 is integrated within the deubiquitinating module (DUBm) of 

the SAGA complex (Figure 1.9B)285,286. SAGA is a large multi-module complex that exhibits two 

distinct catalytic activities, acetylation and deubiquitination. Its histone acyltransferase module is 

responsible for H3 K9 and K56 acetylation while the DUBm catalyzes H2Bub1 removal287,288. In 

addition to USP22, the DUBm is composed of Enhancer of yellow 2 transcription and export 

complex 2 subunit (ENY2), Ataxin 7 (ATXN7) and Ataxin 7 like 3 (ATXN7L3)285,289. Structural 

studies conducted with the functional ortholog of the DUBm in S. cerevisiae reveal that the module 

is organized into two lobes, the assembly lobe and the catalytic lobe. Importantly, interactions 

between the DUBm components maintain the S. cerevisiae USP22 ortholog Ubp8 in an active 

conformation283,290. Moreover, targeting of the Ubp8 deubiquitinating activity towards H2Bub1 is 

mediated by interactions between the H2A/H2B acidic patch on the nucleosome surface and 

specific residues within ATXN7L3 ortholog Sgf11 and, to a lesser extent, with Ubp8290. As USP22 

and Ubp8 lack conserved residues that typically mediate ubiquitin binding in other structurally 

related DUBs283, these findings underscore the importance of the SAGA DUBm to activate and 

recruit USP22 to specific target substrates. While in vitro assays suggest that USP22 is most active 

against H2Bub1 rather than K48-linked polyubiquitin chains290, several other USP22 substrates 

have been identified in human cellular models, including H2A monoubiquitination on K119 

(H2Aub1), the telomere maintenance protein Telomeric repeat binding factor 1 (TRF1), DNA 

damage repair proteins such as PALB2, protein deacetylase Sirtuin 1 (SIRT1) and transcriptional 

regulators such as the androgen receptor276,291-297. Importantly, with the exception of H2Bub1 and 

SIRT1, the other USP22 targets have generally only been validated in one or two cell lines, most 
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frequently cancer cell lines. Therefore, unfortunately, the relevance of these potential USP22 

substrates in other tissues and cellular contexts is unclear and H2Bub1 remains the best established 

USP22 substrate. 

 

 

Figure 1.9. USP22 is a component of the SAGA complex. 

(A) Schematic depiction of the protein domains within USP22. Arrows indicate the starting 

positions (amino acid residues) of the protein and its domains. Stars identify the position of the 

two key evolutionarily conserved catalytic residues, Cysteine 185 (Cys185) and Histidine 479 

(His479). (B) SAGA is a multi-module protein complex with two catalytically active modules: the 

histone acetyl transferase (HAT) module and the deubiquitinase module (DUBm). The DUBm 

assembly lobe is formed by ENY2 and the USP22 N-terminal zinc-finger motif (green hexagon) 

structured around the N-terminal helix of ATXN7L3 (purple rectangle), while ATXN7 anchors 

the DUBm to the rest of SAGA. The catalytic lobe is comprised of the C-terminal ubiquitin 

hydrolase domain of USP22 (green circle) and the N-terminal zinc-finger domain of ATNX7L3 

(purple hexagon). TBP: TATA-binding protein. 

 

In humans, at least eleven DUBs have been identified that regulate H2Bub1 levels in cellular 

models, including USP3, USP11, USP12, USP22, USP36, USP42, USP43, USP44, USP49, 

USP51 and USP 27 X-linked (USP27X)286,289,298-305. While this suggests there may be substantial 

functional redundancy between these enzymes, available evidence suggests that these DUBs 

participate in largely distinct processes. For instance, USP11 associates with the Nucleosome 

remodeling deacetylase (NuRD) complex to regulate H2Bub1 in response to DSBs305, USP49 
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regulates H2Bub1 levels to modulate mRNA splicing302, while USP3 regulates H2Bub1 in 

response to replication stress and in this context, H2A monoubiquitination appears to be its main 

target rather than H2Bub1298,305. With regards to transcription regulation, three DUBs have been 

identified as transcriptional repressors. USP36 regulates H2Bub1 levels within the gene body of 

p21 to repress its transcription300, while USP43 and USP44 deplete H2Bub1 and repress 

transcription at the loci of NuRD and Nuclear receptor co-repressor (N-CoR) complexes target 

genes, respectively301,303. In contrast, USP42 modulates H2Bub1 within the promoter region of 

target genes and acts as a transcriptional activator304. USP22, USP27X and USP51 can regulate 

global H2Bub1 abundance in interphase but only exhibit partial redundancy in the context of 

transcription regulation as they regulate largely distinct gene sets299. Importantly, with the 

exception of USP22, the function of the other DUBs has only been investigated in one or two cell 

lines. As transcriptomic, proteomic and immunohistochemistry (IHC) analyses suggest that these 

DUBs exhibit widely different levels of expression and some exhibit tissue specificity306, it 

remains to be determined whether the various functions described above are ubiquitous or cell 

type-specific. In contrast, USP22 is ubiquitously expressed and its impact on H2Bub1 has been 

confirmed in multiple distinct human and mouse cellular models275,286,293,299,307,308. Emerging 

protein data also indicates that USP22 is one of the most highly expressed human DUBs306,309. 

Lastly, USP22 is an evolutionary conserved H2Bub1 DUB, from S. cerevisiae (Ubp8) to 

Drosophila melanogaster (Nonstop), mouse (Usp22) and human269,310-312. Collectively, these data 

indicate that USP22 is the predominant H2Bub1 DUB in interphase and may also be the main 

DUB responsible for the rapid removal of H2Bub1 upon mitosis onset. 
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CHAPTER 2: RATIONALE, HYPOTHESES AND RESEARCH AIMS 

 

2.1. RATIONALE 

CRC is the second leading cause of cancer-associated deaths in Canada4. Despite the 

deployment of screening programs across the country, 20% of patients still present with metastatic 

disease at diagnosis, which remains associated with dismal survival odds89,90. Accordingly, the 

development of improved treatments is imperative to benefit patients with advanced disease. This 

endeavor mandates a greater understanding of the processes that drive CRC initiation and 

progression. In this regard, CIN is an aberrant phenotype characterized by an increased rate of gain 

and losses of chromosomes, which is observed in ~ 85% CRCs35,313. Although CIN contributes to 

CRC initiation, progression, treatment resistance and is associated with poorer patient outcomes, 

the specific genetic alterations that give rise to CIN in tumors remain largely 

unknown112,116,120,123,125,126,131,148. This study seeks to provide novel insight into the molecular and 

genetic determinants of CIN to support the development of novel therapeutic strategies with 

enhanced efficacy. 

In mitosis, higher-order chromatin compaction is one of the critical processes that ensure 

accurate segregation of chromosomes into daughter cells and maintenance of chromosome 

stability188,189. Mitotic chromatin compaction requires the dynamic regulation of several histone 

PTMs, including H3PhosS10 and H4K20me1204-206. Intriguingly, H2Bub1 was also revealed to 

exhibit mitosis-specific dynamics, as its abundance is maximal in interphase whereas it is rapidly 

depleted upon mitosis onset and remains undetectable from prometaphase until mitosis 

completion278. This singular pattern combined with the known role of H2Bub1 in preventing 

chromatin compaction within in vitro assays270-272 suggest that the removal of H2Bub1 in early 

mitosis is a pre-requisite for accurate chromatin compaction and faithful chromosome segregation. 

This further indicates that impaired removal of H2Bub1 may disrupt chromatin compaction and 

induce segregation errors that drive CIN. As USP22 is a major enzyme responsible for H2Bub1 

removal in interphase, it may also be responsible for H2Bub1 depletion upon mitosis entry. Thus, 

reduced USP22 expression may impair H2Bub1 removal and compromise mitotic fidelity, 

resulting in CIN and thereby contributing to oncogenesis.  

Synthetic lethality is an innovative therapeutic strategy that can exploit specific cancer gene 

alterations such as deletion of CIN genes to enable the selective killing of cancer cells243. 
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Therefore, identifying USP22 SL interactors may reveal novel therapeutic targets to selectively 

kill USP22-deficient cancer cells. As USP22 and H2Bub1 removal contribute to multiple DDR 

pathways267-269,276,293, USP22 may possess SL interactors within the DDR genes. Further, many 

small molecule inhibitors of DDR proteins have been developed, including compounds that are 

clinically approved or undergoing clinical development314,315. Therefore, identifying USP22 SL 

interactors within the DDR genes would expedite the development of novel therapeutic strategies 

to target USP22-depleted CRCs.  

 

2.2. HYPOTHESES 

I hypothesize that reduced USP22 expression impairs H2Bub1 removal from mitotic 

chromosomes, which compromises mitotic fidelity, underlies CIN and contributes to CRC 

development. I further postulate that reduced USP22 expression can be therapeutically targeted by 

exploiting SL interactions between USP22 and DDR genes.  

 

2.3. RESEARCH AIMS 

The following aims are addressed in Chapters 4-6. 

Aim 1: To determine the impact reduced USP22 expression may have on mitotic fidelity and CIN 

by employing siRNA and quantitative imaging microscopy-based approaches. 

Aim 2: To determine the frequency of USP22 alterations in CRC and employ CRISPR/Cas9 

approaches to generate USP22-deficient models and determine the long-term impact USP22 

depletion may have on CIN. 

Aim 3: To identify novel USP22 SL interactors within the DDR genes. 
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CHAPTER 3: MATERIALS AND METHODS 

 

3.1. SOLUTIONS 

See Appendix A for a complete list of solutions employed in this study. 

 

3.2. CELL CULTURE 

Key characteristics of the three adherent human cell lines employed in this study are 

summarized in Table 3.1. The epithelial CRC carcinoma cell line HCT116 was purchased from 

American Type Culture Collection (ATCC; Rockville, United States). The immortalized fibroblast 

cell line hTERT and the immortalized colonic epithelial cell line 1CT were generously provided 

by Dr. C. P. Case (University of Bristol, United Kingdom) and Dr. J. Shay (University of Texas 

Southwestern Medical Center, United States), respectively. Cell lines were authenticated on the 

basis of recovery, viability, growth, morphology, and spectral karyotyping250. 

 

Table 3.1. Characteristics of the human cell lines employed in this study. 

Cell line HCT116 hTERT 1CT 

Tissue 
Colon, epithelial, CRC, 

malignant 

Foreskin, fibroblast, 

non-malignant, 

immortalized 

(Telomerase) 

Colon, epithelial, non-

malignant, 

immortalized 

(Telomerase and 

CDK4) 

Properties Adherent Adherent Adherent 

Gender Male Male Male 

Medium 

McCoy’s 5A + 10% 

fetal bovine serum 

(FBS) 

DMEM + 10% FBS 
X medium + 2% 

cosmic calf serum 

Doubling 

time 
⁓ 22 hours ⁓ 36 hours ⁓ 22 hours 

Karyotype 45 X, stable 46 XY, stable 46 XY, stable 

 

3.2.1. Cell passaging 

HCT116 cells were cultured in complete McCoy’s 5A medium (supplemented with 10% FBS; 

Appendix A). hTERT cells were cultured in complete Dulbecco’s modified Eagle medium 

(DMEM) medium (supplemented with 10% FBS; Appendix A). 1CT cells were cultured in 
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complete X medium (supplemented with 2% cosmic calf serum; Appendix A). HCT116 and 

hTERT cells were grown and maintained at subconfluent levels on 10 centimeters (cm) tissue 

culture dishes (Sarstedt) in a 37 °C incubator with 5% CO2, humidified with Milli-Q water 

containing cupric sulphate pentahydrate (Appendix A) to prevent microbial and fungal growth. 

1CT cells were grown on 10 cm tissue culture Primaria dishes (Corning) and maintained in a 37 

°C incubator within a hypoxic chamber containing a gas mixture of 2% O2, 7% CO2, and 91% N2. 

Cells were passaged in a biological safety cabinet every 2-3 days. Medium was aspirated from the 

tissue culture dish and adhered cells were rinsed with sterile 1× phosphate-buffered saline (PBS; 

Appendix A). To detach HCT116 or hTERT cells from the dish, 1 milliliter (mL) of 0.05% trypsin 

containing ethylenediaminetetraacetic acid (EDTA; Gibco) was added for 5 minutes (min) at room 

temperature (RT) for HCT116 or 37 °C for hTERT. Cell detachment was monitored with an 

inverted ID03 microscope (Zeiss) equipped with a 10× objective. Trypsin was neutralized with 2 

mL of complete medium, which was used to wash cells off from the bottom of the plate. To detach 

1CT cells from the dish, 1 mL of 0.025% trypsin with EDTA (Gibco) was added for 5 min at RT 

and trypsin was neutralized with 1 mL of trypsin neutralizer (1× PBS containing calf serum; 

Gibco), which was used to wash the detached cells from the bottom of the plate. For all cell lines, 

suspended cells were collected and transferred to a sterile 15 mL conical (Sarstedt) and pelleted 

by centrifugation at 140 × g at RT for 5 min in a Legend XFR centrifuge (ThermoFisher Scientific). 

The supernatant was removed and the cell pellet was resuspended in 5 mL of 1× PBS. 

Approximately 1 mL of cell suspension was added back to the tissue culture dish with 10 mL 

complete medium and the plate was returned to the incubator. 

 

3.2.2. Cell counting and seeding 

Cell counting is required to seed accurate and reproducible cell densities into the corresponding 

vessels (Table 3.2). Following harvesting and pelleting of the cells (Section 3.2.1), the supernatant 

was removed and the cell pellet was resuspended in 5 mL of 1× PBS. The cell suspension was 

passed through a 40 micrometers (μm; HCT116) or 70 μm (hTERT) cell strainer to eliminate cell 

aggregates and obtain a suspension of single cells. 1CT cells, which do not aggregate in 

suspension, did not require a cell strainer. Within a 0.5 mL microcentrifuge tube, 40 microliters 

(μL) of cell suspension were mixed with an equal volume of 0.2% trypan blue stain (Gibco), which 

stains dead or dying cells with compromised cellular membrane integrity, and 10 μL of the mixture 
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were dispensed in duplicate compartments of the cell counter Cedex Smart Slide (Roche). The 

Cedex XS (Roche) cell counter was employed to acquire images from both duplicate 

compartments of the slide, enumerate live and dead cells and obtain the average concentration of 

viable cells in the PBS cell suspension. This value was utilized to calculate the appropriate volume 

of cell suspension to dilute in complete medium in order to seed the correct cell density in the 

appropriate vessels for all experiments carried out in this study (Table 3.2). For all experiments 

requiring a 6-well plate format, HCT116 and hTERT cells were seeded in 6-well plate tissue 

culture dishes (Falcon; Corning), while 1CT cells were seeded in Primaria 6-well plates (Corning). 

For all experiments requiring a 96-well plate format, HCT116 and hTERT cells were seeded in 

96-well plates with optically clear bottom (Nunc; Corning) and 1CT cells were seeded in collagen 

I-coated plates (Biocoat; Corning). 

 

Table 3.2. Seeding density employed for distinct assays performed in this study. 

Treatment Cell line 
Experimental 

approachA 
Plate format Cell number 

siRNA-based 

silencing 

 

HCT116 

WB (WCE) 6-well plate 64,000 

WB (histone) 10 cm dish 384,000 

IIF 6-well plate 64,000 

NA, MN 96-well plate 500 

MCS 6-well plate 15,000 

IIF, SL 96-well plate 500 

hTERT 

WB (WCE) 6-well plate 45,000 

NA, MN 96-well plate 375 

MCS 6-well plate 2,500 

Small molecule 

inhibitor 
HCT116 DR 96-well plate 2,000 

AWB (WCE), whole cell protein extract; WB (histone), histone extract for western blot analysis; 

IIF, indirect immunofluorescence; NA, nuclear area analysis; MN, micronucleus formation assay; 

MCS, mitotic chromosome spread; SL, synthetic lethal assay; DR, dose-response curve. 

 

3.3. siRNA-BASED GENE SILENCING 

Forward siRNA transfection, which consists in seeding cells prior to transfection, was 

employed for all gene silencing experiments performed in this study. Prior to transfection, cells 

were collected and counted as above (Section 3.2.2) and seeded in complete medium in each well 

of the appropriate vessel and at the appropriate density, as detailed for each cell type in Table 3.2. 
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Cells were allowed to attach to the bottom of the plate and grow for 24 hours (h) before performing 

a lipid-based transfection with RNAiMAX (Invitrogen; ThermoFisher Scientific). 

For each gene of interest, four individual ON-TARGETplus siRNA duplexes targeting distinct 

coding regions of the mRNA were purchased from Dharmacon. All four siRNA duplexes were 

resuspended in 1× siRNA buffer (Dharmacon; Appendix A) to a stock concentration of 20 

micromolars (μM) and a working dilution of 10 μM. For each gene, a 10 μM siRNA pool was 

prepared by combining equal volumes of all four 10 μM siRNA duplexes. Small 10 μL aliquots 

were stored at -80 °C to minimize freeze-thaw cycles. For nuclear area analyses and micronucleus 

formation assays performed in HCT116 (Section 3.7), pooled siRNA duplexes targeting GAPDH 

were employed as negative control (siControl). To conform to revised industry standards, a non-

targeting siRNA was subsequently employed as siControl for all other experiments in this study. 

All siRNA sequences are proprietary, belonging to Dharmacon, and are not listed in this thesis. 

Optimal siRNA transfection conditions were experimentally determined as those that cause 

efficient gene silencing while maintaining cell viability in the appropriate control. 

To silence the gene of interest within each well of a 6-well tissue culture plate, 1 μL of 10 μM 

siRNA was added to 250 μL serum-free medium and separately, 6 μL RNAiMAX was added to 

250 μL serum-free medium. The siRNA and RNAiMAX solutions were mixed in a 1:1 ratio, 

inverted gently and allowed to incubate for 20 min at RT. The total 500 μL mixture was added to 

the appropriate well. The tissue culture dish was rocked gently and returned to the incubator until 

the end of the experiment, at which point it was processed with the appropriate protocol (fixation, 

protein extraction or mitotic chromosome spread preparation). For all genes of interest, silencing 

efficiency was evaluated by western blot analysis as in Section 3.5. To silence the gene of interest 

within a 10 cm tissue culture dish in preparation for histone extractions (Section 3.5.2), the siRNA 

and RNAiMAX mixtures described above were scaled up by a factor of 6 and otherwise prepared 

in an identical fashion, for a total of 3 mL transfection solution dispensed per condition.  

To silence the gene of interest within each well of a 96-well tissue culture plate, 0.1 μL of 10 

μM siRNA was added to 10 μL serum-free medium and separately, 0.3 μL RNAiMAX were added 

to 10 μL serum-free medium. The siRNA and RNAiMAX solutions were mixed in a 1:1 ratio, 

inverted gently and allowed to incubate for 20 min at RT. The total 20 μL mixture was added to 

the appropriate well. The tissue culture dish was rocked gently and returned to the incubator until 

the end of the experiment, at which point it was processed with the appropriate protocol. 
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3.4. CRISPR/CAS9 GENE KNOCKOUT 

Two distinct methods were employed to generate USP22+/- and USP22-/- clones in this study. 

Briefly, the first-generation CRISPR/Cas9 system consisted in transiently transfecting complexes 

composed of a USP22-targeting CRISPR RNA (crRNA) and a trans-activating RNA (tracrRNA) 

within cells that stably express Cas9, in order to obtain USP22-edited cells. In contrast, the second-

generation platform consisted in transiently transfecting a Cas9 expression vector into cells that 

stably express USP22-targeting or non-targeting control sgRNAs. Both methods produce a mixed-

population of USP22-edited and wild-type cells, from which USP22+/- and USP22-/- clones were 

isolated by limited dilution. The first-generation method was applied to the HCT116 cell line to 

generate two USP22-/- clones and a Control cell line. The second-generation method was employed 

in HCT116 and 1CT cells to generate USP22+/- and USP22-/- clones and non-targeting controls 

(NT-Control). The second-generation system is intended to increase on-target editing efficiency 

by employing sgRNA instead of complexing crRNA and tracrRNA. In addition, transient Cas9 

expression is expected to reduce the likelihood of off-target editing. 

 

3.4.1. First generation CRISPR/Cas9 approach 

The first-generation approach employed the Edit-R CRISPR/Cas9 Gene Engineering platform 

(Dharmacon). A Cas9-expressing HCT116 cell line was generated and subsequently transfected 

with USP22-targeting cr:tracrRNA complexes to obtain a mixed population of wild-type and 

USP22-edited cells. Individual clones were isolated by limited dilution and screened by semi-

quantitative indirect immunofluorescence (IIF) and western blot. Finally, putative USP22-/- clones 

were validated by DNA sequencing of the edited exon. 

3.4.1.1. Generating a Cas9-expressing HCT116 cell line 

The Cas9-expressing HCT116 cell line was generated and characterized by Dr. Brent Guppy, 

as described in detail elsewhere316. Briefly, a lentiviral transfer plasmid (Figure 3.1) was employed 

to introduce a Cas9 expression cassette within HCT116 cells by lentiviral transduction. 

Successfully transduced cells were selected with blasticidin and 12 distinct HCT116 clones were 

isolated. Clones were characterized to select one cell line exhibiting high Cas9 levels and a 

morphology, growth rate and karyotype identical to that of the parental HCT116. 
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Figure 3.1. Plasmid employed to generate a Cas9-expressing HCT116 cell line.  

A lentiviral transfer plasmid was employed to deliver the cas9 expression cassette within HCT116 

cells. The schematic vector map (not to scale) indicates the features necessary for plasmid 

replication within bacteria (pUC origin of replication [ori]), selection of transformed bacteria 

(ampicillin resistance [AmpR]), lentiviral packaging (Psi sequence [ψ] and Rev Response Element 

[RRE]) and genomic integration within transduced cells (5’ long terminal repeat [LTR] and 3’ self-

inactivating [SIN] LTR). The human cytomegalovirus immediate early promoter (hCMV) controls 

the expression of the antibiotic selection marker (blasticidin resistance [BlastR]) and the cas9 gene, 

linked by a sequence encoding a self-cleaving peptide (T2A) that enables production of both Cas9 

and blasticidin resistance proteins from a single transcript. The woodchuck hepatitis virus post-

transcriptional regulator element (WPRE) promotes cas9 expression within transduced HCT116 

cells. 

 

 

3.4.1.2. Transfection and comparative assessment of USP22-targeting cr:tracrRNA complexes 

Three distinct crRNAs targeting USP22 exon 2 or 3 (Table 3.3) were designed with the Zhang 

laboratory online sgRNA design tool (Broad Institute, MA, United-States)317. The crRNAs and 

tracrRNAs were synthesized (Dharmacon) and resuspended immediately prior to transfection in 

1× siRNA buffer to a concentration of 10 µM. 

 

Table 3.3. crRNAs employed in the first generation CRISPR/Cas9 approach. 

crRNA Targeted exon Sequence (5’ to 3’) 

crRNA-1 Exon 2 GCAUAUUCACGAGCAUGCGA 

crRNA-2 Exon 3 GCCUCCGUACAUCAGAUCAA 

crRNA-3 Exon 3 CUUUGUCAUAGAUGUAGUCC 

 

 

Cas9-expressing HCT116 cells were seeded into two 96-well plates 24 h prior to transfection, 

at a density of 8,000 cells/well and in complete McCoy’s 5A medium. To transfect 20 

wells/crRNA, 6 µL of crRNA and 6 µL of tracrRNA were combined in 228 µL serum-free medium 
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within a sterile 5 mL tube and mixed gently by flicking. In a separate 1.5 mL microcentrifuge tube, 

48 µL of lipid-based transfection reagent DharmaFECT2 (Dharmacon) was combined with 1,152 

µL serum-free medium and gently mixed. Each crRNA dilution was mixed with 240 µL of 

DharmaFECT2 dilution. To generate a negative-control cell line (Control), a mock transfection 

solution was prepared by mixing 240 µL serum-free medium with 240 µL DharmaFECT2 dilution. 

Transfection mixtures were incubated 20 min at RT and combined with 1,920 µL complete 

medium to obtain the final transfection solutions. Growth medium was gently removed from each 

well and replaced with 100 µL transfection solution. Each well was supplemented with 150 µL 

complete medium 12 h post-transfection.  

To expand the transfected cells and compare the editing efficiency of the three distinct crRNAs, 

medium was removed from the 96-well plates, cells were washed with 150 µL 1× PBS/well and 

detached with 60 µL trypsin/well. For each transfection condition, cells from the 20 transfected 

wells were pooled within a sterile 5 mL tube and trypsin was neutralized by adding 1,200 µL 

complete medium. Cells were pelleted by centrifugation at 140 × g (Legend XFR centrifuge) at 

RT for 5 min and plated back into three wells of a 6-well tissue culture plate: one well to be 

expanded, one well for protein extraction to assess USP22 abundance by western blot (Section 

3.5), and one well containing an ethanol-sterilized coverslip, to assess USP22 abundance by IIF 

(Sections 3.6.1-2). For each transfection condition, cells were expanded by growing to confluency, 

passaging confluent wells and re-plating in 10 cm cell culture dishes, to achieve cell numbers 

sufficient for subsequent experiments and preparation of frozen aliquot stocks. As western blot 

and IIF analyses determined that crRNA-3 was associated with the greatest editing efficiency 

(Section 5.3.1), the cells transfected with this crRNA were employed in subsequent experiments. 

3.4.1.3. Limited dilution, clonal expansion and clone screening 

As the cr:tracrRNA transfection generates a mixed population of wild-type and USP22-edited 

cells, a limited dilution was performed to isolate individual clones. Cells transfected with crRNA-

3 were seeded within three 96-well plates at an average density of 1 cell/well. Every well was 

monitored 5 days after seeding to identify those that contained a single colony (i.e. clonally 

expanded from a single cell). One week after seeding, growth medium was removed and cells were 

washed with 1× PBS and detached from the plate with 60 µL trypsin/well. Trypsin was neutralized 

with 200 µL complete medium/well. Each well was pipetted up and down twice to generate a cell 

suspension within each well. Cells were equally dispensed between the initial 96-well plates and 
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a duplicate set of 96-well plates. In order to remove any residual trypsin, the medium was removed 

from every well the following day and replaced with fresh complete medium. Five days after the 

96-well plates were duplicated, cells within the original plates were passaged and cells within the 

duplicate plates were fixed, permeabilized and immunofluorescently labeled (Sections 3.6.1-2) to 

assess USP22 expression within each clonal population and identify the clones with the lowest 

USP22 abundance. Six clones were selected based on these IIF analyses (Section 5.3.1) and 

expanded from the original plates into larger cell culture vessels until frozen aliquot stocks could 

be prepared and proteins could be extracted for western blot analysis. USP22 was undetectable by 

western blot within two of these clones, which were identified as putative USP22-/- clones and 

subjected to DNA sequencing. 

3.4.1.4. Sequencing and analysis of USP22 exon 3 

To validate the two putative USP22-/- clones and identify the exact DNA edits introduced by 

the CRISPR/Cas9 system, genomic DNA was extracted from the two clones and the Control with 

the DNeasy Blood & Tissue kit (Qiagen) according to manufacturer instructions. DNA 

concentrations and purity were measured with a NanoDrop spectrophotometer (ThermoFisher 

Scientific). To amplify USP22 exon 3, which is targeted by crRNA-3, specific polymerase chain 

reaction (PCR) primers were designed with the Primer 3 and NCBI Primer blast online tools 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast)318,319. Primers were further modified to include 

a 5’ overhang sequence complementary with the pUC19 plasmid to enable exon subcloning if 

necessary (Table 3.4; Section 3.4.1.5). A fragment containing exon 3 was amplified with the 

Phusion high-fidelity polymerase (ThermoFisher Scientific) employing the reaction mixture 

indicated in Table 3.5 and program described in Table 3.6. Successful amplification was confirmed 

by running an aliquot of the PCR products on a 2% agarose gel (Appendix A) stained with SYBR 

Safe DNA gel stain (ThermoFisher Scientific) and visualized under ultraviolet light within the 

MyECL gel imager. PCR products were subjected to DNA (Sanger) sequencing (Genome 

Québec). 

 

  

https://www.ncbi.nlm.nih.gov/tools/primer-blast
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Table 3.4. PCR primers employed to amplify USP22 exon 3. 

Primer Sequence (5’-3’)A 
Fragment 

size (bp)B 

Forward CGGTACCCGGGGATCTGGCTTCCCTGCTTGTGAAT 
355 

Reverse CGACTCTAGAGGATCGCCACTTCCCACCTAGGTACT 
APrimers are composed of a 5’ sequence complementary to pUC19 (underlined) and a 3’ sequence 

complementary to USP22. 
BExpected fragment size for the wild-type sequence. 

 

 

Table 3.5. Reaction mixture employed for Phusion PCR amplification of USP22 exon 3. 

Component Volume per 50 µL reaction Final concentration 

5× high-fidelity buffer 10 µL 1× 

10 mM dNTPs 1 µL 200 µM 

10 µM forward primer 2.5 µL 0.5 µM 

10 µM reverse primer 2.5 µL 0.5 µM 

2 U/µL Phusion polymerase 0.5 µL 0.02 U/µL 

DNA template 100 ng 2 ng/µL 

Nuclease-free water to 50 µL  

 

 

Table 3.6. PCR program employed to amplify USP22 exon 3. 

Step Temperature (°C) Time Number of cycles 

Initial denaturation 98 1 min 1 

Denaturation 98 10 sec 

30 Annealing 63 30 sec 

Extension 72 15 sec 

Final extension 72 10 min 1 

 

 

To analyze DNA sequencing results, the Control sequence was first compared to the reference 

(wild-type; GenBank #NM_015276.2) sequence using BlastN (https://blast.ncbi.nlm.nih.gov) to 

confirm it contained no mutations. The sequence from each putative USP22-/- clones was analyzed 

with the CRISP-ID online tool (http://crispid.gbiomed.kuleuven.be)320 to distinguish the 

overlapping sequences of the two distinct alleles, and identify the location, length and sequence of 

the CRISPR-mediated edits. Edits encoding frameshifts were present in both alleles of the 

sequenced clones, identifying them both as USP22-/- clones, which are subsequently referred to as 

USP22-/--A and USP22-/--B. As the CRISP-ID algorithm is unable to determine the exact allele 

https://blast.ncbi.nlm.nih.gov/
http://crispid.gbiomed.kuleuven.be/
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sequence in cases where both alleles contain an insertion, which occurred with USP22-/--B, the 

exon 3 PCR products were further assessed as detailed below. 

3.4.1.5. Subcloning of exon 3 to characterize the USP22 edits within USP22-/--A and -B 

To identify the allele-specific DNA edits in USP22-/--A and USP22-/--B, the exon 3 PCR 

products were subcloned into a recipient vector, such that individual plasmids would contain a 

single allele. The exon 3 PCR products were ligated into the linearized pUC19 vector with the In-

Fusion cloning kit (Takara), according to manufacturer instructions. The ligated vectors were used 

to transform Stellar chemically competent Escherichia coli cells (Takara), according to supplier 

specifications. For each USP22-/- clone, 8 individual colonies were inoculated in 5 mL of LB broth 

containing 60 micrograms (μg)/mL carbenicillin. Bacterial cultures were grown overnight at 37 

°C with moderate agitation and plasmids were extracted with the QIAprep Spin Miniprep kit 

(Qiagen), according to manufacturer protocols, and plasmids were subjected to DNA Sanger 

sequencing (Genome Québec). Sequences were compared to the reference sequence with BlastN 

and each clone was confirmed to be a USP22-/- clone when two distinct alleles were identified as 

containing insertions or deletions (indels) predicted to induce a frameshift in the coding sequence. 

 

3.4.2. Second-generation CRISPR/Cas9 approach 

The second-generation CRISPR/Cas9 approach employed vectors from the Sanger Whole 

Genome CRISPR Arrayed Library (MilliporeSigma). Two lentiviral transfer plasmids were first 

employed to generate HCT116 or 1CT cells that constitutively express two distinct USP22-

targeting sgRNAs. These cells were subsequently transiently transfected with a Cas9 expression 

vector to obtain a mixed population of wild-type and USP22-edited cells. Individual cells were 

isolated, clonally expanded and screened to identify USP22+/- and USP22-/- clones. 

3.4.2.1. Preparation of the sgRNA lentiviral vector and Cas9 expression plasmid 

One Cas9 expression plasmid and three sgRNA lentiviral transfer vectors were purchased 

(MilliporeSigma; Figure 3.2). Two sgRNA target non-overlapping regions within USP22 exon 4 

while the third sgRNA is a negative control harboring a non-targeting sequence (NT-sgRNA; 

Table 3.7). To verify the specificity of the USP22-targeting sgRNAs, the Sigma CRISPR design 

off-target search tool (https://www.milliporesigmabioinfo.com/bioinfo_tools/) was employed, 

confirming that USP22 exon 4 is the only region with perfect sequence complementarity and the 

sgRNAs harbor at least 2 base mismatches with any other genomic region. In order to prepare 

https://www.milliporesigmabioinfo.com/bioinfo_tools/
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sufficient amounts of plasmid for subsequent experiments, each plasmid was transformed into 

Stellar chemically competent E. coli cells and transformed bacteria were employed to generate 

plasmid minipreps as described above (Section 3.4.1.5). The Cas9 expression plasmid was 

subsequently concentrated to 1 µg/µL with a centrifugal evaporator. All plasmids were stored at  

-20 °C. 

 

 

Figure 3.2. Plasmids employed for the second generation CRISPR/Cas9 approach. 

(A) A lentiviral transfer plasmid was employed to enable constitutive expression of the sgRNA 

within the target cells. The schematic vector map (not to scale) indicates the features necessary for 

plasmid replication within bacteria (pUC ori), selection of transformed bacteria (AmpR), lentiviral 

packaging (ψ and RRE) and genomic integration within transduced cells (5’ LTR and 3’ SIN LTR). 

The human phosphoglycerate kinase promoter (hPGK) controls bicistronic expression of the 

antibiotic selection marker (puromycin resistance [PuroR]) and the tag blue fluorescent protein 

(tBFP), separated by the T2A self-cleaving peptide. The U6 promoter controls the expression of 

the sgRNA, composed of the tracrRNA sequence and the USP22-targeting crRNA sequence. (B) 

The non-lentiviral cas9 plasmid was transfected for transient cas9 expression within target cells. 

The plasmid contains the sequences necessary for bacterial replication (pUC ori) and selection 

(kanamycin resistance [KanR]). The hCMV promoter controls bicistronic expression of Cas9 and 

the green fluorescent protein (GFP), separated by the T2A self-cleaving peptide. 

 

Table 3.7. USP22 sgRNA sequences for the second generation CRISPR/Cas9 system. 

sgRNA Targeted exon sgRNA sequenceA 

sgRNA-1 Exon 4 5’-UGGAGAGAAGUUUUCAACU-3’ 

sgRNA-2 Exon 4 5’-GCUGAAGCUCUUCCCGAAA-3’ 

NT-sgRNA Non-targeting 5’-CGCGAUAGCGCGAAUAUAUU-3’ 
AThe sgRNA is composed of a 19 or 20 nucleotide-long target-specific sequence shown in the 

table in the 5’ end, followed by the constant loop and tracrRNA sequence in the 3’ end. The 

constant sequence is as follows: 5’-GUUUUAGAGCUAGAAAUAGCAAGUUAAAAU 

AAGGCUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUUUU-3’. 
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3.4.2.2. Production of sgRNA lentiviral vector particles 

The Lenti-X Packaging Single Shots (vesicular stomatitis virus glycoprotein [VSV-G] 

pseudotyped) kit (Takara) was employed to generate lentiviral particles with the sgRNA lentiviral 

transfer vectors. This platform is a fourth-generation lentiviral system, designed to minimize the 

probability that replication-competent viral particles arise and to maximize lentiviral particle titers. 

Importantly, while the VSV-G pseudotyped lentiviruses produced are replication-incompetent, 

they are designed to infect and enable one-time genomic integration of the sgRNA sequences 

within human cells. Thus, all experiments necessary to generate the lentiviral particles and 

transduce the target cells were performed with appropriate safety precautions in Class 2 – 

Regulated lentivirus-specific biological safety cabinet and incubator. HEK293T cells grown in 

DMEM supplemented with 10% tetracycline-free FBS were employed to produce the lentiviral 

particles. For each sgRNA, 4 × 106 HEK293T cells were seeded in 8 mL complete growth medium 

into a 10 cm Collagen-I coated cell culture dish (Biocoat; Corning) 24 h prior to transfection with 

the lentiviral reagents. To prepare the transfection solutions, 7 µg sgRNA lentiviral transfer 

plasmid was diluted in 600 µL sterile DNA-free water and mixed with the pre-aliquoted 

lyophilized lentiviral packaging plasmids. The transfection solutions were vortexed for 20 seconds 

(s) to dissolve the lyophilized pellet and incubated for 10 min at RT. Transfection solutions were 

briefly spun down and 600 µL were dispensed in a drop-wise fashion into the HEK293T cell 

culture plate. Cells were returned to the incubator and after 4 h incubation, 6 mL of complete 

growth medium was added to each plate. Transfected cells were incubated for 48 h before the cell 

culture supernatant was collected and filtered through a 0.45 µm cellulose acetate filter (low 

binding of virus surface proteins) to remove HEK293T cell debris. Filtered supernatants were 

combined with Lenti-X Concentrator (Takara) at 3:1 ratio and mixed gently by inversion. Mixtures 

were incubated at 4 °C for 24 h and centrifuged for 45 min at 4 °C and 1,500 × g (Legend XFR 

centrifuge) to pellet the viral particles. The supernatant was removed and discarded according to 

virus-specific safety procedures. The viral particles were resuspended in 1 mL 1× PBS and 100 

µL single-use aliquots were stored at -80 °C. 

3.4.2.3. Lentiviral transduction of sgRNA vectors 

Early passage HCT116 or 1CT cells were seeded within two wells of a 24-well tissue culture 

plate, at 50,000 cells/well 24 h prior to lentiviral transduction. One well was co-transduced with 

equal amounts of lentiviral particles corresponding with each USP22-targeting sgRNA and the 
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second well was transduced with the NT-sgRNA lentivirus. The USP22-targetting transduction 

mixture was prepared by combining 40 µL of each USP22-targeting sgRNA virus with 170 µL 

serum-free medium. The NT mixture was prepared by mixing 80 µL of NT-sgRNA with 170 µL 

serum-free medium. Both transduction solutions were supplemented with polybrene at a finale 

concentration of 6 µg/mL. Growth medium was removed from the cell culture plate and 250 µL 

transduction solution were dispensed in a drop-wise manner into the appropriate well. 1CT cells 

were returned to their hypoxic growth chambers within the incubator while HCT116 cells were 

spun at 140 × g for 1.5 h at 32 °C to maximize transduction efficiency, before being returned to 

the incubator. Four hours post-transduction, 500 µL complete growth medium were added to each 

well and cells were returned to the incubator overnight. The growth medium was discarded 

according to virus-specific safety procedures and replaced with fresh complete growth medium 24 

h after transduction. To remove residual virus particles, cells were washed three times with 1× 

PBS 48 h post-transduction and fresh growth medium was dispensed before the cells were returned 

to the general incubator. HCT116 cells were enriched for successfully transduced cells by 

supplementing the growth medium with 1 µg/mL puromycin for one week, during which medium 

was refreshed every day to remove the non-transduced cells killed by the puromycin. 1CT cells 

were not subjected to this treatment as the cell line already harbors a puromycin resistance cassette. 

Transduced 1CT and HCT116 cells were progressively expanded from 24-well plate to 10 cm cell 

culture dish, in order to obtain sufficient cell numbers to prepare frozen aliquot stocks and enrich 

the population for successfully transduced cells by fluorescence-activated cell sorting (FACS; 

Section 3.4.2.5). 

3.4.2.4. Transient transfection of the Cas9 expression vector 

FACS-enriched transduced cells were transiently transfected with the Cas9 expression vector. 

To maximize transfection efficiency and minimize transfection-induced cytotoxicity, distinct 

transfection conditions were optimized for the HCT116 and 1CT cells as detailed in Table 3.8. For 

both cell lines, cells expressing the USP22-targeting or NT-sgRNA were seeded in the appropriate 

number of wells within 6-well plates 24 h prior to transfection.  
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Table 3.8. Cell line-specific conditions employed for the transfection of the Cas9 vector. 

Cell line 
Number of 

wells/conditionA 
Seeding density 

Transfection 

reagent 

HCT116 3 875,000 cells/well Lipofectamine 3000 

1CT 6 200,000 cells/well Lipofectamine 2000 
ANumber of wells seeded/condition within 6-well plates. 

 

To transfect HCT116 cells, 22.5 µL of Lipofectamine 3000 were diluted in 750 µL serum-free 

McCoy’s 5A within a sterile 2 mL microcentrifuge tube. In a second tube, 15 µL of Cas9 plasmid 

(at 1 µg/µL) were diluted in 750 µL serum-free medium. Both tubes were briefly vortexed ( 3 s) 

and spun down to collect the solutions. The plasmid dilution was combined with 30 µL P3000 

reagent and the entire solution (795 µL) was mixed with the Lipofectamine 3000 dilution. The 

mixture was incubated for 10 min at RT and 250 µL were dispensed within each HCT116 well. 

The cells were returned to the incubator for 24 h before being collected for FACS-mediated 

enrichment of cells expressing both tBFP and GFP, which corresponds to cells expressing both the 

sgRNAs and the Cas9 endonuclease. 

To transfect 1CT cells, 130 µL of Lipofectamine 2000 were diluted in 3,250 µL complete X 

medium within a sterile 15 mL centrifuge tube and the solution was incubated for 5 min at RT. In 

a second sterile 15 mL tube, 52 µg of Cas9 plasmid (at 1 µg/µL) were diluted in 3,250 µL complete 

X medium and the entire solution was mixed with the Lipofectamine 2000 solution. The mixture 

was incubated for 20 min at RT and 500 µL were dispensed within each 1CT well. The cells were 

returned to the incubator for 24 h before being collected for FACS-mediated enrichment of cells 

expressing both tBFP and GFP (Section 3.4.2.5). 

3.4.2.5. FACS enrichment of tBFP-positive and GFP-positive cells 

FACS was employed to enrich for cells that were successfully transduced (tBFP [sgRNA] 

positive cells) and transfected (GFP [Cas9] positive cells). Cells were collected and a cell count 

was performed as described in Section 3.2 to ensure that a minimum of 2 × 106 viable cells were 

collected per condition. Suspended cells were pelleted by centrifugation at 140 × g (Legend XFR 

centrifuge) at RT for 5 min and resuspended in 1 mL cell line-specific sort buffer containing 

propidium iodide (PI; viability indicator) at 1 μg/mL (Appendix A). Alongside these samples, 

appropriate controls were prepared and employed to establish gating parameters enabling 

exclusion of non-viable cells (PI-positive) and selection of cells expressing tBFP and GFP. To sort 
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tBFP-positive cells following transduction, unstained and PI-only controls were prepared by 

resuspending non-transduced cells in sort buffer without or with PI, respectively, and a tBFP-only 

control was prepared by resuspending transduced cells without PI. To sort tBFP-positive/GFP-

positive cells following transfection, additional controls were prepared, namely a GFP-only control 

produced from non-transduced but transfected cells that were resuspended without PI, as well as a 

tBFP/GFP control prepared from cells that were both transduced and transfected and resuspended 

without PI. FACS was performed by Monroe Chan in the Regenerative Medicine Flow Cytometry 

facility at the University of Manitoba. Sorted cells were collected as bulk samples in 4 mL cell 

line-specific collection buffer (Appendix A) and plated within one well of a 6-well plate/condition. 

The following day, the medium was replaced with cell-line specific complete medium containing 

1× PenStrep (100 units/mL penicillin and 100 µg/mL streptomycin; Gibco) and the cells were 

expanded by growing them to confluency before passaging to a 10 cm dish. The cells were grown 

in the presence of 1× PenStrep until frozen aliquots were prepared, after which point cells were 

grown in the normal complete medium without antibiotics. 

3.4.2.6. Limited dilution, clonal expansion and screening of candidate USP22-edited clones 

Following transfection and FACS, the bulk samples of tBFP-positive/GFP-positive HCT116 or 

1CT cells that express the NT-sgRNA were employed as the negative control (NT-Control) for all 

subsequent experiments employing second-generation CRISPR USP22+/-
 or USP22-/- clones. As 

the bulk samples of tBFP-positive/GFP-positive cells that express the USP22-targeting sgRNAs 

contain a mixture of USP22 wild-type and edited cells, limited dilutions were performed 

essentially as described above (Section 3.4.1.3) to isolate individual clones and identify putative 

USP22+/-
 or USP22-/- clones, with the following modifications. For HCT116 cells, a single 96-well 

limited dilution plate was seeded with the cells expressing UPS22-targeting sgRNAs. Clones were 

individually monitored and single colonies that reached confluency within their respective well 

were immediately clonally expanded into one well of a 6-well plate. Cells were again allowed to 

grow to confluency, at which point they were expanded into two wells of a 6-well plate; one well 

was employed for protein extraction in order to assess USP22 expression by western blot (Section 

3.5) and the other well was employed to further expand the clone into a 10 cm dish. Clones that 

exhibited either reduced USP22 levels (< 50% of the NT-Control) or undetectable levels were 

selected as putative USP22+/- or USP22-/- clones, respectively. For 1CT cells, a similar approach 

was applied with the following modification. To increase the survival of the cells seeded at a 
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density of 1 cell/well, 1CT cells were seeded within 100 µL conditioned X medium (Appendix A). 

Clones were individually monitored and wells were supplemented with an additional 50 µL of 

conditioned medium every 4 days up to a maximum of 250 µL/well. Cells were clonally expanded 

with complete X medium as soon as they reached confluency and screened by western blot as 

described above. 

3.4.2.7. Sequencing, analysis and subcloning of USP22 exon 4 

Genomic DNA was extracted from putative USP22+/- or USP22-/- clones as described above 

(Section 3.4.1.4) and USP22 exon 4 was PCR-amplified with the primers, PCR mixture and PCR 

program described in Tables 3.9-11. Amplicons were subjected to DNA sequencing and results 

were analyzed as described above (Section 3.4.1.4). In HCT116, one USP22+/- clone was identified 

and named USP22+/--1. In addition, one novel USP22-/- clone was identified with CRISP-ID, which 

was named USP22-/--C to distinguish it from the two first-generation clones USP22-/--A and -B. 

Exon 4 subcloning was performed as described above (Section 3.4.1.5) in order to confirm the 

distinct sequences of the two edited alleles within USP22-/--C. In 1CT, one USP22+/- clone was 

identified and named USP22+/--2 to distinguish it from the HCT116 USP22+/--1 clone. 

 

Table 3.9. PCR primers employed to amplify exon 4 of USP22. 

Primer Sequence (5’-3’)A 
Fragment 

size (bp)B 

Forward CGGTACCCGGGGATCGGAGGTGCTGCTTTTCTTGC 
591 

Reverse CGACTCTAGAGGATCCCTTTACCCACACAGACGCT 
APrimers are composed of a 5’ sequence complementary to pUC19 (underlined) and a 3’ sequence 

complementary to USP22.  
BExpected fragment size for the wild-type sequence. 
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Table 3.10. Reaction mixture employed for Phusion PCR amplification of USP22 exon 4. 

Component Volume per 50 µL reaction Final concentration 

5× high-fidelity buffer 10 µL 1× 

10 mM dNTPs 1 µL 200 µM 

10 µM forward primer 1.25 µL 0.25 µM 

10 µM reverse primer 1.25 µL 0.25 µM 

2 U/µL Phusion polymerase 0.5 µL 0.02 U/µL 

DNA template 100 ng 2 ng/µL 

Nuclease-free water to 50 µL  

 

 

Table 3.11. PCR program employed to amplify USP22 exon 4. 

Step Temperature (°C) Time Number of cycles 

Initial denaturation 98 1 min 1 

Denaturation 98 10 sec 

10 Annealing 64 30 sec 

Extension 72 30 sec 

Denaturation 98 10 sec 

25 Annealing 61 30 sec 

Extension 72 30 sec 

Final extension 72 10 min 1 

 

 

3.5. WESTERN BLOT ANALYSES 

Western blot analyses were employed to evaluate the efficiency of siRNA-based silencing of 

genes of interest (Chapters 4 and 6), to assess H2Bub1 abundance following USP22 silencing 

(Chapter 4) and to compare USP22 and H2Bub1 abundance in candidate USP22+/- or USP22-/- 

clones with NT-Control (Chapter 5). 

 

3.5.1. Whole cell protein extraction 

To harvest whole cell protein extracts from cells grown in 6-well tissue culture plates, cell 

culture medium was aspirated and cells were rinsed three times with ice cold (4 °C) 1× PBS. 

Protein extraction buffer consisting of modified radioimmunoprecipitation assay (RIPA) buffer 

(Appendix A) and protease inhibitor (cOmplete EDTA-free; Roche) was added to each well and 

allowed to incubate at 4 °C for 5 min. Cell lysates were collected from each condition and 
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transferred to 1.5 mL microcentrifuge tubes. Samples were sonicated twice in 2 s intervals with a 

Sonifer Cell Disrupter (Branson Sonic Power Co.) with a duty cycle of 50% and output control 

setting of 6. Insoluble cell debris were pelleted by centrifugation (Biofuge Fresco; ThermoFisher 

Scientific) at 16,000 × g for 2 min at 4 °C. The supernatant containing soluble proteins was 

collected in a new cold 1.5 mL microcentrifuge tube and stored at -20 °C for short-term storage  

(< 2 weeks) or at -80 °C for long-term storage (up to 2 months). 

 

3.5.2. Histone extraction 

To prepare histone extractions, HCT116 cells were seeded in 10 cm dishes (Sarstedt). To extract 

histone proteins, cells were trypsinized and pelleted as described above (Section 3.2). Cells were 

resuspended in 3 mL ice-cold PBS and a cell count was performed as described above (Section 

3.2.2) in order to aliquot and pellet 106 cells in a new 15 mL centrifuge tube. Pelleted cells were 

resuspended in 1.0 mL nuclei buffer with protease inhibitor (Appendix A), transferred to a cold 1.5 

mL microcentrifuge tube, incubated on ice for 10 min and pelleted by centrifugation at 3,000 × g 

(Biofuge Fresco) for 2 min. The supernatant (soluble fraction) was collected in a new cold 1.5 mL 

microcentrifuge tube and stored at -20 °C. The nuclear pellet was resuspended in 571 µL sterile 

water, acidified with 6.3 µL sulfuric acid to a final concentration of 0.4 N, and incubated on ice 

for 14 h. The solution was pelleted at 18,000 × g for 10 min at 4 °C and the supernatant was 

transferred to a new cold 1.5 mL microcentrifuge tube. A volume of 1 M Tris pH 8.0 equivalent 

to 1/10th of the supernatant volume was added, as well as 37.8 µL of 10 N NaOH. Samples were 

stored at -20 °C. 

 

3.5.3. Protein quantification by bicinchoninic acid (BCA) assay 

The Pierce BCA Assay kit (ThermoFisher Scientific) was employed according to manufacturer 

instructions to determine the protein concentration of whole cell lysates or histone extracts and 

soluble fractions. Briefly, BCA-containing Reagent A and 4% cupric sulfate Reagent B were 

combined at a 50:1 ratio and 200 µL/well of this working solution were dispensed into a recipient 

96-well plate (Corning). Nine bovine serum albumin (BSA) standards of known concentration 

ranging from 0 to 2,000 µg/mL were prepared and each was assessed by adding 25 µL of standard 

into two duplicate wells of the recipient plate. Each experimental sample was assessed in triplicate 

by adding 5 µL of the sample and 20 µL RIPA into three wells of the recipient plate. Protein 
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solutions were incubated in the dark at 37 °C for 1 h, and a Cytation 3 Cell Imaging Multi-mode 

Reader (BioTek) was employed to quantify 562 nm absorbance for each well. A standard curve 

was generated from the BSA standard and employed to determine the protein concentration of the 

unknown samples. Values from the triplicate samples were averaged, multiplied by five (dilution 

factor) and the final concentration was determined. 

 

3.5.4. Gel electrophoresis and western blot 

Following protein quantification, each sample was combined with RIPA and 6× loading buffer 

to achieve equal protein concentration for each condition. Proteins were denatured by incubating 

in a heat block (Eppendorf) at 99 °C for 5 min with orbital mixing, and subsequently chilled on 

ice. A precast 4-20 % mini-Protean TGX polyacrylamide gel (Bio-Rad) was placed in an 

electrophoresis tank (Bio-Rad) filled with 1× Running buffer (Appendix A) and cooled to 4 °C. A 

4 µL volume of BLUelf Prestained Protein Ladder (FroggaBio) was dispensed into one well of the 

gel. Within the remaining wells, 24 µL of denatured protein samples were dispensed, 

corresponding to 20 µg protein for each condition. The gel electrophoresis was run for 67 min at 

140 V and 4 °C using a PowerPac HC power supply (Bio-Rad). A 0.45 µm polyvinylidene 

difluoride membrane was activated with methanol, rinsed three times with Milli-Q water and 

incubated in Transfer buffer (Appendix A) until protein transfer. The gel and membrane were 

assembled within a TransBlot Semi-Dry Transfer Cell (Bio-Rad) coated with Transfer buffer and 

a 14 V current was applied for 40 min at RT to transfer the proteins to the membrane. To control 

protein transfer quality, the membrane was incubated for 5 min in the protein stain copper 

phthalocyanine 3,4’,4’’,4’’’-tetrasulfonic acid tetrasodium salt (CPTS; Appendix A). The 

membrane was de-stained by washing for 10 min in Tris-buffered saline solution containing 0.1% 

Tween20 (TBST; Appendix A), followed by 1 h of incubation at RT in blocking solution composed 

of 5% non-fat milk in TBST (Appendix A). A primary antibody targeting the protein of interest 

was diluted in blocking solution to the appropriate concentration (Table 3.12) and dispensed over 

the membrane, which was subsequently incubated overnight at 4 °C with gentle rocking. The 

following day, the primary antibody solution was removed and the membrane was rinsed with 

three 10 min washes in TBST on a Belly Dancer (Stovall Life Science Inc.) at medium speed. A 

secondary antibody conjugated to horseradish peroxidase (HRP) and targeting the appropriate 

species was diluted in blocking solution to the appropriate concentration (Table 3.12) and 
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dispensed over the membrane, which was incubated for 1 h at RT with gentle rocking. The 

membrane was rinsed with three 10 min washes in TBST.  

 

Table 3.12. Antibodies employed for western blot. 

EpitopeA Supplier 
Catalog 

number 
Species [WB]B 

Primary antibodies 

α-tubulin* Abcam ab7291 Mouse 1:20,000 

Cyclophilin B* Abcam ab16045 Rabbit 1:25,000 

EXO1 Abcam ab95068 Rabbit 1:1,000 

H2B Abcam ab1790 Rabbit 1:4,000 

H2Bub1 MilliporeSigma 05-1312 Mouse 1:5,000 

Hepatoma Up-

Regulated 

Protein (HURP) 

Abcam ab70744 Rabbit 1:1,000 

MRE11 Abcam ab109623 Rabbit 1:1,000 

USP22 MilliporeSigma HPA044980 Rabbit 1:12,000 

Secondary antibodies 

Anti-Rabbit 

HRP 

Jackson 

ImmunoResearch 
111-035-144 Goat 1:15,000 

Anti-Mouse 

HRP 

Jackson 

ImmunoResearch 
115-035-146 Goat 1:10,000 

AProtein targeted by the antibody. Note: proteins listed with an asterisk were employed as western 

blot loading controls. HRP, Horseradish peroxidase. 
BConcentration of antibody employed for western blot (WB) analysis. 

 

 

3.5.5. Semi-quantitative western blot analysis 

To visualize the antibody-labeled protein of interest, SuperSignal West Dura Extended Duration 

Substrate (ThermoFisher Scientific) was employed according to manufacturer protocol. Briefly, 

equal amounts of the Stable Peroxide Solution and the Luminol/Enhancer solution were combined 

to prepare the visualization solution and  750 µL were applied to cover the membrane. Following 

5 min incubation at RT, excess solution was removed and the membrane was placed within a clear 

sheet protector. The protein of interest was visualized by standard chemiluminescence utilizing a 

MyECL imager (ThermoFisher Scientific). Exposure times were selected to generate a strong 

signal without pixel saturation. To perform semi-quantitative analysis, images were imported into 

ImageJ software where the band intensity was first normalized to the corresponding loading 
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control (Cyclophilin B or α-tubulin) and is presented relative to the control (e.g. siControl) set to 

100%, to allow comparison of protein abundance between conditions. Figures were assembled in 

Photoshop CS6 (Adobe). 

 

3.6. FLUORESCENCE IMAGING MICROSCOPY 

Semi-quantitative IIF was utilized to assess the abundance and/or localization of multiple 

proteins of interest in interphase or mitosis and fluorescence microscopy was employed to quantify 

the frequency of aberrant mitotic events. Stimulated emission depletion (STED) microscopy 

enabled super-resolution imaging of mitotic chromatin to evaluate chromatin compaction levels. 

 

3.6.1. Semi-quantitative IIF labeling 

To assess USP22 abundance within candidate USP22+/- or USP22-/- clones (Section 3.4), cells 

were seeded into 96-well plates to enable high-throughput analysis (Section 3.6.2). To fix the cells, 

the growth medium was carefully aspirated to avoid detaching loosely adhered (mitotic) cells, 150 

µL of 4% paraformaldehyde (Appendix A) was gently dispensed into each well and incubated for 

10 min at RT. Cells were washed twice with 150 µL 1× PBS/well and permeabilized with a 10 

min incubation with 150 µL 1× PBS containing 0.5% Triton X-100 (Appendix A). Cells were 

washed three times with 150 µL 1× PBS/well and incubated overnight with 60 µL/well of primary 

antibody dilution prepared in 1× PBS according to the concentrations indicated in Table 3.13. Cells 

were washed twice with 150 µL of 1× PBS containing 0.1% Triton X-100 (Appendix A) and three 

times with 150 µL 1× PBS and incubated for 2 h with a 60 µL aliquot of secondary antibody 

dilution, according to the concentrations indicated in Table 3.13. Cells were washed twice with 

0.1% Triton X-100 PBS and three times with 1× PBS before nuclei were counterstained with 150 

µL/well of 300 ng/mL Hoechst 33342 (MilliporeSigma) in 1× PBS (Appendix A). Plates were 

stored at 4 °C and protected from light for a minimum of 24 h prior to imaging to enable Hoechst 

to equilibrate across nuclei. 
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Table 3.13. Antibodies employed for IFF. 

EpitopeA Supplier 
Catalog 

number 
Species [IIF]B 

Primary antibodies 

Anti-

centromeric 

antibody (ACA) 

Center for 

Disease Control 
IS2134 ANA#8 Human 1:200 

BUB1 Abcam ab195268 Rabbit 1:200 

H2Bub1 MilliporeSigma 05-1312 Mouse 1:200 

H3PhosS10 Abcam ab47297 Rabbit 1:5,000 

USP22 MilliporeSigma HPA044980 Rabbit 1:200 

Secondary antibodies 

Anti-Rabbit Cy3 

Jackson 

ImmunoResearc

h 

111-165-144 Goat 1:200 

Anti-Mouse 

Alexa 488 

ThermoFisher 

Scientific 
A-11029 Goat 1:200 

Anti-Human 

Alexa 488 

ThermoFisher 

Scientific 
A-11013 Goat 1:200 

AProtein targeted by the antibody. 
BConcentration of antibody employed for indirect immunofluorescence (IIF) analysis. 

 

To compare USP22 abundance within the HCT116 cells transfected with distinct UPS22-

targeting crRNA (Section 3.4.1.2), and to compare USP22 abundance within USP22-/--A,  

USP22-/--B and the Control, cells were seeded into a 6-well plate containing ethanol-sterilized 

coverslips and fixed when they reached  50% confluency, 48 h after seeding. To assess H2Bub1 

or BUB1 abundance within USP22-silenced cells and controls, cells were seeded into 6-well plates 

and fixed 48 h post siRNA transfection. Cells were fixed with 4% paraformaldehyde for 10 min 

and subsequently washed with PBS three times. Cells were permeabilized in 0.5% Triton X-100 

PBS for 10 min and washed three times with 1× PBS. The primary antibodies solution was 

prepared in 1× PBS according to the dilutions listed in Table 3.13. The coverslips were placed 

cell-side down over a 30 µL aliquot of the antibody dilution and incubated overnight in a 

humidified chamber. Cells were washed once with 0.1% Triton X-100 PBS and three times with 

1× PBS. The secondary antibodies solution was prepared according to the dilutions indicated in 

Table 3.13. Coverslips were placed cell-side down over a 30 µL aliquot of the secondary antibodies 

dilution and incubated for 2 h in a humidified chamber protected from light. Cells were washed 
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once with 0.1% Triton X-100 PBS and three times with 1× PBS, and the coverslips were mounted 

onto glass slides containing a 9 µL aliquot of 4′,6-diamidino-2-phenylindole (DAPI) Mounting 

Medium (Appendix A). Slides were stored at 4 °C and protected from light for a minimum of 24 h 

prior to imaging to enable DAPI to equilibrate across all nuclei. 

To assess H2Bub1 abundance within mitotic cells, the 6-well plate IIF labeling protocol was 

modified with the addition of an antigen retrieval step. Coverslip-bound cells were 

paraformaldehyde-fixed 48 h post-transfection and permeabilized as above, washed five times 

with Milli-Q water and incubated in 2 N HCl (Appendix A) for 15 min at RT. Cells were 

subsequently neutralized with two washes of 0.1 M sodium borate (pH 8.5; Appendix A) for 2 min 

each and incubated in PBS for 5 min prior to IIF labeling of H2Bub1 and a mitosis-specific marker 

(H3PhosS10) according to the antibody dilutions indicated in Table 3.13.  

 

3.6.2. High-throughput semi-quantitative fluorescence imaging microscopy 

For high-throughput IIF experiments in a 6-well or 96-well plate format, 16 non-overlapping 

images (4 × 4 matrix) were acquired from each coverslip or well, respectively, with the Cytation 

3 plate reader equipped with a 16-bit gray-scale CCD camera (Sony) and a 10× Olympus objective 

(numerical aperture 0.3). The DAPI and GFP channels were employed to acquire nuclear signal 

and signal from the immunofluorescently-labeled protein (i.e. USP22), respectively. Images were 

analyzed with Gen5 software (BioTek) to detect and enumerate primary nuclei, employing a size-

inclusion filter (object diameter > 10 µm; i.e. area > 79 µm2) to distinguish primary nuclei from 

apoptotic bodies and condensed mitotic chromatin. In addition, a size-exclusion filter (diameter > 

30 µm; i.e. area > 707 µm²) was applied to discern individual nuclei within aggregates of nuclei 

in close spatial proximity. To compare USP22 abundance between candidate USP22-/- clones, 

mean GFP signal (i.e. USP22 abundance) from each nucleus was imported into Prism v9 software 

(GraphPad) to determine median USP22 abundance and interquartile range within each clonal 

population. 

 

3.6.3. High-resolution semi-quantitative fluorescence imaging microscopy 

High-resolution IIF images were collected with an AxioImager Z2 microscope (Zeiss) equipped 

with an AxioCam HRm CCD (Zeiss), a 63× oil immersion Plan-Apochromat lens (1.30 numerical 

aperture) and DAPI, FITC and Cy3 filters (Zeiss). Exposure times were optimized independently 
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for each channel and maintained constant throughout imaging of all conditions to enable 

comparisons of protein abundance. 

To compare USP22 abundance within HCT116 Control, USP22-/--A and USP22-/--B interphase 

cells, a single medial optical section was acquired for each image, using the DAPI and FITC filters 

to acquire nuclear and USP22 data, respectively. Images were imported into Photoshop where 

figure panels were assembled. 

To analyze H2Bub1 abundance within prophase cells, approximately 25 optical sections/image 

were acquired at 0.400 µm intervals using the DAPI, FITC and Cy3 filters to acquire nuclear, 

H2Bub1 and H3PhosS10 data, respectively. A minimum of 18 prophase cells/condition were 

imaged based on standard cytological criteria (i.e. prior to nuclear envelope breakdown). Images 

were imported into Imaris v7.7.1 software (Bitplane) where three-dimensional (3D) renderings of 

the prophase nuclei were generated based on H3PhosS10 labeling. Mean H2Bub1 signal intensity 

was determined for each prophase nucleus and imported into Prism software for statistical analysis. 

Conditions were statistically compared using two-tailed Mann-Whitney tests with p-values < 0.05 

considered significant. The experiment was performed twice to ensure experimental 

reproducibility. 

To quantify BUB1 signal intensities within metaphase cells, approximately 30 optical 

sections/image were acquired at 0.400 µm intervals using the DAPI, FITC and Cy3 filters to 

acquire nuclear, ACA and BUB1 data, respectively. A minimum of 40 images were acquired per 

silencing condition and a minimum of 10 images were acquired for the negative (vehicle control; 

dimethyl sulfoxide [DMSO]) and positive (Taxol; 10 µM for 30 min) controls. To assess BUB1 

abundance at kinetochores, images were deconvolved with AutoQuant X3 (Media Cybernetics) 

employing a blind deconvolution approach with a theoretical point-spread function (low noise 

setting; 10 iterations). Deconvolved images were imported into Imaris where an intensity threshold 

mask was applied to the Cy3 (BUB1) channel to quantify individual kinetochore-associated BUB1 

foci. To assess BUB1 kinetochore recruitment, average BUB1 focal volumes and intensities were 

determined for each metaphase cell. In addition, signal intensities from each focus were added up 

to calculate total kinetochore-associated BUB1 signal for each metaphase cell. Average focal 

volumes, average signal intensities and total signal intensities were imported into Prism and 

conditions were statistically compared using two-tailed Mann-Whitney tests with p-values < 0.05 
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considered significant. The experiment was performed twice to ensure experimental 

reproducibility. 

 

3.6.4. Quantification of aberrant mitotic events 

To quantify aberrant mitotic events following silencing, asynchronous cells were seeded onto 

coverslips prior to siRNA transfection as described in Section 3.3. Cells were fixed 

(paraformaldehyde) 48 h post-transfection, immunofluorescently labeled (H3PhosS10) and 

counterstained (DAPI). Metaphase and anaphase cells were imaged using an AxioImager Z1 

microscope and were classified into normal or aberrant mitotic categories based on classical 

cytological features. 

 

3.6.5. Live cell imaging of mitotic cells 

To assess mitotic progression, HCT116 cells stably expressing H2B-GFP were seeded in 96-

well plates and silenced as described above (Section 3.3). Cells were imaged 48 h post-transfection 

using the Cytation 3 reader equipped with a 20× Olympus objective (0.45 numerical aperture). 

Exposure times were optimized to minimize phototoxicity and cells were imaged every 2 min 30 

sec for 45 min. The time from nuclear envelope breakdown to anaphase entry was recorded from 

a minimum of 25 cells/condition using standard cytological criteria. 

 

3.6.6. STED microscopy 

STED microscopy was employed to assess mitotic chromatin compaction following USP22 

silencing. Experiments and microscopy imaging were performed in collaboration with Dr. Michael 

Hendzel and Darin McDonald at the University of Alberta and the Cross Cancer Institute in 

Edmonton, Alberta, Canada. HCT116 cells were seeded onto high performance cover glass (Carl 

Zeiss; 18 × 18 mm, thickness 0.170 ± 0.005 mm) where they were grown and silenced as described 

in Section 3.3. Cells were fixed 48 h post-transfection with 15 min incubation in filtered 4% 

paraformaldehyde. To prevent the cells from lifting off the high-performance cover glass, 

coverslips were washed very gently in 1× PBS twice. A working dilution of the DNA counterstain 

SiR-Hoechst (STED compatible321; Cytoskeleton, Inc) was prepared in 90% glycerol in PBS 

(Appendix A). Coverslips were mounted onto glass slides containing a 12 µL aliquot of the SiR-

Hoechst dilution and incubated at 4 °C overnight prior to imaging. Images of prometaphase and 
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anaphase cells were acquired with a Falcon SP8 microscope (Leica) equipped with a 100× oil 

immersion Plan-Apochromat objective (1.40 numerical aperture) and a 775 nm STED laser. 

Excitation laser was set to 635 nm and signal was detected by HyD detector set to 650–700 nm 

interval with 0.3–9.9 ns time gating. The pinhole was set to 1 a.u. and images were acquired using 

16 times line averaging, 2 frame accumulations and a pixel size in xy plane of 28.41×28.41 nm. 

 

3.7. QUANTITATIVE IMAGING MICROSCOPY-BASED CIN ASSAYS 

Single cell quantitative imaging microscopy-based assays were employed to evaluate three 

CIN-associated phenotypes, namely increases in micronucleus formation, changes in nuclear areas 

and changes in chromosome numbers. 

 

3.7.1. Multiplexed micronucleus formation and nuclear area assays 

To simultaneously assess both micronucleus formation and changes in nuclear areas, cells were 

seeded into 96-well plates as described in Section 3.2. For siRNA-based experiments employing 

HCT116 or hTERT cells, cells were transfected as detailed in Section 3.3, with each silencing 

condition performed in sextuplet and repeated three times. To account for differences in 

proliferation rates, HCT116 and HTERT cells were fixed 72 h or 144 h post-transfection, 

respectively. For experiments employing USP22+/- or USP22-/- cells and controls, which did not 

require siRNA transfection, cells were fixed when they reached ~ 50% confluency 48 h after 

seeding. To fix the cells, medium was aspirated from the plate and 150 µL of 4% paraformaldehyde 

was added to each well and incubated for 10 min. Cells were washed once with 1× PBS and 150 

µL of 300 ng/mL Hoechst 33342 in 1× PBS were added to each well to counterstain DNA. Plates 

were stored at 4 °C and protected from light for a minimum of 24 h prior to imaging to enable 

Hoechst to equilibrate across all nuclei. Quantitative imaging microscopy was performed using the 

Cytation 3 plate reader equipped with the 20× Olympus objective. Nine overlapping images (3 × 

3 matrix)/well were acquired and stitched together with Gen5 software.  

Images were analyzed with Gen5 software to enumerate both primary nuclei (Section 3.6.2) and 

micronuclei and to assess nuclear areas. All potential micronuclei were detected with size inclusion 

filters (1 µm < diameter < 9 µm), among which micronuclei were manually identified as Hoechst-

stained bodies with no visible attachment to the primary nuclei and with a size <1/3 of the primary 

nucleus. Micronuclei counts were normalized to the number of primary nuclei imaged for each 
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condition (minimum 100 nuclei assessed/technical replicate; minimum 5 technical replicates) and 

expressed as fold change in micronucleus formation relative to the mean of the control. Data were 

imported into Prism and statistically compared using two-tailed Mann-Whitney tests with p-values 

< 0.05 considered significant. Nuclear areas from a minimum of 300 nuclei/condition were 

imported into Prism and cumulative distribution frequencies were compared with two sample 

Kolmogorov-Smirnov (KS) test with p-values < 0.01 considered significant. In each cell line, 

siRNA-based experiments were performed twice to ensure experimental reproducibility and 

results from one representative experiment are shown in the corresponding figures (Chapter 4). 

For time-course experiments with USP22+/- or USP22-/- clones and controls (Chapter 5), the 

experiment was performed once for each time point assessed. 

 

3.7.2. Generation of mitotic chromosome spreads, chromosome enumeration and karyotypic 

analysis 

Cells were seeded into a 6-well plate containing ethanol-sterilized coverslips (18×18; 

Fisherbrand). To allow for equal numbers (~ 4) of cell doublings post siRNA transfection, HCT116 

cell were permitted to grow for 96 h and hTERT cells for 144 h prior to harvesting of mitotic 

chromosome spreads. For experiments employing USP22+/- or USP22-/- clones and controls, 

mitotic chromosome spreads were harvested when cells reached ~ 50% confluency 48 h after 

seeding. Cell culture medium was removed, replaced with KaryoMAX colcemid (100 ng/mL; 

Gibco) diluted in complete medium (Appendix A), and cells were returned to the incubator for 2 h 

(HCT116) or 4 h (hTERT and 1CT) to enrich for mitotic cells. Following incubation, the colcemid-

containing medium was removed and cells were incubated at RT with 75 mM KCl hypotonic 

solution (Appendix A) for 16 min (HCT116), 12 min (hTERT) or 20 min (1CT). Cells were fixed 

with three 10 min incubations in methanol:acetic acid at a 3:1 ratio (Appendix A). Fixative was 

removed and coverslips were placed on their side to air-dry. Coverslips were mounted onto glass 

slides containing a 10 µL aliquot of DAPI Mounting Medium (Appendix A) and stored at 4 °C 

protected from light for a minimum of 24 h to allow DAPI to equilibrate across nuclei prior to 

imaging. Mitotic chromosome spreads were imaged using an AxioImager Z2 microscope (Zeiss) 

equipped with an AxioCam HRm CCD camera and a 63 oil immersion Plan-Apochromat lens 

(1.40 numerical aperture). Sixteen-bit TIFF images were acquired and imported into ImageJ 

software, where chromosomes were manually enumerated from 100 spreads/condition. In each 
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cell line, siRNA-based experiments were performed a total of three times and the average 

frequencies of abnormal spreads were statistically compared with Student’s t-tests with p-values 

< 0.05 considered to be significant. For time-course experiments with USP22-deficient clones and 

controls, experiments were performed once for each time point. 

For the 1CT USP22+/--2 clone at the week 11 timepoint, mitotic chromosome spread images 

were further assessed by cytogenetic experts Zelda Lichtensztejn (McManus laboratory) to 

determine karyotypes based on chromosome G-banding patterns. In addition, to acquire high-

quality images of the main representative karyotypes observed in this clones, 20 additional mitotic 

chromosome spread images were acquired with an AxioPlan2 microscope (Zeiss), equipped with 

a 63× oil immersion Plan-Apochromat objective (1.40 numerical aperture), Applied Spectral 

Imaging cube and DAPI filter.  

 

3.8. SL ASSAYS 

To identify putative USP22 SL interactors (Chapter 6), siRNA-based screens of the DDR 

library were performed (Section 3.8.1) and promising interactors identified in the screens were 

assessed individually with direct SL validation assays (Section 3.8.2). Dose-response curves were 

generated to assess whether the SL interaction could be exploited to kill USP22-deficient cells 

with small molecule inhibitors (Section 3.8.3). 

 

3.8.1. SL screens of the DDR library 

The siRNA library targeting 239 DDR genes was purchased from Dharmacon. The library is 

arrayed across 3 × 96-well plates, where each well contains a pool of four desiccated siGENOME 

siRNA duplexes (0.25 nmol total) targeting distinct regions of the coding sequence of a given 

gene. SiRNAs were resuspended in 1× siRNA buffer to a stock concentration of 10 μM and were 

aliquoted in V-bottom 96-well plates (Abgene storage plate; ThermoFisher Scientific) containing 

8 μL siRNA solution per well to minimize freeze-thaw cycles. Within each siRNA plate, besides 

the wells containing siRNAs against DDR genes, two duplicate negative controls were prepared 

by dispensing 8 µL of 10 μM siControl (non-targeting) and two transfection controls were prepared 

by dispensing 8 µL of 10 µM pooled siRNAs targeted against PLK1 (essential gene), as successful 

transfection with siPLK1-Pool decreases cell numbers < 5% of siControl in HCT116 cells. Plates 

were stored at -20 °C and employed within ⁓ 1 month to preserve the quality of the siRNAs. SL 
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screens were performed in HCT116 cells in two distinct formats, employing either a co-silencing 

approach or by silencing DDR genes within the NT-control, USP22+/--1 and USP22-/--C clones 

(Figure 3.3). 
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Figure 3.3. siRNA-based approaches employed for the SL screens. 

(A) Workflow for the co-silencing approach. On day 0, wild-type HCT116 cells are seeded in two 

sets of three 96-well plates. On day 1, the arrayed library of pooled siRNAs targeted against each 

DDR gene (e.g. siDDR-Pool) is co-transfected with either siControl or siUSP22-Pool siRNAs. 

Orange wells contain siDDR-Pool. Red wells contain siControl. Green wells contain siPLK1-Pool. 

Blue wells remain untransfected. On day 5, cells are fixed and nuclei are counterstained (Hoechst). 

(B) Workflow for the SL screen employing the NT-control, USP22+/--1 and USP22-/--C clones. On 

day 0, each clone is seeded into three 96-well plates. On day 1, the arrayed library of siDDR-Pool 

siRNAs is transfected into each clone. Wells are color-coded as described above. Cells are fixed 

and nuclei are counterstained (Hoechst) on day 5. 
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3.8.1.1. SL screens using a co-silencing approach 

For the co-silencing SL screens, HCT116 cells were seeded on day 0 of the screen within two 

sets of three 96-well plates at a density of 2,000 cells/well. On day 1, DDR library pools (e.g. 

siDDR-Pool) were co-transfected along with either siUSP22-Pool or siControl. To prepare 

siControl and siUSP22-Pool mixtures for each well, 5 mL serum-free McCoy’s 5A medium were 

combined with 100 µL of either 10 µM siControl or 10 µM siUSP22-Pool in two distinct sterile 

15 mL conicals and the solutions were briefly vortexed ( 3 s). Within each well of three sterile 

V-bottom 96-well plates labeled siControl-A, siControl-B and siControl-C, 15 µL of the siControl 

dilution were dispensed. Within each well of three sterile V-bottom 96-well plates labeled 

siUSP22-A, siUSP22-B and siUSP22-C, 15 µL of the siUSP22-Pool dilution were dispensed. To 

prepare the DDR siRNAs solutions, 50 µL of serum-free medium were dispensed within each well 

of three sterile V-bottom 96-well plates labeled DDR-A, DDR-B and DDR-C. The arrayed DDR 

library daughter siRNA plates were thawed and briefly centrifuged (1 min at 140 × g) to collect 

siRNA solutions at the bottom of each well. Using a multi-channel pipette, 1 µL of each siRNA-

Pool from the three DDR library siRNA plates was added into each well of the DDR-A, B and C 

plates in a row-by-row fashion. To avoid siRNA cross-contamination, pipette tips were changed 

after each row. The remaining 10 µM siRNA library plates were tightly sealed with sterile plate 

tape (VWR) and placed back at -20 °C for storage. The DDR-A, B and C plates were sealed with 

plate tape, mixed briefly on a plate shaker (~3 s at 700 rpm) and spun down (1 min at 140 × g) to 

collect solutions at the bottom of the wells. In a row-by-row fashion and changing tips after each 

row, 15 µL from each well of plate DDR-A were dispensed in the corresponding wells within plate 

siControl-A and plate siUSP22-A. The procedure was repeated to add 15 µL from each well within 

plates DDR-B and C into the corresponding wells within plates siControl-B, siUSP22-B, 

siControl-C and siUSP22-C. The siControl and siUSP22 plates were sealed, shaken and 

centrifuged as described above to mix the DDR siRNAs with siControl and siUSP22-Pool siRNAs, 

respectively. To prepare the RNAiMAX solution, 20 mL serum-free medium were combined with 

600 µL RNAiMAX within a sterile 50 mL conical and the solution was mixed by gently flicking 

the conical. Within each well of the three siControl and the three siUSP22 plates, 30 µL of 

RNAiMAX dilution were dispensed. The plates were sealed with plate tape, gently mixed by 

flicking and incubated at RT for 20 min. In a row-by-row manner, 20 µL siRNA/RNAiMAX 

mixture from the siControl-A, B and C plates were dispensed within each well of three HCT116 
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cells 96-well plates seeded on the previous day. The transfection mixtures were mixed with the 

growth medium by gently rocking from side-to-side and the HCT116 plates were returned to the 

incubator. This process was repeated with the siUSP22-A, B and C transfection plates and the 

three remaining HCT116 plates. The transfected cells were fixed 96 h post-transfection and 

counterstained with Hoechst as described previously (Section 3.7.1). 

Cells were imaged with the Cytation 3 plate reader equipped with a 10× Olympus objective and 

nine non-overlapping images (3 × 3 matrix)/well were acquired. Images were analyzed with Gen5 

software and nuclei were automatically enumerated as described in Section 3.6.2. To account for 

potential differences in growth rates within each plate, the nuclear count of each individual well 

was normalized to the average nuclear counts for the two siControl conditions contained with each 

plate (i.e. siControl plus siControl, or siControl plus siUSP22-Pool). For each DDR gene, if the 

normalized nuclear count in the control condition (siDDR-Pool + siControl) was < 10%, the DDR 

gene was considered essential and excluded from further analysis. To assess the intensity of the 

SL phenotype, a SL ratio was calculated for each remaining DDR gene as the normalized nuclear 

count within the siControl co-transfected condition (i.e. siDDR-Pool + siControl) divided by the 

normalized nuclear count within the siUSP22-Pool co-transfected condition (i.e. siDDR-Pool + 

siUSP22-Pool). Conceptually, a SL ratio > 1 indicates that silencing of a DDR gene selectively 

decreased the number of USP22-silenced cells relative to control-silenced cells. To distinguish 

mild SL phenotypes from biological noise, a minimum threshold of SL ratio > 1.25 was applied to 

identify putative USP22 SL interactors. The co-silencing SL screen was performed a total of three 

times to ensure experimental reproducibility. 

3.8.1.2. SL screens within USP22+/- and USP22-/- cells 

To perform SL screens employing the second-generation HCT116 NT-control, USP22+/--1 and 

USP22-/--C clones (Section 3.4.2; Chapter 5), each cell line was seeded into three 96-well plates 

at a density of 2,000 cells/well on day 0 of the screen. On day 1, DDR library pools were 

transfected into each cell line. DDR siRNAs dilutions containing 0.5 μL siRNA in 50 μL serum-

free medium were prepared in three sterile V-bottom 96 well plates labelled DDR-A, -B and -C as 

described above (Section 3.8.1.1). To prepare the RNAiMAX solution, 17 mL serum-free medium 

were combined with 510 µL RNAiMAX within a sterile 50 mL conical, the solution was mixed 

by gently flicking the conical and 50 µL were dispensed into each well of the DDR-A, B and C 

plates. The plates were sealed, gently mixed by flicking and incubated at RT for 20 min. In a row-
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by-row manner, 20 µL siRNA/RNAiMAX mixture from the siDDR-A, - B and C plates were 

added to each well within the NT-Control, USP22+/--1 and USP22-/--C cell plates seeded on the 

previous day. The transfection mixtures were mixed with the growth medium by gently rocking 

from side-to-side and the HCT116 plates were returned to the incubator. The transfected cells were 

fixed 96 h post-transfection, counterstained with Hoechst and imaged with Cytation 3 and nuclei 

were enumerated as described previously (Section 3.8.1.1). To account for potential differences in 

growth within each plate, the nuclear count of each individual well was normalized to the average 

nuclear counts for the two siControl conditions contained with each plate. To assess the intensity 

of the SL phenotype within USP22+/--1 cells, a SL ratio was calculated for each DDR gene as the 

normalized nuclear count within the NT-control condition divided by the normalized nuclear count 

within the USP22+/--1 condition. In an identical fashion, a distinct SL ratio was calculated for each 

DDR gene within USP22-/--C cells. A minimum threshold of SL ratio > 1.25 was applied to identify 

putative USP22 SL interactors in each cell line. 

 

3.8.2. Direct SL tests 

Direct SL test were performed for promising putative USP22 SL interactors either with a co-

silencing approach or by silencing the DDR gene within USP22+/- or USP22-/- cells in a 96-well 

plate format. In the co-silencing approach, individual (siDDR-1,-2,-3,-4) or pooled (siDDR-Pool) 

ON-TARGETplus siRNA duplexes targeting the DDR gene of interest were co-transfected with 

either siControl or siUSP22-Pool, according to the layout described in Figure 3.4. The co-silencing 

experiments were conducted essentially as described above (Section 3.3), with the following 

modification. For a single well of a 96-well plate, 0.1 μL of 10 μM siControl or siUSP22-Pool and 

0.1 μL of 10 μM siRNA targeting the DDR gene were mixed together in 10 μL serum-free medium 

and separately, 0.3 μL RNAiMAX was added to 10 μL serum-free medium. The siRNAs and 

RNAiMAX solutions were mixed in a 1:1 ratio and the remainder of the experiment was carried 

out as described above (Section 3.3). Each silencing condition was assessed in sextuplet. In each 

experiment, siPLK1-Pool was employed as a transfection efficiency control. Cells were fixed 96 

h post-transfection and nuclei were couterstained with Hoechst as described above (Section 

3.8.1.1). Nuclei were imaged with the Cytation 3 equipped with a 10× objective and 16 non-

overlapping images (4 × 4 matrix) were acquired for each well. Nuclei were enumerated as 

described above (Section 3.6.2). For each silencing condition, the average nuclear count from the 
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six technical replicates was calculated and normalized to the average nuclear count from the 

appropriate control (i.e. siControl + siControl or siControl + siUSP22-Pool). The experiment was 

performed a minimum of three times and the average normalized nuclear counts were imported 

into Prism for statistical analysis. For each DDR gene silencing condition, the normalized nuclear 

counts from the siControl co-transfection condition were compared to the normalized nuclear 

counts from the siUSP22-Pool condition (e.g. siControl + siDDR1 versus siUSP22-Pool + 

siDDR1) with a paired t-test to assess the statistical reproducibility of the decrease in USP22-

silenced cell numbers relative to siControl cell numbers across the experimental replicates. A p-

value < 0.05 was considered significant. 

 

 
Figure 3.4. Plate layout for co-silencing validation assay of a DDR gene. 

Orange wells contain siDDR-Pool (P), siDDR-1 (1), siDDR-2 (2), siDDR-3 (3) or siDDR-4 (4). 

Green wells contain transfection control siPLK1-Pool (T) and red wells contain siControl (-). Blue 

wells (edges) are not transfected with siRNA but are seeded with cell suspension to prevent edge 

effects. 

 

To silence the DDR gene within NT-control, USP22+/- and USP22-/- cells, the transfections were 

performed as described previously (Section 3.3) with siDDR-1, -2, -3, -4, -Pool and siControl. 

Each silencing condition was assessed in sextuplet in each cell line. Cells were fixed 96 h post-

transfection and nuclei were couterstained, imaged and enumerated as described for the co-

silencing approach. The average nuclear counts were normalized to the average nuclear counts of 

the siControl condition within each cell line. The experiment was performed a minimum of three 

times and the normalized average nuclear counts were imported into Prism for statistical analysis. 

To compare the impact of the different silencing conditions between the three cell lines, results 

were analyzed with two-way ANOVA, fitting a full model to assess the interaction between each 
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cell line and each silencing condition, with matching of the data points from the same biological 

replicate. Note that the default Geisser-Greenhouse correction option was not applied as it 

concerns repeated measures and is not relevant to the experimental design employed in this thesis. 

Multiple comparisons were performed to compare the mean value for each silencing condition in 

either USP22+/- or USP22-/- cells to the corresponding mean value in the NT-control cell line. As 

the results from all the silencing conditions are interpreted collectively and not individually (i.e. 

as opposed to a discovery-based experimental design that seeks to identify a few effective 

conditions within a large set), no correction was applied for the multiple comparison and Fisher’s 

least significant difference test was employed. A p-value < 0.05 was considered significant. 

 

3.8.3. Generating dose-response curves for small molecule inhibitors 

Dose-response curves were generated in NT-Control, USP22+/--1 and USP22-/--C cell lines 

using two-fold serial dilutions of mirin (40 µM to 1.25 µM; Selleckchem), sorafenib (10 µM to 

313 nanomolars [nM]; Selleckchem), LXH254 (5 µM to 19.5 nM; Selleckchem) and axitinib (10 

µM to 78.1 nM; Selleckchem). On Day 0, each cell line was seeded into a 96-well plate at a density 

of 2,000 cells/well in 200 µL of complete medium. On day 1, 50 µL of complete medium 

supplemented with the appropriate amount of mirin, sorafenib, LXH254, axitinib or vehicle control 

(DMSO) were added to each well in sextuplet. Cells were fixed 72 h after the drugs were added 

and nuclei were counterstained, imaged and enumerated as described above (Section 3.8.2). For 

each drug concentration and each cell line, the average nuclear count from the six replicates was 

calculated and normalized to the average nuclear count for the vehicle control within the same 

plate. Each experiment was performed a minimum of three times, except for axitinib which was 

only evaluated once. The normalized average nuclear counts from each experiment were imported 

into Prism for statistical analysis. To determine the EC50, defined as the concentration associated 

with 50% reduction in cell numbers relative to the vehicle control, the normalized nuclear counts 

were plotted as a function of inhibitor concentration and dose-response curves were fitted using a 

non-linear regression model with variable slope. When the EC50 values were inferior for the 

USP22+/--1 or USP22-/--C cell lines relative to NT-control, 95% confidence intervals were 

compared and EC50 values were considered to be significantly different if the confidence intervals 

did not overlap. 
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3.9. BIOINFORMATICS APPROACHES 

To assess the frequency of USP22 deletions and mutations in cancer, publicly available datasets 

provided by The Cancer Genome Atlas (TCGA) were accessed with the analytical tools at 

cBioPortal (www.cbioportal.org)322,323. The PanCancer Atlas datasets from 13 common cancer 

types (uterine, ovarian, lung squamous cell carcinoma, esophagus, breast, bladder, colorectal, lung 

adenocarcinoma, liver, pancreas, melanoma, head and neck and prostate)177 were interrogated with 

the onco-query commands HETLOSS, HOMDEL, GAIN, AMP to access the frequency of shallow 

deletions, deep deletions, gains and amplifications, respectively. The data were imported into 

Prism to generate a graphical representation. The datasets were queried with MUT to access 

USP22 mutation data and the potential functional impact of non-synonymous mutations was 

assessed with the in-silico predictors Mutation assessor324, Polyphen 2325 and SIFT326. 

To assess USP22 mRNA expression in CRC and normal non-cancerous colorectal epithelium, 

the TCGA CRC PanCancer Atlas dataset was accessed at cBioPortal. Z-scores for the CRC 

samples (relative to normal non-cancerous colorectal epithelium samples) were stratified based on 

copy number status (deep deletion, shallow deletion, diploid, amplification or gain) and imported 

into Prism. Z-scores for the CRC samples exhibiting shallow deletion of USP22 were compared 

to the CRC samples with diploid USP22 status or the normal non-cancerous samples with unpaired 

Welch’s t tests (i.e. not assuming equal variance). A p-value < 0.05 was considered significant. 

To assess mutational status of genes of interests (e.g. putative USP22 SL interactors), the 

Cancer Cell Line Encyclopedia (CCLE) database was accessed at portals.broadinstitute.org/ccle/ 

and genes were individually queried within the HCT116 cell line page 

(HCT116_LARGE_INTESTINE)327. To assess the copy number status of genes of interest, the 

HCT116 page corresponding to the CCLE expanded 2019 dataset was accessed through 

cBioPortal328. 

 

3.10. STATISTICAL APPROACHES AND ANALYSES 

The number of experimental replicates (N) and technical replicates (n) are indicated within 

figure legends for all experiments presented in this thesis. The statistical approaches employed for 

each type of analysis are detailed in the corresponding Materials and Methods sections (Chapter 

3) and p-values are reported in supplementary tables embedded within the relevant chapter 

(Sections 4.5.1, 5.5.1 and 6.5.1). 

http://www.cbioportal.org/
https://portals.broadinstitute.org/ccle/
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CHAPTER 4: USP22 IS A NOVEL HUMAN CHROMOSOME INSTABILITY GENE 

 

4.1. ABSTRACT 

CIN is an aberrant phenotype observed in most cancer types, which is characterized by an 

increased rate of gains and losses of whole chromosomes or large chromosomal fragments. CIN is 

an enabling feature of oncogenesis that promotes tumor initiation, evolution and progression and 

is associated with poorer patient outcomes. Despite these associations, the genetic determinants 

underlying CIN remain largely unknown. As mitotic chromatin compaction defects can induce 

chromosome segregation errors associated with CIN, characterizing the molecular mechanisms 

that regulate chromatin compaction may reveal novel CIN genes. In vitro, H2Bub1 impedes 

chromatin compaction, while in vivo H2Bub1 is rapidly depleted from chromosomes in early 

mitosis. This suggests that H2Bub1 removal may be a pre-requisite for accurate chromatin 

compaction and mitotic fidelity. USP22 is a deubiquitinating enzyme that catalyzes H2Bub1 

removal in interphase and may also be required to remove H2Bub1 in early mitosis and ensure 

chromosome stability. In this chapter, I employed complementary single cell quantitative imaging 

microscopy approaches to assess the impact siRNA-based USP22 depletion may have on mitotic 

fidelity and CIN. I first determined that reduced USP22 expression impairs removal of H2Bub1 in 

early mitosis, which is associated with mitotic chromatin compaction defects, altered inter-

kinetochore tension in metaphase and increases in chromosome segregation errors in anaphase. In 

addition, USP22 depletion induces CIN phenotypes, including significant changes in nuclear areas 

and increases in chromosome number alterations in two distinct cellular contexts. Collectively, 

these data reveal that mitotic removal of H2Bub1 is a pre-requisite for accurate chromatin 

compaction and faithful chromosome segregation. These findings further identify USP22 as a 

novel CIN gene, indicating that USP22 deletion may be a pathogenic event that promotes genetic 

heterogeneity and contributes to oncogenesis. 

 

4.2. INTRODUCTION 

Each year, over 19 million individuals are diagnosed with cancer and more than 9.9 million 

patients succumb to the disease worldwide1. These figures underscore the need for novel 

therapeutic approaches, whose development requires a greater understanding of the molecular 

determinants of cancer initiation and progression. CIN is an aberrant phenotype observed in 



78 

 

virtually all cancer types, which is characterized by an increased frequency of numerical and/or 

structural chromosomal alterations35,36,329. Conceptually, CIN increases the rate at which key 

cancer-associated genes, such as oncogenes or tumor suppressors, are gained, lost or altered330-333. 

Further, CIN drives intra-tumor genetic heterogeneity that can promote the emergence and 

expansion of more aggressive clones within a tumor37,216,217,220 and it is associated with aggressive 

cancers, the acquisition of multi-drug resistance and poor patient prognosis123,124,126,329,334-336. 

Nonetheless, the genetic alterations that give rise to CIN within tumors remain largely 

unknown158,329,337,338. 

CIN can arise from the misregulation of the molecular pathways that maintain mitotic fidelity 

(Section 1.4.2)339, such as higher-order mitotic chromatin compaction202. The first level of 

organization of chromatin is the nucleosome, constituted by 146 base pairs of DNA coiled around 

a histone octamer that is composed of two copies of each of the core histones, H2A, H2B, H3 and 

H4183,184. In interphase, local changes in the three-dimensional organization and compaction of 

adjacent nucleosomes modulate chromatin accessibility to spatially and temporally control DNA-

dependent processes, such as transcription, replication and DNA damage repair185,186. Nucleosome 

organization and chromatin accessibility are regulated by histone PTMs, such as acetylation, 

methylation and ubiquitination, which directly alter histone-histone and histone-DNA interactions, 

or recruit effector proteins187. In mitosis, chromatin becomes two to three times as compact as in 

interphase188,189. This additional level of compaction is critical for faithful chromosome 

segregation, as it enables the separation of sister chromatids and imparts chromatin with sufficient 

stiffness to withstand the pulling forces exerted by the mitotic spindle (Section 1.4.2)184,189. 

Mitosis-specific regulation of multiple histone PTMs, such as H3PhosS10 and H4K20me1, is 

required to achieve higher-order chromatin compaction and maintain mitotic fidelity202, while 

misregulation of the mitotic abundance of these modifications induces genome instability202,204-207. 

H2Bub1 is present in  1% of interphase nucleosomes340 and its addition or removal 

dynamically controls transcription261,341 and DNA repair267,268,342. H2Bub1 abundance is 

differentially regulated throughout the cell cycle, as H2Bub1 levels are maximal in interphase with 

rapid depletion occurring in early mitosis (i.e. prophase) to below the level of detection from 

prometaphase until cytokinesis/early G1, when H2Bub1 abundance begins to increase278. These 

striking cell cycle dynamics suggest that like many other histone post-translational modifications 

(e.g. H3PhosS10, H4K20me1)202, mitosis-specific regulation of H2Bub1 may be a pre-requisite 



79 

 

for mitotic fidelity202,204-207. Specifically, the rapid removal of H2Bub1 upon entry into mitosis 

may be critical to ensure faithful chromosome segregation. Consistent with this hypothesis, in vitro 

biophysical assays demonstrate that electrostatic interactions between the surface of the H2Bub1 

ubiquitin residue and nucleosomal histones obstruct higher-order chromatin compaction270-272. 

Thus, the timely removal of H2Bub1 may be required for mitotic chromosomes to achieve 

sufficient compaction levels compatible with accurate chromosome segregation. In humans, 

H2Bub1 removal may be catalyzed by at least eleven deubiquitinating enzymes; however, ongoing 

characterization efforts indicate that these enzymes exhibit limited functional redundancy, as most 

operate within specific cellular processes that may not substantially alter global H2Bub1 

abundance (Section 1.6.3)260. In contrast, depletion of USP22, arguably the best characterized of 

the H2Bub1 deubiquitinating enzymes, induces global increases in H2Bub1 abundance in several 

human and mouse models269,275,299. Therefore, USP22 may be the main enzyme responsible for 

rapid H2Bub1 depletion in mitosis, which may be required for accurate mitotic chromosome 

compaction and maintenance of chromosome stability. 

To assess the impact that impaired removal of H2Bub1 in early mitosis may have on chromatin 

compaction and chromosome stability, I employed a series of complementary genetic and single 

cell quantitative imaging microscopy approaches. Using the karyotypically stable CRC cell line 

HCT116, I first determined that siRNA-based USP22 silencing corresponds with increases in 

H2Bub1 abundance within prophase chromosomes. This aberrant phenotype is accompanied by 

chromatin compaction defects in mitosis revealed by super-resolution microscopy, as well as 

altered inter-kinetochore tension in metaphase and increased frequency of segregation defects in 

anaphase. Lastly, quantitative imaging analyses conducted in two distinct cell lines demonstrated 

that USP22 silencing induces CIN phenotypes, including increases in micronucleus formation, 

changes in nuclear areas and alterations in chromosome numbers. Collectively, these findings 

identify the rapid removal of H2Bub1 in mitosis as a pre-requisite for higher-order chromatin 

compaction, faithful chromosome segregation and the maintenance of chromosome stability. 

These data also establish USP22 as a novel CIN gene and indicate that diminished USP22 

expression within tumors may be a pathogenic event promoting oncogenesis. 
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4.3. RESULTS 

4.3.1. USP22 silencing alters global H2Bub1 abundance and impairs H2Bub1 removal in 

early mitosis 

As H2Bub1 is normally rapidly depleted during prophase and prometaphase, and H2Bub1 

disrupts higher-order chromatin compaction in vitro270-272, mitotic removal of H2Bub1 may be a 

pre-requisite to achieve sufficient chromatin compaction compatible with faithful chromosome 

segregation. To test this hypothesis, I sought to assess whether reduced USP22 expression hinders 

H2Bub1 removal in early mitosis, specifically within prophase chromosomes. The HCT116 cell 

line was purposefully selected for this study as it is karyotypically stable and contains wild-type 

diploid alleles for RNF20 and RNF40, which encode the H2B K120 ubiquitination machinery, as 

well as USP22, which encodes the H2Bub1 deubiquitinating enzyme328. To reduce USP22 

expression, four individual siRNAs (siUSP22-1, -2, -3 and -4) that target distinct regions of the 

USP22 mRNA were employed, alongside a siRNA pool (siUSP22-Pool) that is an equimolar mix 

of all four individual siRNA duplexes. Western blot analyses demonstrated that two individual 

siRNAs (siUSP22-2 and siUSP22-3) and siUSP22-Pool reproducibly reduced USP22 abundance 

to less than 10% of the silencing control (siControl; Figure 4.1A). To determine whether USP22 

depletion alters global H2Bub1 abundance in HCT116, a histone extraction was performed within 

asynchronous USP22- and control-silenced cells, and USP22 and H2Bub1 levels within the soluble 

(i.e. non-histone) and histone fractions, respectively, were assessed by western blot (Figure 4.1B-

C). This revealed that USP22 silencing induces a moderate increase in H2Bub1 abundance within 

asynchronous cells, with the greatest increases (1.5-fold) associated with the most effective 

silencing conditions (siUSP22-3 and siUSP22-Pool). These results are consistent with USP22 

being a major H2Bub1 deubiquitinating enzyme capable of modulating global H2Bub1 abundance. 
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Figure 4.1. Effective USP22 silencing in HCT116 impacts global H2Bub1 abundance. 

(A) Western blot presenting USP22 abundance following silencing with either individual 

(siUSP22-1, -2, -3 and -4) or pooled USP22 (siUSP22-Pool) siRNAs and controls (untreated or 

siControl); Cyclophilin B serves as the loading control. Semi-quantitative analyses were 

performed and the normalized USP22 levels are presented relative to siControl (100%). (B) 

Western blot presenting USP22 abundance following silencing with the two most efficient 

individual siRNAs (siUSP22-2, -3) or siUSP22-Pool and controls. Protein samples analyzed 

correspond to the soluble (i.e. non-histone) fraction of the histone extraction samples displayed in 

(C). α-tubulin serves as the loading control. Semi-quantitative analyses were performed and the 

normalized USP22 levels are presented relative to siControl (100%). (C) Western blot presenting 

H2Bub1 abundance following silencing; H2B serves as the loading control. Note that prior 

antibody validation has demonstrated that both bands correspond to H2Bub1 and are presumably 

associated with distinct PTMs (i.e. presence or absence of phosphorylation)278. Semi-quantitative 

analyses were performed and the normalized H2Bub1 levels are presented relative to siControl 

(100%). 

 

 

To assess changes in the cell cycle dynamics of H2Bub1, I employed semi-quantitative IIF to 

assess H2Bub1 levels specifically within prophase nuclei. Fixed asynchronous cells were co-

immunofluorescently labeled for H2Bub1 and H3PhosS10 (mitotic marker), counterstained with 

DAPI and subjected to semi-quantitative fluorescence imaging microscopy. The best two silencing 

conditions (siUSP22-Pool and siUSP22-3) and controls were assessed with this approach and 

representative images are shown in Figure 4.2A. As anticipated, USP22 silencing was associated 
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with significant increases in mean H2Bub1 signal intensities (i.e. abundance) specifically within 

prophase cells silenced with siUSP22-Pool (1.7-fold increase) and siUSP22-3 (2.0-fold increase) 

relative to siControl (Figure 4.2B; Table S4.1). These data indicate that USP22 is a major 

deubiquitinating enzyme responsible for timely removal of H2Bub1 in early mitosis. 

 

 

 

 
Figure 4.2. USP22 silencing increases H2Bub1 abundance within prophase cells. 

(A) Representative high-resolution 3D images (maximal intensity projection) of prophase HCT116 

cells (arrowheads) immunofluorescently labeled for H3PhosS10 and H2Bub1 following silencing. 

For quantitative comparison purposes, all images were acquired using identical exposure times. 

(B) Dot plot presenting the mean H2Bub1 signal intensity/cell, with red bars identifying median 

signal intensities. Mann-Whitney tests identify significant increases in H2Bub1 intensities (i.e. 

abundance) following USP22 silencing relative to siControl (N = 2; n > 25 cells/condition; ns [not 

significant] p-value > 0.05; *** p-value < 0.001; **** p-value < 0.0001). 
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4.3.2. USP22 silencing alters mitotic chromatin compaction and compromises chromosome 

segregation 

To evaluate whether the increases in mitotic H2Bub1 abundance induced by USP22 silencing 

are associated with mitotic chromatin compaction defects, I employed super-resolution STED 

microscopy to image mitotic USP22- and control-silenced cells (Figure 4.3; Table S4.2). 

Comparison of the images reveals phenotypic differences between these conditions. Within all 

(100%) control prometaphase and metaphase cells, chromatids were densely stained with clearly 

defined borders. In contrast, 44% of prometaphase and 50% of metaphase cells within the USP22-

silenced cells exhibited poorly delineated chromatids with diffuse edges and a granular chromatin 

structure, indicative of compaction defects194. Collectively, these data indicate that USP22 

depletion induces an increase in H2Bub1 abundance in mitosis that is associated with impaired 

compaction of mitotic chromatids. These findings are consistent with the possibility that reduced 

USP22 expression may compromise mitotic fidelity. 
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Figure 4.3. USP22 silencing induces chromatin compaction defects within mitotic cells. 

(A) Representative STED images of prometaphase chromosomes following siControl (top) and 

siUSP22-Pool silencing (bottom). The white bounding boxes identify the magnified regions 

presented in the right-hand panels. Note the less dense and granular staining patterns within the 

USP22-silenced conditions, which are indicative of chromosome compaction defects. (B) STED 

images comparing chromosome compaction within siControl (top) and USP22-silenced (bottom) 

metaphase cells with similar differences in staining patterns (density and granularity) as observed 

within the prophase cells. 
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As mitotic chromatin compaction defects can increase chromosome congression and/or 

segregation errors (Section 1.4.2.4)189,194,204, I sought to determine whether the compaction defects 

described above are sufficient to perturb normal chromosome dynamics. To this end, asynchronous 

USP22-silenced and control cells were fixed and counterstained and the frequency of congression 

and segregation errors were quantified in metaphase and anaphase cells, respectively (Table 4.1; 

Figure S4.1). Although USP22 silencing did not increase the rate of congression errors or 

chromatin bridges, it was associated with a 3.6-fold increase in lagging chromosomes relative to 

control cells. These data are consistent with reduced USP22 expression and impaired H2Bub1 

removal altering chromatin compaction and chromosome segregation and compromising mitotic 

fidelity. 

 

 

Table 4.1. USP22 silencing increases the frequency of lagging chromosomes in HCT116. 

Mitotic 

stage 
Category 

siControl siUSP22-Pool 

Percentage NA Percentage NA Fold changeB 

Metaphase 

Normal 86.5% 135 87.9% 218 1.02 

Congression 

defects 
13.5% 21 12.1% 30 0.90 

Anaphase 

Normal 80.0% 136 73.2% 134 0.91 

Chromatin 

bridges 
17.1% 29 16.4% 30 0.96 

Lagging 

chromosomes 
2.9% 5 10.4% 19 3.59 

ANumber of cells recorded for each category. 
BFold change in the frequency of the phenotype relative to siControl. 

 

 

4.3.3. USP22 silencing impairs inter-kinetochore tension without delaying anaphase onset 

Mitotic chromatin compaction is critical for separation of sister chromatids and thus, 

compaction defects that impede chromatid separation are typically associated with congression 

defects in metaphase and a high frequency of chromatin bridges in anaphase189,193-197, which were 

not observed within USP22-silenced cells (Table 4.1). Importantly, compaction also confers 

mitotic chromosomes with sufficient rigidity to withstand and counteract the pulling forces exerted 

by the opposite poles of the mitotic spindle, resulting in inter-kinetochore tension between sister 

chromatids in metaphase180,199,200. Monitoring of inter-kinetochore tension is a critical process that 
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enables detection and correction of erroneous kinetochore-microtubule attachments to maintain 

faithful chromosome segregation170. Thus, altered chromatin compaction may perturb inter-

kinetochore tension and disrupt the mechanisms responsible for the correction of aberrant 

kinetochore-microtubule attachments, resulting in the formation of lagging chromosomes in 

anaphase, as observed within USP22-silenced cells.  

To determine whether the chromatin compaction defects observed within USP22-depleted cells 

are sufficient to alter inter-kinetochore tension, I quantified kinetochore recruitment of the tension-

sensing kinase BUB1 in metaphase168,169,343. Asynchronous cells were fixed and co-

immunofluorescently labeled with ACA (centromeric marker) and BUB1 and subjected to semi-

quantitative fluorescence microscopy imaging to assess the total intensity of kinetochore-

associated BUB1 foci (Figure 4.4A). Taxol treatment, which inhibits microtubule dynamics, was 

employed as a positive control as it produces tensionless kinetochores that increase kinetochore 

recruitment of BUB1169. As expected, a significant increase in the total signal intensity of 

kinetochore-associated BUB1 foci per cell occurred following Taxol treatment relative to vehicle 

control (Figures 4.4B; Table S4.3). In addition, increased BUB1 recruitment was also observed 

following USP22 silencing with siUSP22-Pool (2.6-fold median increase) and siUSP22-3 (2.5-

fold) relative to siControl. To verify that increases in total BUB1 foci intensities are not an artifact 

of potential increases in chromosome numbers within USP22-silenced cells, which would increase 

the number of kinetochores and correspondingly the number of BUB1 foci, I subsequently 

quantified two indicators of BUB1 recruitment that are independent of the total number of foci per 

cell, namely average BUB1 foci intensity and average foci volume. Both were increased following 

Taxol treatment relative to vehicle control, and within USP22-silenced cells relative to siControl 

(Figure S4.3), confirming that USP22 depletion results in increased kinetochore recruitment of 

BUB1. Collectively, these data reveal that USP22 silencing and altered H2Bub1 regulation are 

associated with impaired inter-kinetochore tension that can compromise mitotic fidelity. 
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Figure 4.4. USP22 silencing increases kinetochore recruitment of BUB1 within metaphase 

cells. 

(A) Representative high-resolution 3D images (deconvolved maximal intensity projection) of 

metaphase HCT116 cells immunofluorescently labeled for ACA and BUB1. For quantitative 

comparison purposes, all images were acquired using identical exposure times. Note the increase 

in BUB1 foci signal intensities within the USP22-silenced condition (bottom panel) relative to 

siControl (top panel). (B) Dot plot showing the total kinetochore-associated BUB1 signal 

intensity/cell from a minimum of 40 metaphase cells/silencing condition, with red bars identifying 

median intensities. Mann-Whitney tests identify significant increases in total BUB1 intensities (i.e. 

abundance) at kinetochores following Taxol treatment (positive control) relative to vehicle control 

and following USP22 silencing relative to siControl (N = 2; n ≥ 10 for vehicle and Taxol controls; 

n > 40 for silencing conditions; ns p-value > 0.05; ** p-value < 0.01; **** p-value < 0.0001). 
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Increases in kinetochore recruitment of BUB1 can activate the SAC and delay anaphase 

onset343. To assess whether the increase in BUB1 recruitment following USP22 silencing is 

sufficient to delay anaphase onset, HCT116 cells expressing H2B-GFP were silenced and live cells 

were imaged every 2.5 min to monitor progression through mitosis. The time from nuclear 

envelope breakdown to anaphase entry was similar within USP22-silenced cells (23.1 ± 5.2 min) 

and control cells (21.7 ± 5.0 min; Figure 4.5), indicating that the tension defects revealed by 

increased BUB1 recruitment do not induce prolonged metaphase arrests or delay anaphase onset. 

Nonetheless, the tension defects observed within USP22-silenced cells may be sufficient to alter 

the tension-dependent mechanisms that detect and correct aberrant kinetochore-microtubule 

attachments. Specifically, merotelic attachments (i.e. when one of the sister chromatids is attached 

to both spindle poles) promote the formation of lagging chromosomes in anaphase172,344. In 

addition, these erroneous attachments do not activate the SAC and their detection may be 

exquisitely sensitive to subtle tension changes in metaphase170,172,345. Accordingly, it is possible 

that the increase in lagging chromosomes within USP22-silenced cells is caused by chromatin 

compaction defects that disrupt chromatin stiffness, inter-kinetochore tension and the tension-

dependent mechanisms that correct merotelic attachments. 

 

 

Figure 4.5. USP22 silencing is not associated with a prolonged delay of anaphase onset. 

Dot plot presenting the time from nuclear envelope breakdown to anaphase onset following control 

or USP22 silencing. Live cells were imaged every 2.5 min. Red bars indicate the median (N = 1; 

n ≥ 25). 
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4.3.4. USP22 silencing induces CIN phenotypes 

Alteration of the processes that ensure faithful chromosome segregation is one of the major 

molecular determinants of CIN in cancers339,346. Therefore, reduced USP22 expression and 

aberrant H2Bub1 regulation, associated with an increased rate of lagging chromosomes, may 

represent a novel molecular mechanism driving CIN. To assess this hypothesis, I quantified two 

CIN markers, namely increases in micronucleus formation and changes in nuclear areas (Section 

1.4.3)35,212,213,347,348, within USP22-silenced and control cells (Figure 4.6A-B). HCT116 were again 

purposefully selected for these CIN assays as they are karyotypically stable and have been 

employed extensively to study CIN and identify novel CIN genes181,210,212,278,338,349. As anticipated, 

median micronucleus formation increased significantly following USP22 silencing (siUSP22-

Pool, 2.3-fold; siUSP22-2, 1.9-fold; siUSP22-3, 4.0-fold) relative to siControl (Figure 4.6C; Table 

S4.4). In addition, changes in median nuclear areas were observed within cells silenced with 

siUSP22-Pool (119.5 μm2), siUSP22-2 (143.0 μm2) and siUSP22-3 (148.0 μm2) compared to 

siControl (136.0 μm2) or untreated (136.0 μm2) cells (Table S4.5). Two sample KS tests revealed 

statistically significant changes in the cumulative nuclear area distribution following USP22 

silencing relative to siControl, with a shift towards either larger nuclear areas (siUSP22-2, 

siUSP22-3) or smaller nuclear areas (siUSP22-Pool; Figure 4.6D; Table S4.5). Divergent changes 

in nuclear areas (increases versus decreases) are consistent with USP22 silencing inducing CIN, 

as CIN can induce either gains or losses of chromosomes, associated with larger or smaller nuclear 

areas, respectively. 
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Figure 4.6. USP22 silencing induces CIN-associated phenotypes in HCT116. 

(A) Representative image of USP22-silenced nuclei displaying a micronucleus (arrowhead). (B) 

Representative image of USP22-silenced nuclei displaying nuclear area heterogeneity. The 

bounding boxes identify two nuclei for which the nuclear areas are indicated. (C) Dot plot 

presenting the fold change in micronucleus formation normalized to the median of siControl; red 

bars identify the median fold change. Mann-Whitney tests reveal statistically significant increases 

in micronucleus formation following USP22 silencing relative to siControl (N = 2; n ≥ 5; minimum 

100 nuclei analyzed/replicate; ns p-value > 0.05; * p-value < 0.05; ** p-value < 0.01). (D) Two 

sample KS tests reveal significant changes in cumulative nuclear area distribution frequencies 

following USP22 silencing relative to siControl (N = 2; minimum 600 nuclei analyzed/condition; 

N/A not applicable; ns p-value > 0.01; **** p-value < 0.0001).  

 

 

To determine whether the increases in micronucleus formation and changes in nuclear areas are 

reflective of underlying changes in chromosome numbers, I generated mitotic chromosome 

spreads within silenced HCT116 cells. The modal chromosome number for this cell line is 45, and 

cells exhibiting either losses (N < 45) or gains (N > 45) of chromosomes were observed within 
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silenced conditions (Figure 4.7A). Enumeration of 100 spreads per condition revealed an increase 

in the frequency of both chromosome losses and chromosome gains within USP22-silenced cells 

relative to siControl (Figure 4.7B). Further, the experiment was repeated two additional times and 

statistically significant increases in the frequency of abnormal mitotic spreads (N ≠ 45) were 

observed following silencing with siUSP22-Pool (1.3-fold), siUSP22-2 (1.4-fold) and siUSP22-3 

(1.6-fold) relative to siControl (Figure 4.7C; Table S4.6). Collectively, these data indicate that 

reduced USP22 expression induces CIN phenotypes, including an increased rate of chromosome 

gains and losses, which identifies USP22 as a novel CIN gene in HCT116 cells.  
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Figure 4.7. USP22 silencing induces gains and losses of chromosomes in HCT116. 

(A) Representative images of mitotic chromosome spreads exhibiting the modal chromosome 

number (N = 45) following control silencing, or exhibiting losses (N < 45) or gains (N > 45) of 

chromosomes following USP22 silencing. (B) Dot plot presenting the number of chromosomes 

within 100 mitotic spreads/condition from a single representative experiment (N = 3). An increase 

in the frequency of both chromosome losses and chromosome gains is observed following USP22 

silencing relative to siControl. (C) Dot plot presenting the frequency of mitotic spreads exhibiting 

aberrant chromosome numbers (N ≠ 45) following silencing. Red bars indicate the mean frequency 

of aberrant spreads. Student’s t tests identify statistically significant increases in the frequency of 

abnormal mitotic spreads following USP22 silencing relative to siControl (N = 3; n = 100; ns p-

value > 0.05; * p-value < 0.05; ** p-value < 0.01).  
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4.3.5. USP22 is a conserved CIN gene 

To determine whether USP22 is a conserved CIN gene, similar CIN assays were conducted in 

a second karyotypically stable cell line. Human telomerase immortalized fibroblasts, hTERT, were 

selected for this approach as they are a karyotypically stable, non-malignant and non-epithelial 

cellular model. In addition, hTERT cells (modal chromosome number = 46) have been employed 

extensively in similar CIN assays148,181,210,212. First, USP22 silencing efficiencies were assessed, 

indicating that siUSP22-Pool, siUSP22-2 and siUSP22-3 are also effective at silencing USP22 

within hTERT cells (Figure 4.8A). In contrast with HCT116, USP22-silenced hTERT cells did not 

exhibit reproducible increases in micronucleus formation (Figure S4.3); however, significant 

differences in cumulative nuclear area distribution frequencies occurred within USP22-silenced 

cells relative to siControl (Figure 4.8B; Table S4.5). In addition, mitotic chromosome spread 

enumeration revealed an increase in the frequency of both chromosome losses (N < 46) and gains 

(N > 46) following USP22 silencing (Figure 4.8C). The average frequency of mitotic spreads 

exhibiting aberrant chromosome numbers (N ≠ 46) increased significantly by 1.7-fold within all 

three USP22 silencing conditions relative to siControl (Figure 4.8D; Table S4.6), establishing 

USP22 as a CIN gene in hTERT cells. Collectively, these findings are in agreement with HCT116 

data and consistent with USP22 being a tissue- and cell-type independent CIN gene.  
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Figure 4.8. USP22 silencing induces CIN phenotypes in hTERT cells. 

(A) Western blot presenting USP22 abundance following silencing with siControl, siUSP22-Pool 

or individual (siUSP22-2 and -3) siRNAs; Cyclophilin B serves as the loading control. Semi-

quantitative analyses were performed and the normalized USP22 levels are presented relative to 

siControl (100%). (B) Two sample KS tests reveal statistically significant differences in 

cumulative nuclear area distribution frequencies following USP22 silencing relative to siControl 

(N = 2, n > 900 nuclei analyzed/condition; ns p-value > 0.01; ** p-value < 0.01, **** p-value < 

0.0001). (C) Dot plot presenting the number of chromosomes enumerated from a single 

representative experiment (N = 3). An increase in the frequency of chromosome losses (N < 46) 

and gains (N > 46) is observed following USP22 silencing. (D) Dot plot showing the significant 

increases in the frequency of abnormal mitotic chromosome spreads (N ≠ 46) following USP22 

silencing relative to controls. The red bars identify the mean values of the three replicates. 

Student’s t-tests comparing means relative to siControl (N = 3; n = 100; ns p-value > 0.05; * p-

value < 0.05; ** p-value < 0.01). 
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4.4. DISCUSSION 

In this chapter, I assessed whether the removal of H2Bub1 in early mitosis is a pre-requisite for 

accurate chromatin compaction and mitotic fidelity. I first determined that USP22 is a major 

deubiquitinating enzyme responsible for H2Bub1 removal from mitotic chromosomes, as siRNA-

based USP22 depletion induced an increase in the abundance of H2Bub1 within prophase HCT116 

cells. Super-resolution microscopy revealed that this was accompanied by mitotic chromatin 

compaction defects. Further, complementary single cell quantitative imaging microscopy 

approaches identified an increase in the recruitment of BUB1 at metaphase kinetochores, 

indicative of impaired inter-kinetochore tension, as well as an increase in the frequency of 

chromosome segregation defects in anaphase. In agreement with these findings, reduced USP22 

expression was associated with multiple CIN phenotypes in HCT116, including significant 

increases in micronucleus formation, changes in nuclear areas and increased frequencies of 

chromosome gains and losses. Finally, similar CIN phenotypes were observed following reduced 

USP22 expression in a distinct cellular context. Collectively, these data reveal that the timely 

removal of H2Bub1 by USP22 in early mitotic stages is critical to ensure mitotic fidelity and 

maintain chromosome stability, further identifying USP22 as a novel CIN gene. 

The mitotic chromatin compaction defects that arise following USP22 silencing compromise 

mitotic fidelity potentially through multiple mechanisms. For instance, insufficient chromatin 

compaction can prevent sister chromatid disentanglement and thereby induce an increase in the 

frequency of anaphase chromatin bridges and chromosome mis-segregation events195-197,210. 

Chromatin compaction is also required to impart mitotic chromosomes with sufficient physical 

stiffness to counteract the pulling forces exerted by the mitotic spindle. These counteracting forces 

generate inter-kinetochore tension between sister chromatids, which exerts a critical role in the 

detection and correction of aberrant kinetochore-microtubule attachments170,180,199,200. In this 

chapter, UPS22 silencing induced chromatin compaction defects in prometaphase and metaphase 

that were associated with increased recruitment of the tension sensor BUB1 in metaphase, 

indicative of inter-kinetochore tension defects; however, USP22 silencing was not associated with 

a prolonged delay of anaphase onset, which suggests that BUB1 increases are either transient or 

below the threshold required to maintain SAC activation. In addition, USP22 silencing was not 

associated with increased rates of chromosome congression defects or anaphase bridges but it did 

increase the frequency of lagging chromosomes in anaphase. Collectively, these findings indicate 
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that reduced USP22 expression does not cause extensive chromatin compaction defects that 

compromise sister chromatid disentanglements and chromosome congression. Instead, reduced 

USP22 expression is likely to induce compaction defects that are sufficient to alter chromatin 

stiffness, thereby impairing inter-kinetochore tension and the correction of erroneous kinetochore-

microtubule attachments, resulting in increased frequency of lagging chromosomes. This is in 

agreement with the findings of Ricke and colleagues176, who demonstrated that changes in 

chromosome numbers following moderate increases in mitotic BUB1 abundance are specifically 

associated with an increase in the frequency of lagging chromosomes but are not accompanied by 

increases in congression errors, anaphase bridges or delayed anaphase onset. As merotelic 

attachments are a type of aberrant kinetochore-microtubule attachments that do not activate the 

SAC and promote the formation of lagging chromosomes172,344, it is likely that USP22 depletion 

and/or moderate BUB1 overexpression impair the correction of erroneous merotelic attachment, 

thereby selectively increasing the rate of lagging chromosomes but not anaphase bridges. Indeed, 

the molecular mechanisms that detect and correct merotelic attachments are expected to be 

particularly sensitive to subtle changes in inter-kinetochore tensions induced by altered 

kinetochore microtubule occupancy170. Thus, tension defects resulting from aberrant chromatin 

compaction in USP22-depleted cells presumably compromise the correction of merotelic 

attachments. While this hypothesis remains to be formally assessed, it is supported by the findings 

of Harasymiw and colleagues345 who revealed that reduced chromatin stiffness selectively 

increases the frequency of anaphase lagging chromosomes but not chromatin bridges. Ultimately, 

while not all lagging chromosomes are predicted to result in chromosome mis-segregation, an 

increase in their abundance is expected to increase the rate of chromosome segregation errors and 

drive the CIN phenotypes observed in USP22-silenced cells. 

As H2Bub1 impacts additional processes beyond chromatin compaction, including 

transcription261,341 and DNA damage repair267,268,342, it remains possible that additional aberrant 

mechanisms also contribute to the observed CIN phenotypes. For instance, USP22-mediated 

removal of H2Bub1 is required for DSB repair by both NHEJ and HR in mice. In addition, 

emerging data indicates that USP22 also contributes to DSB repair in human276,291. Therefore, 

reduced USP22 expression may induce DSB repair defects that promote chromosomal 

rearrangements in addition to the numerical changes described in this chapter. Specifically, DSB 

repair defects can generate acentric chromosome fragments that are unable to attach to the mitotic 
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spindle and produce a micronucleus350. However, while chromosomal rearrangements were not 

directly assessed in this thesis, examination of mitotic chromosome spreads did not reveal any 

increases in chromosomal fragments that would be indicative of increases in DSBs in UPS22 

silenced cells. This suggests that USP22 silencing is unlikely to induce frequent chromosomal 

rearrangements. Finally, it should be noted that USP22 also targets additional substrates beyond 

H2Bub1 (Section 1.6.3), including SIRT1, TRF1 and PALB2276,292,297. Thus, assessing whether 

misregulation of these substrates also induce numerical chromosome changes may reveal 

additional molecular determinants of CIN. 

A growing body of evidence indicates that distinct levels of CIN may differentially impact 

cancer initiation, progression and patient outcomes (Section 1.4.3)37,216-221. Conceptually, high 

levels can induce extensive and rapid chromosomal changes that decrease cell fitness and viability, 

whereas intermediate levels can promote genetic heterogeneity while maintaining greater cell 

fitness. This is supported by multiple lines of evidence, including data from mathematical 

models37, mammalian cell lines216-219 and mouse models220,221, indicating that intermediate CIN 

levels are more likely than high levels to drive tumor initiation and development. For instance, 

while heterozygous loss of either one of two mitotic checkpoint genes, Mitotic arrest deficient-like 

2 (Mad2) or Centromere protein E (Cenpe) induces intermediate levels of CIN and spontaneous 

tumorigenesis in mice, simultaneous deletion induces high levels of CIN that are associated with 

reduced rates of tumor formation220. This experimental evidence is supported by clinical data 

demonstrating that intermediate CIN levels correlate with worse patient outcomes than high levels 

in multiple cancer types, including ovarian, gastric, non-small cell lung and estrogen-receptor 

negative breast cancers128,214. Collectively, these findings underscore the importance of 

characterizing not only the aberrant molecular processes driving CIN, but especially those that are 

associated with intermediate CIN levels, as they are more likely to contribute to cancer 

pathogenesis. In this regard, comparison with other CIN genes assessed with similar quantitative 

imaging microscopy approaches in HCT116 and hTERT reveals that USP22 depletion is 

associated with CIN phenotypes of intermediate magnitude compared to the large-scale numerical 

changes associated with depletion of KIF11, cohesion or condensin genes158,181,210. This suggests 

that USP22 copy number losses and global increases in H2Bub1 observed in multiple cancer 

types25,311,351,352 may be associated with intermediate CIN levels that contribute to tumorigenesis 

and worse patient outcomes. Accordingly, future studies assessing whether USP22 deletion and 
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aberrant H2Bub1 regulation can drive cancer initiation and/or progression will be critical to 

determine the impact mis-regulation of USP22 and H2Bub1 may have on oncogenesis.  

Increased USP22 abundance has been reported in multiple cancer types and USP22 has often 

been investigated as an oncogene353-360. In contrast, the findings presented in this chapter indicate 

that USP22 expression is critical to maintain mitotic fidelity, revealing a novel function of USP22 

as a tumor suppressor gene required to maintain chromosome stability. In addition, recent reports 

have also identified tumor suppressive roles for USP22 in myeloid leukemia and CRC361,362. For 

instance, in mouse models, intestinal homozygous knockout of Usp22 was shown to synergize 

with heterozygous loss of Apc to promote the formation of colorectal tumors and increase tumor 

agressiveness362. Thus, while USP22 has been proposed as a novel therapeutic target based on its 

oncogenic functions363-365, this study coupled with emerging evidence suggest that USP22 

inhibition may abolish its tumor suppressive roles to promote cancer progression and/or the 

development of secondary malignancies. Therefore, future studies will be critical to characterize 

the specific contexts in which USP22 operates as an oncogene or a tumor suppressor gene. These 

efforts are imperative to distinguish cancer subtypes that can be therapeutically targeted by direct 

USP22 inhibition from subtypes where indirect approaches such as synthetic lethality may 

effectively exploit reduced USP22 expression, to ultimately improve patient outcomes. 
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4.5. SUPPORTING INFORMATION 

4.5.1. Supporting tables 

 

Table S4.1. USP22 silencing corresponds with global increases in H2Bub1 levels within 

prophase HCT116 cells. 

Condition 
Number of cells 

analyzed 

Median H2Bub1 

signal (a.u.) 
p-valueA 

Untreated 37 935 0.1553 

siControl 39 700 N/A 

siUSP22-Pool 41 1210 0.0001 

siUSP22-3 26 1431 < 0.0001 
ATwo-tailed Mann-Whitney tests compared to siControl (N/A not applicable). A p-value < 0.05 is 

considered significant. 

 

 

 

Table S4.2. USP22 silencing increases the frequency of chromatin compaction defects within 

mitotic HCT116 cells. 

Mitotic stage Category siControl siUSP22-Pool 

Prometaphase 
Normal 100% (n = 15) 56% (n = 5) 

Compaction defect 0% (n = 0) 44% (n = 4) 

Metaphase 
Normal 100% (n = 4) 50% (n = 3) 

Compaction defect 0% (n = 0) 50% (n = 3) 

 

 

 

Table S4.3. USP22 silencing induces significant increases in BUB1 recruitment to 

kinetochores within metaphase HCT116 cells. 

Condition 
Number of cells 

analyzed 

Median BUB1 

signal (a.u.) 
p-valueA 

Vehicle control 11 15.31 N/A 

Taxol 10 46.56 0.0011 

Untreated 46 14.76 0.0746 

siControl 45 10.29 N/A 

siUSP22-Pool 43 26.95 < 0.0001 

siUSP22-3 45 25.53 < 0.0001 
ATwo-tailed Mann-Whitney tests compared to vehicle control (Taxol) or siControl (Untreated, 

siUSP22-Pool, siUSP22-3). A p-value < 0.05 is considered significant (N/A not applicable). 



100 

 

Table S4.4. Mann-Whitney tests reveal significant increases in micronucleus formation 

following USP22 silencing in HCT116 cells. 

Condition 
Number of 

replicatesA 

Median 

number of 

micronuclei 

per 100 nuclei 

Median fold 

changeB 
p-valueC 

Untreated 5 0.408 1.205 0.4286 

siControl 6 0.339 1.000 N/A 

siUSP22-Pool 6 0.789 2.328 0.0260 

siUSP22-2 6 0.638 1.882 0.0022 

siUSP22-3 6 1.349 3.980 0.0022 
AA minimum of 100 nuclei/per replicate was analyzed. One replicate containing too few cells was 

excluded from the analysis in the Untreated condition (5 replicates remaining). 
BMedian fold-change in micronucleus formation relative to siControl. 
CTwo-tailed Mann-Whitney test compared to siControl (N/A not applicable). A p-value < 0.05 is 

considered significant. 

 

 

 

Table S4.5. Two sample KS tests identify statistically significant changes in nuclear areas 

following USP22 silencing. 

Cell line Condition 
Number of nuclei 

analyzed 
Median (µm2) p-valueA 

HCT116 

Untreated 1672 136 0.031 

siControl 1400 136 N/A 

siUSP22-Pool 1554 119.5 < 0.0001 

siUSP22-2 1067 143 < 0.0001 

siUSP22-3 619 148 < 0.0001 

hTERT 

Untreated 973 261 0.5689 

siControl 1171 257 N/A 

siUSP22-Pool 1362 269 0.0012 

siUSP22-2 1174 255 0.0060 

siUSP22-3 991 276 < 0.0001 
ATwo sample KS tests compared to siControl. A p-value < 0.01 is considered significant. 
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Table S4.6: USP22 silencing induces numerical changes in chromosome complements. 

Cell 

line 
Condition 

Number 

of 

replicates 

Spreads per 

replicate 

Mean percentage of 

abnormal spreads 
p-valueA 

HCT116 

Untreated 3 100 35 0.6520 

siControl 3 100 36 N/A 

siUSP22-

Pool 
3 100 46 0.0114 

siUSP22-2 3 100 50 0.0050 

siUSP22-3 3 100 57 0.0090 

hTERT 

Untreated 3 100 24 0.3703 

siControl 3 100 23 N/A 

siUSP22-

Pool 
3 100 40 0.0292 

siUSP22-2 3 100 38 0.0143 

siUSP22-3 3 100 40 0.0028 
AStudent’s t tests compared to siControl. A p-value < 0.05 is considered significant.  
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4.5.2. Supporting figures 

 

 

Figure S4.1. Reduced USP22 expression corresponds with increases in chromosome 

segregation errors. 

(A) Representative high-resolution 3D images (deconvolved maximum intensity projections) of a 

normal metaphase cell (left) and an abnormal metaphase cell (right) exhibiting a chromosome 

congression error (arrowhead). (B) Representative high-resolution 3D images of a normal 

anaphase cell (left) and abnormal anaphase cells exhibiting segregation errors, specifically lagging 

chromosomes (middle) and a chromatin bridge (right; arrowhead). 
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Figure S4.2. USP22 silencing increases BUB1 recruitment to kinetochores in HCT116 

metaphase cells. 

(A) Dot plot presenting the average intensity of kinetochore-associated BUB1 foci/cell, with red 

bars indicating median intensities. Mann-Whitney tests reveal significant increases in average 

BUB1 foci intensities (i.e. BUB1 levels) following Taxol treatment (positive control) relative to 

vehicle control and following USP22 silencing relative to siControl (N = 2; n ≥ 10 for vehicle and 

Taxol controls; n > 40 for silencing conditions; ns p-value > 0.05; *** p-value < 0.001; **** p-

value < 0.0001). (B) Dot plot showing the average volume of kinetochore-associated BUB1 

foci/cell, with red bars indicating the median foci volumes. Mann-Whitney tests identify 

significant increases in BUB1 foci volumes following Taxol treatment (positive control) and 

following USP22 silencing relative to siControl (N = 2; n ≥ 10 for vehicle and Taxol controls; n > 

40 for silencing conditions; ns p-value > 0.05; *** p-value < 0.001; **** p-value < 0.0001). 
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Figure S4.3. USP22 silencing is not associated with reproducible increases in micronucleus 

formation in hTERT cells. 

Dot plot presenting the fold change in micronucleus formation relative to the median of siControl 

within one representative experiment; red bars identify median values. Mann-Whitney tests did 

not identify statistically significant increases in micronucleus formation following USP22 

silencing relative to siControl (N = 2; n = 12; minimum 100 nuclei analyzed/replicate; ns p-value 

> 0.05). 
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CHAPTER 5: NOVEL USP22-DEFICIENT COLONIC EPITHELIAL CELLULAR 

MODELS EXHIBIT CHROMOSOME INSTABILITY 

 

5.1. ABSTRACT 

CIN is an aberrant phenotype observed in virtually all cancer types, including 85% of CRCs. 

CIN is characterized by an increase in the rate at which whole chromosomes or large chromosomal 

fragments are gained or lost. Thus, CIN promotes genetic heterogeneity that facilitates tumor 

initiation and evolution, enabling the emergence of more aggressive clones within tumors and 

driving poorer patient outcomes. Nonetheless, the determinants of CIN remain poorly understood 

and characterizing the genetic origins of this phenotype may support the development of 

therapeutic strategies with enhanced efficacy. As short-term siRNA-based assays previously 

identified USP22 as a novel conserved CIN gene, USP22 deletion and/or reduced USP22 

expression may be pathogenic events that promote CIN and genetic heterogeneity within cells, 

thereby contributing to cancer initiation and/or progression. Accordingly, in this chapter, I first 

exploited publicly available datasets to determine the frequency of USP22 alterations in common 

cancer types. As these data indicate that USP22 alterations, including USP22 deletions, are 

frequent in many cancers including CRC, I employed CRISPR/Cas9 to generate novel USP22-

deficient models in the CRC cell line HCT116. To evaluate whether homozygous and/or 

heterozygous USP22 knockout can induce CIN phenotypes and promote continuous karyotype 

evolution, I expanded and monitored three USP22-/- clones, one USP22+/- clone and controls over 

a ten-week timeframe. These long-term experiments demonstrated that every HCT116 USP22-

deficient model exhibited dynamic and heterogenous CIN phenotypes, including changes in 

micronucleus formation, nuclear areas and chromosome numbers. Further characterization of one 

USP22-/- clone and the USP22+/- clone revealed dramatic and prolonged increases in the abundance 

of the USP22 substrate H2Bub1 within interphase and/or prophase cells. To begin to assess the 

relevance of USP22 deletion as an early event in oncogenesis, I also generated a USP22+/- clone 

within the non-malignant immortalized colonic epithelial cell line 1CT, which exhibited dramatic 

changes in chromosome numbers relative to control. Collectively, these findings provide 

additional evidence that USP22 depletion and H2Bub1 misregulation are novel molecular 

determinants of CIN. This further demonstrates that both homozygous and heterozygous loss can 

induce long-term changes in chromosome complements in both malignant and non-malignant 
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colonic epithelial cells. This is consistent with USP22 deletion and reduced USP22 expression 

being pathogenic events that may drive genetic heterogeneity within cells and thereby promote 

cancer initiation and/or progression. 

 

5.2. INTRODUCTION 

CIN increases the rate at which whole chromosomes or large fragments thereof are gained or 

lost35. In CRC, CIN occurs in 85% of cases and drives cell-to-cell genetic heterogeneity, enabling 

selection pressures to promote the expansion of cells whose altered karyotypes confer fitness 

advantages and hallmarks of cancer36,37,118,313. Thus, CIN drives cellular transformation and tumor 

initiation and is thought to be an early event in CRC pathogenesis112,116,120,129. Further, CIN 

promotes tumor evolution and can facilitate the emergence of more aggressive clones within a 

tumor, as well as acquisition of multi-drug resistance and metastatic potential113,117,122-124. 

Accordingly, clinical data reveal that CIN is associated with aggressive cancers and poor patient 

prognosis110,125-128. Nonetheless, the molecular and genetic determinants of CIN in cancers remain 

poorly characterized134,148,160. While aberrant regulation of multiple processes, including DDR 

pathways, mitotic chromatin compaction or chromosome segregation is known to induce CIN, the 

specific genetic alterations that perturb these pathways within tumors remain largely 

unknown134,148,160. 

USP22 is a histone-modifying enzyme that functions within the DUBm of the SAGA complex 

(Figure 1.9B)286,289. Its main function is to catalyze the removal of H2Bub1, a PTM that is 

dynamically regulated throughout the cell cycle286,289. In interphase, when H2Bub1 abundance is 

maximal, spatial and temporal H2Bub1dynamics control chromatin accessibility and regulate 

transcription, DDR pathways and replication261,267,268,341,342,366,367. In contrast, in mitosis, H2Bub1 

is normally rapidly depleted in prophase and H2Bub1 levels remain below the threshold of 

detection from prometaphase until early G1278. In the preceding chapter (Chapter 4), I showed that 

siRNA-based USP22 depletion hinders H2Bub1 removal in prophase, which is associated with 

mitotic chromatin compaction defects, impaired inter-kinetochore tension and an increased rate of 

chromosome segregation errors368. These findings indicate that USP22-mediated regulation of 

H2Bub1 abundance in mitosis is critical for the maintenance of chromosome stability and further 

identified USP22 as a novel CIN gene. This suggests that reduced USP22 expression may be a 

pathogenic event that disrupts H2Bub1 regulation to drive CIN and promote cancer initiation 
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and/or progression. Importantly, USP22 targets a few additional substrates beyond H2Bub1, 

including H2Aub1 as well as non-histone substrates involved in transcription regulation (e.g. 

androgen receptor), DNA damage repair (e.g. PALB2), cell cycle progression (e.g. Cyclin B1) and 

telomere maintenance (e.g. TRF1)276,285,291-293,365,369,370. As aberrant regulation of many of these 

processes can induce CIN104,339,371, this supports the possibility that USP22 deletion and/or reduced 

expression may be pathogenic events that contribute to oncogenesis. 

Short-term (e.g. siRNA-based) assays can shed light on specific genetic alterations and 

molecular mechanisms giving rise to CIN phenotypes148,158,181,210. However, CIN is an ongoing 

process characterized by continuous karyotypic changes that are constrained by selection 

pressures35-37,118. For instance, distinct chromosome complements can provide different 

proliferative advantages that depend on the specific genes (e.g. oncogene, tumor suppressor or 

apoptotic gene) residing on the chromosomes that are gained or lost37,372. In addition, high rates of 

CIN inducing rapid and large-scale gains or losses of chromosomes are generally associated with 

reduced cell fitness relative to intermediate CIN phenotypes37,216-221. Accordingly, long-term CIN 

assays are required to assess whether novel CIN genes can drive long-term changes in chromosome 

complements while maintaining cellular viability and proliferation. Further, long-term assays may 

reveal novel molecular mechanisms that require longer time frames to induce CIN phenotypes. 

For example, while aberrant H2Bub1 increases and corresponding mitotic chromatin compaction 

defects can rapidly induce chromosome segregation errors detectable within two to three cell 

cycles (Section 4), persistent increases in H2Bub1 abundance may also compromise additional 

processes such as DDR pathways, leading to a progressive accumulation of DNA damage that 

could further enhance CIN phenotypes. Therefore, employing CRISPR/Cas9 approaches to 

generate novel USP22-deficient CRC models would enable the execution of long-term assays 

required to assess temporal kinetics of CIN and potential emerging CIN mechanisms within 

USP22-depleted cells.  

In this chapter, I first explored publicly available genomic and transcriptomic datasets to assess 

the frequency of USP22 alterations within common cancer types, which revealed a high frequency 

of USP22 deletion and/or reduced USP22 expression within multiple cancer types, including CRC. 

To model the impact of homozygous and heterozygous USP22 deletion, I employed CRISPR/Cas9 

approaches to generate three USP22-/- clones and one USP22+/- clone in the CRC cell line HCT116. 

To determine whether these USP22-deficient models exhibit CIN, they were expanded alongside 
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controls for 10 to 16 weeks and CIN phenotypes were assessed at regular intervals. All three 

USP22-/- clones and the USP22+/- cell line exhibited ongoing CIN phenotypes relative to controls, 

including increases in micronucleus formation, dynamic changes in nuclear areas and continuous 

changes in chromosome complements. Further characterization of one USP22-/- clone and the 

USP22+/- cell line also demonstrated dramatic and persistent upregulation of H2Bub1 abundance 

within interphase and/or prophase cells, consistent with H2Bub1 misregulation being a novel 

molecular determinant of CIN. To gain insight into the potential role of heterozygous loss of 

USP22 as an early pathogenic event in CRC development, I generated a USP22+/- clone within the 

non-malignant immortalized colonic epithelial cell line 1CT, which acquired striking changes in 

chromosome complements relative to the control. Collectively, these findings indicate that 

homozygous and heterozygous USP22 deletion can induce long-term CIN phenotypes in both 

malignant and non-malignant colonic epithelial cells. These data support the possibility that 

USP22 deletion, which occurs frequently in many cancer types, is a pathogenic event that drives 

genetic heterogeneity within cancer cells and thereby contribute to CRC initiation and progression. 

 

5.3. RESULTS 

5.3.1. Generating and characterizing first-generation CRISPR/Cas9 HCT116 USP22-/- clones 

Short term (< 1 week) siRNA based USP22 depletion induces CIN phenotypes in two distinct 

cellular contexts, including the CRC cell line HCT116 (Chapter 4), suggesting that USP22 deletion 

and/or reduced USP22 expression may be pathogenic events that promote genetic heterogeneity 

within tumors. Accordingly, analysis of publicly available genomic datasets revealed that deep 

deletion (i.e. homozygous deletion) of USP22 occurs in ~ 0.5-2% of most common cancer types, 

including 0.6% of CRC cases (Figure 5.1A). In addition, non-synonymous mutations occur in 0.5-

5% of cases, including many mutations predicted to be deleterious and expected to result in 

hypomorphic USP22 function (Figure 5.1B; Table S5.1).  
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Figure 5.1. Non-synonymous USP22 mutations and homozygous USP22 deletion occur in 

many cancer types. 

(A) Frequency of non-synonymous USP22 mutations and deep deletions (i.e. homozygous loss) 

in 13 common cancer types25,177. The number of patients assessed for each cancer type is indicated 

in brackets. Lung sq: lung squamous cell carcinoma; Lung adeno: lung adenocarcinoma. (B) 

Schematic depicting the protein domains within USP22 (green rectangles) along with the position 

of cancer-associated non-synonymous mutations (circles; stacked dots indicative of the number of 

mutations observed for a given residue). Stars indicate the location of two evolutionary conserved 

catalytic amino acid residues (Cysteine 185 and Histidine 479). 

 

To determine the long-term impact reduced USP22 expression and/or function may have on 

CIN, I sought to generate and characterize novel USP22-/- models in the HCT116 cell line. 

Employing a first-generation CRISPR/Cas9 approach (Section 3.4.1) and a previously generated 

HCT116 cell line that constitutively expresses the Cas9 endonuclease316, I first compared the 

editing efficiency of three distinct USP22-targeting crRNAs (Figure S5.1). As expected, western 

blot analysis demonstrated that transfection with each of the crRNAs resulted in a decrease in 

USP22 levels relative to mock-transfected cells (Control). In particular, transfection with crRNA-

2 and -3 decreased USP22 abundance to < 30% of the Control, suggesting that a large proportion 

of transfected cells harbor CRISPR-induced USP22 edits associated with heterozygous or 

homozygous USP22 knockout. Complementary semi-quantitative IIF analyses assessing the 

frequency of cells exhibiting no detectable USP22 signal (i.e. putative USP22-/- cells) indicated 
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that crRNA-3 was the most effective, with ~25% of crRNA-3 transfected cells exhibiting complete 

USP22 depletion (Figure S5.1B). Therefore, cells transfected with crRNA-3 were subjected to 

limited dilution to isolate and clonally expand individual cells. Thirty-nine clones were 

successfully expanded and screened by IIF to assess USP22 levels (Figure 5.2A). The six clones 

exhibiting the lowest USP22 signal were further expanded and USP22 abundance was assessed by 

western blot (Figure 5.2B). All six candidate USP22-/- clones exhibited reduced USP22 abundance 

relative to the Control, including candidates 2 and 3 that exhibited no detectable USP22 

expression. These two clones were identified as putative USP22-/- clones and named USP22-/--A 

and -B, respectively. Further IIF analysis and comparison with the Control confirmed that USP22 

is depleted to below detectable levels within USP22-/--A and -B (Figure 5.2C).  
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Figure 5.2. Screening identifies two putative USP22-/- clones in HCT116. 

(A) Box-and-whisker plot presenting mean USP22 signal intensity (i.e. abundance) quantified by 

IIF within 39 clones isolated by limited dilution following transfection with crRNA-3. Boxes 

delineate the 25th, 50th and 75th percentiles and whiskers identify 5th and 95th percentiles. Colored 

boxes identify the clones exhibiting the lowest USP22 abundance, which were selected for further 

analysis by western blot. Red boxes correspond to the two clones that were ultimately identified 

as USP22-/- clones. (B) Western blot presenting USP22 levels within Parental HCT116, Control 

and candidate USP22-/- clones. Candidates 2 and 3 highlighted in bold were ultimately validated 

as USP22-/- clones. α-tubulin serves as the loading control. (C) High-resolution images of Control, 

USP22-/--A and USP22-/--B cells, immunofluorescently labeled for USP22 and counterstained with 

DAPI. For qualitative comparisons, all images were acquired using identical exposure times. 
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As crRNA-3 targets exon 3 of USP22, exon 3 was sequenced within USP22-/--A and -B to 

identify the exact CRISPR-mediated edits present in each allele. Sequencing results identified 

indels in both alleles of each clone that cause frameshifts resulting in premature stop codons, 

indicating that USP22-/--A and -B are bona fide USP22-/- clones (Figure 5.3). As each edited allele 

encodes a premature stop codon located over 50 bp upstream of the last USP22 exon-exon junction, 

the aberrant mRNAs produced are expected to be degraded via nonsense-mediated decay, 

theoretically precluding the production of abnormal truncated proteins373. To examine this 

possibility, I acquired a long exposure image using an appropriate anti-USP22 antibody that 

recognizes an epitope within the amino-terminal portion of USP22, upstream of the edited region 

(Figure S5.2A). Neither USP22-/--A nor USP22-/--B expressed a protein with a molecular weight 

corresponding to that of the hypothetical truncated proteins, suggesting that the aberrant mRNAs 

are efficiently degraded by nonsense-mediated decay. 
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Figure 5.3. Validation and sequencing of HCT116 USP22-/--A and USP22-/--B. 

(A) DNA sequences of USP22 exon 3 in the wild-type control (WT reference; accession number 

NM_015276.2) and the two USP22-/- clones. The crRNA-3 target sequence is indicated in bold 

within the reference sequence, while the protospacer adjacent motif is underlined. (B) Protein 

sequences corresponding to the wild-type USP22 reference (WT; accession number NP_056091.1) 

and the hypothetical proteins encoded by the CRISPR/Cas9 edited alleles in the USP22-/- clones. 

The protein sequences encoded by alternating exons are highlighted in black and blue. Red amino 

acids are encoded by codons located at an exon-exon junction, while * identifies a stop codon. 

Aberrant amino acids encoded by the edited alleles are indicated in bold. Note that the edited 

alleles all encode a premature stop codon located over 50 bp upstream of the last exon-exon 

junction, which targets the corresponding mRNA for non-sense mediated decay and precludes the 

translation of the hypothetical aberrant proteins. 
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To determine the long-term impact USP22 depletion may have on CIN, the USP22-/- clones and 

the control were propagated for 10 weeks and potential changes in micronucleus formation, 

nuclear areas and chromosome numbers were assessed at regular intervals (Figure 5.4). Median 

micronucleus formation was increased by 1.6- to 2.4-fold within USP22-/--A and -B relative to the 

control at each time point (Figure 5.4A; Table S5.2). Increases were greatest in USP22-/--B, which 

exhibited significant 2.4-fold increases in median micronucleus frequency at weeks 3 and 5. Both 

USP22-/- clones also displayed dynamic changes in nuclear area distributions relative to the control 

over the course of the experiment (Figure 5.4B; Table S5.3). For instance, while USP22-/--A 

exhibited nuclear area distributions similar to that of the control at weeks 3 and 5, its nuclear area 

distribution shifted significantly towards larger nuclei at week 10. At week 3, USP22-/--B displayed 

a cumulative nuclear area distribution that was significantly shifted towards smaller nuclei relative 

to the control, although it was similar to the control at week 5 and strikingly and significantly 

shifted towards larger nuclei at week 10. 

In agreement with the dynamic changes in micronuclei frequency and nuclear areas, mitotic 

chromosome spreads enumeration revealed ongoing changes in chromosome complements in both 

clones (Figures 5.4C and S5.3; Table S5.4). At week 3, the frequency of abnormal chromosome 

numbers was increased in both USP22-/--A (32%) and USP22-/--B (38%) relative to the control 

(22%) and the USP22-/-
 cells exhibiting losses of chromosomes had generally lost more 

chromosomes than the control cells. In contrast, at week 5, the USP22-/- clones displayed similar 

frequency of abnormal mitotic spreads as the control (USP22-/--A, 21%; USP22-/--B and control 

29%), although the range of aberrant chromosome numbers remained greater in the USP22-/- 

clones than the control. At week 10, both the range and the frequency of aberrant chromosome 

numbers increased again in the USP22-/- clones relative to the previous time point and relative to 

the control (USP22-/--A, 39%; USP22-/--B, 30%; control, 24%). Overall, the ongoing changes in 

micronuclei frequency, nuclear areas and chromosome numbers within the USP22-/- clones are in 

agreement with CIN. 

As ongoing chromosome mis-segregation events generate heterogeneous chromosome 

complements conferring different growth advantages and disadvantages, distinct cell populations 

are selected that harbor either losses or gains of chromosomes associated with smaller or larger 

nuclear areas, respectively. Collectively, the above data show that USP22-/- clones exhibit dynamic 

changes in CIN-associated phenotypes, including continuously evolving chromosome 
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complements that are synonymous with CIN. These findings are consistent with homozygous 

USP22 deletion inducing CIN within cancer cells, indicating that this may a pathogenic event 

contributing to oncogenesis. 
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Figure 5.4. USP22-/- HCT116 cells exhibit dynamic CIN phenotypes. 

(A) Dot plots presenting the fold change in micronucleus formation relative to the median of the 

Control at three distinct time points (indicated at the top). Two-tailed Mann–Whitney tests reveal 

significant changes in micronucleus formation relative to the Control (≥ 100 nuclei replicate; ns p-

value > 0.05; * p-value < 0.05). (B) Cumulative nuclear area distribution frequencies of Control, 

USP22-/--A and USP22-/--B reveal dynamic changes in nuclear areas in the USP22-/- clones relative 

to Control over time (300 nuclei/condition; Two sample KS tests relative to Control; ns p-value > 

0.01; **** p-value < 0.0001). (C) Dot plots presenting the number of chromosomes enumerated 

from 100 mitotic chromosome spreads/condition. 



117 

 

5.3.2. Generating and characterizing second-generation CRISPR/Cas9 HCT116 USP22+/- 

and USP22-/- clones 

The findings presented in this thesis identified USP22 as a CIN gene and suggest that 

homozygous USP22 deletion may a pathogenic event that induce CIN and thereby contributes to 

oncogenesis. However, emerging evidence revealed that other types of USP22 copy number 

alterations occur more frequently than homozygous deletion in many cancers (Figure 5.5A). More 

specifically, interrogation of recent genomic datasets published by TCGA showed many cancers 

exhibit shallow deletion (including heterozygous loss), gain or amplification (i.e. high-level copy 

number gain) of USP22. Remarkably, copy number losses (i.e. deep and shallow deletion) occur 

in 10-85% of most cancer types, which is far more frequent than copy number gain and 

amplification that are only present in 5-20% of cases. Further, while deep (i.e. homozygous) 

deletion only occurs in 0.5-2% of cases, shallow deletions are observed in 10-80% of most cancer 

types. For instance, deep and shallow USP22 deletions are observed in ~ 1% and 48% of CRCs, 

respectively. In addition, mRNA expression data revealed that CRCs presenting with shallow 

USP22 deletion exhibit significantly reduced USP22 expression compared to both normal adjacent 

colorectal tissue and CRCs with diploid USP22 status (Figure 5.5B). This suggests that 

heterozygous loss of USP22 may also be a pathogenic event contributing to oncogenesis, 

potentially by inducing CIN. 

  



118 

 

 

Figure 5.5. Shallow deletions of USP22 are frequent in cancer and are associated with 

reduced USP22 mRNA expression. 

(A) Frequency of USP22 alterations (shallow deletions, deep deletions, gains and amplifications) 

in 13 common cancer types25,177. The number of patients assessed for each cancer type is indicated 

in brackets. Lung sq: lung squamous cell carcinoma; Lung adeno: lung adenocarcinoma. Note that 

USP22 is deleted (deep/shallow) in 10–80% of most cancers. (B) Box-and-whisker plot presenting 

USP22 mRNA z-scores (i.e. expression level) within normal adjacent (non-cancerous) control 

samples or CRC samples stratified according to USP22 copy number status. Lines identify the 

25th, 50th and 75th percentiles and whiskers delineate 5th and 95th percentiles. Z-scores are 

calculated relative to normal samples and the number of samples assessed for each category is 

indicated in brackets. Unpaired Welch’s t tests identify a significant decrease in USP22 mRNA 

levels within CRC samples harboring shallow USP22 deletion relative to normal samples and 

relative to CRC samples with diploid USP22 status (**** p-value < 0.0001). 
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To determine whether heterozygous loss of USP22 induces CIN, I sought to generate novel 

USP22+/- models in HCT116. The first-generation CRISPR/Cas9 system employed previously 

(Section 5.3.1) relied on a cell line constitutively expressing the Cas9 endonuclease, which may 

be associated with off-target editing. Accordingly, to generate USP22+/- clones, I employed a 

second-generation CRISPR/Cas9 approach that only requires transient Cas9 expression to 

minimize the likelihood of off-target effects. I first generated HCT116 cells that constitutively 

express either a non-targeting negative control sgRNA or two sgRNA targeted against USP22 exon 

4. Subsequently, these cells were transiently transfected with a Cas9 expression plasmid and FACS 

was employed to collect successfully transfected cells. Transfected cells expressing the non-

targeting sgRNA were employed as the control (NT-Control) for the remainder of the experiments, 

while individual clones were isolated and expanded from the population expressing USP22-

targeting sgRNA, in order to identify putative USP22+/- or USP22-/- clones. Western blot screening 

identified one putative USP22+/- clone and one putative USP22-/- clone, named USP22+/--1 and 

USP22-/--C, respectively (Figure 5.6A). Subsequent DNA sequencing confirmed the presence of 

frameshifting indels associated with premature stop codons within one allele of USP22+/--1 

(second allele is wild-type) and both alleles of USP22-/--C (Figure 5.6B). The expression of 

hypothetical truncated proteins from these edited alleles was assessed by western blot (Figure 

S5.2B). No such protein was detected within USP22+/--1 cells but a band of the appropriate size 

was present in USP22-/--C cells, suggesting that the aberrant mRNAs associated with one or both 

edited alleles in this clone are not degraded by nonsense-mediated decay. However, the 

corresponding band was only detectable at high exposure levels, indicating that it is present at very 

low abundance. 
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Figure 5.6. Validation of second-generation HCT116 USP22+/--1 and USP22-/--C clones. 

(A) Western blot presenting USP22 levels within NT-Control, USP22+/--1 and USP22-/--C. 

Cyclophilin B serves as the loading control. Semi-quantitative analyses were performed and the 

normalized USP22 levels are presented relative to NT-Control (100%). (B) DNA sequences of 

USP22 exon 4 in the wild-type control (WT reference; accession number NM_015276.2), the 

edited allele of USP22+/--1 (Allele 1) and the two edited alleles of USP22-/--C. The sgRNA-1 target 

sequence is indicated in bold within the reference sequence, while the protospacer adjacent motif 

is underlined. (C) Protein sequences corresponding to the wild-type USP22 reference (WT; 

accession number NP_056091.1) and the hypothetical proteins encoded by the CRISPR/Cas9 

edited alleles in USP22+/--1 and USP22-/--C. The protein sequences encoded by alternating exons 

are highlighted in black and blue. Red amino acids are encoded by codons located at an exon-exon 

junction, while * identifies a stop codon. Aberrant amino acids encoded by the edited alleles are 

indicated in bold. Note that the edited alleles all encode a premature stop codon located over 50 

bp upstream of the last exon-exon junction, which targets the corresponding mRNA for nonsense-

mediated decay and is expected to preclude the translation of the hypothetical aberrant proteins. 
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To determine whether the novel USP22-deficient models exhibit CIN, the clones and NT-

Control were expanded for 16 weeks and CIN phenotypes were assessed at regular intervals. In 

contrast with the first-generation USP22-/- clones (Section 5.3.1), neither USP22+/--1 nor  

USP22-/--C cells exhibited an increase in micronucleus formation relative to NT-Control (Figure 

S5.4; Table S5.5), while USP22-/--C displayed significant decreases in micronucleus frequency at 

weeks 2 and 16. With regards to nuclear areas, both USP22+/--1 and USP22-/--C exhibited dynamic 

changes in distributions relative to NT-Control over the course of the experiment (Figure 5.7; 

Table S5.6). USP22+/--1 nuclear area distributions were significantly shifted towards larger areas 

from weeks 2 to 8, with the largest shift observed at the earliest time point, before oscillating 

between areas similar to that of NT-control and significantly larger nuclear areas from weeks 10 

to 16. In contrast, the nuclear area distributions of USP22-/--C cells were strikingly and 

significantly shifted towards smaller nuclear areas from weeks 2 to 10, exhibited similar areas as 

NT-Control at week 12, but shifted towards smaller areas from weeks 14 to 16. 
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Figure 5.7: HCT116 USP22+/--1 and USP22-/--C exhibit dynamic changes in nuclear areas. 

Cumulative nuclear area distribution frequencies of NT-Control, USP22+/--1 and USP22-/--C over 

time. Two sample KS tests reveal dynamic changes in nuclear areas in USP22+/--1 and  

USP22-/--C relative to NT-Control (1200 nuclei analyzed/replicate; ns p-value > 0.01; ** p-value 

< 0.01; *** p-value < 0.001; **** p-value < 0.0001). 

 

 

To determine whether the dynamic changes in nuclear areas described above are reflective of 

underlying changes in cell-to-cell genetic heterogeneity within the USP22-deficient cells, mitotic 

chromosome spreads were enumerated at each time point (Figure 5.8; Table S5.7). While the 

frequency of aberrant chromosome numbers remained between 29% and 39% for the NT-Control 

throughout the experiment, this frequency varied dramatically from 29% to 70% in USP22+/--1 
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cells and 24 to 55% in the USP22-/--C clone. More specifically, aberrant mitotic spreads were most 

frequent at weeks 2 (49%) and 8 (70%) within USP22+/--1 cells, before decreasing to 29%-37% of 

spreads from weeks 10 to 16. Within USP22-/--C cells, the frequency of aberrant mitotic spreads 

was similar to NT-Control at weeks 2, 5 and 12, but increased at weeks 8 (55%), 10 (43%) and 16 

(42%). Relative to NT-Control, increases in the frequency of small-scale losses (< 10 

chromosomes) were the most frequent aberrant event in both USP22+/--1 and USP22-/--C cells 

throughout the experiment, although moderate increases in the frequency of large-scale gains (≥ 

10 chromosomes) were also observed in USP22-/--C cells from weeks 10 to 16. Collectively, these 

results identify dynamic changes in nuclear areas and chromosome numbers within USP22-/--C 

cells that are consistent with the findings described for the first-generation USP22-/- clones (Figure 

5.4). Further, USP22+/--1 cells also exhibited CIN phenotypes, including striking changes in 

chromosome numbers, indicating that partial decrease in USP22 expression may also induce CIN, 

consistent with shallow USP22 deletion being a pathogenic event that may contribute to 

oncogenesis. 
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Figure 5.8: USP22+/--1 and USP22-/--C exhibit dynamic changes in chromosome numbers. 

(A) Dot plots presenting the number of chromosomes enumerated from 100 mitotic chromosome 

spreads/cell line at six successive time points. (B) Bar charts presenting the frequency of mitotic 

spreads exhibiting the normal chromosome number (45), large-scale losses or gains (≥ 10 

chromosomes lost or gained relative to normal number) and small-scale losses or gains (< 10 

chromosomes lost or gained) within each cell line over time. 
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To determine whether the CIN phenotypes described above may be induced by aberrant 

H2Bub1 regulation within the USP22-deficient cells, global H2Bub1 abundance within 

asynchronous cells was assessed by western blot at each time point (Figure 5.9A). USP22+/--1 cells 

exhibited increased H2Bub1 levels relative to NT-Control throughout the experiment, with the 

most dramatic increases generally observed at the earliest time points (e.g. 2.7-fold increase at 

week 2) and lower increases at later time-points (e.g. 1.1-fold increase from weeks 12 to 16). 

USP22-/--C cells displayed even greater increases in H2Bub1 abundance at early time points (e.g. 

3.9-fold increase at week 2) and aberrant H2Bub1 increases persisted even at later time points (e.g. 

1.6 and 1.3-fold increases at weeks 14 and 16, respectively). To determine whether increases in 

H2Bub1 lessened overtime within USP22+/--1 cells because of possible changes in USP22 

expression, such as overexpression of the wild-type allele compensating for the loss of the edited 

one, USP22 abundance was also monitored by western blot (Figure 5.9B). Consistent with this 

hypothesis, within USP22+/--1 cells, USP22 levels were lowest at the earliest time point (30% of 

NT-Control), although they remained markedly reduced throughout the experiment (44-66% of 

NT-Control from weeks 4 to 16). Lastly, to assess whether the global changes in H2Bub1 levels 

observed within asynchronous (i.e. predominantly interphase) USP22-deficient cells are also 

associated with aberrant H2Bub1 regulation in mitosis, semi-quantitative IIF was employed to 

assess H2Bub1 levels within prophase cells (Figure 5.9C; Table S5.8). Surprisingly, H2Bub1 

levels were not significantly increased within prophase USP22+/--1 cells relative to NT-Control. In 

contrast, median H2Bub1 abundance was significantly increased by 1.1 to 1.8-fold within  

USP22-/--C prophase cells at weeks 5, 8, 12 and 16. These differences suggest that the molecular 

mechanism underlying CIN phenotypes within USP22+/--1 and USP22-/--C cells may be distinct. 
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Figure 5.9: Assessing USP22 and H2Bub1 abundance within USP22+/--1 and USP22-/--C cells. 

(A) Western blot presenting H2Bub1 levels within NT-Control, USP22+/--1 and USP22-/--C over 

time. Note that H2Bub1 presents as a doublet in every sample as described in the previous chapter, 

although the upper band is only faintly visible within NT-Control at week 2. H2B serves as the 

loading control. Semi-quantitative analyses were performed and the normalized H2Bub1 levels 

are presented relative to NT-Control (100%). (B) Western blot presenting USP22 levels within 

NT-Control, USP22+/--1 and USP22-/--C over time. Cyclophilin B serves as the loading control. 

Semi-quantitative analyses were performed and the normalized USP22 levels are presented 

relative to NT-Control (100%). (C) Dot plot presenting the mean H2Bub1 signal 

intensity/prophase cell, with red bars identifying median signal intensities. Two-tailed Mann-

Whitney tests identify significant increases in H2Bub1 intensities (i.e. abundance) within  

USP22-/--C cells relative to NT-Control (n ≥ 18 cells/condition; ns p-value > 0.05; ** p-value < 

0.01; **** p-value < 0.0001). 
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5.3.3. Generating and characterizing a 1CT USP22+/- clone 

Both homozygous and heterozygous USP22 knockout can induce dynamic CIN phenotypes in 

HCT116, a CRC cell line. As CIN can promote CRC initiation (Section 1.31)112,116,120 and shallow 

USP22 deletion occurs in ~ 48% of CRCs, I next sought to evaluate the relevance of heterozygous 

USP22 loss as an early event in CRC pathogenesis. To this end, I employed the second-generation 

CRISPR/Cas9 approach to generate a NT-Control and USP22+/- clones within the non-malignant 

karyotypically stable immortalized colonic epithelial cell line 1CT374. One putative USP22+/- 

clone, named USP22+/--2, was identified by western blot (Figure 5.10A) and subsequent 

sequencing identified a frameshift deletion within one allele of USP22 exon 4 resulting in a 

premature stop codon (Figure 5.10B-C). The expression of the hypothetical truncated protein 

corresponding to the edited allele was assessed by western blot and no such protein was observed, 

suggesting that the mRNA encoded by the edited allele is degraded by nonsense-mediated decay 

(Figure S5.2C). 
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Figure 5.10. Identification and validation of a second-generation 1CT USP22+/- clone. 

(A) Western blot presenting USP22 levels within 1CT NT-Control and USP22+/--2 cells. 

Cyclophilin B serves as the loading control. Semi-quantitative analyses were performed and the 

normalized USP22 levels are presented relative to NT-Control (100%). (B) DNA sequences of 

USP22 exon 3 in the wild-type control (WT reference; accession number NM_015276.2) and the 

edited allele of 1CT USP22-/--2 (Allele 1). The sgRNA-1 target sequence is indicated in bold within 

the reference sequence, while the protospacer adjacent motif is underlined. (C) Protein sequences 

corresponding to the wild-type USP22 reference (WT; accession number NP_056091.1) and the 

hypothetical protein encoded by the CRISPR/Cas9 edited allele in the USP22+/--2 clone. The 

protein sequences encoded by alternating exons are highlighted in black and blue. Red amino acids 

are encoded by codons located at an exon-exon junction, while * identifies a stop codon. Aberrant 

amino acids encoded by the edited allele are indicated in bold. Note that the edited allele encodes 

a premature stop codon located over 50 bp upstream of the last exon-exon junction, which targets 

the corresponding mRNA for non-sense mediated decay and precludes the translation of the 

hypothetical aberrant protein. 
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To determine whether heterozygous USP22 knockout can induce CIN within 1CT cells, the 

NT-Control and USP22+/--2 were expanded for 10 weeks and potential changes in micronucleus 

formation and nuclear areas were assessed at regular intervals. As observed within HCT116 

USP22+/--1, 1CT USP22+/--2 did not exhibit significant increases in micronucleus formation 

throughout the time course experiment (Figure 5.11A; Table S5.9). In addition, USP22+/--2 did not 

exhibit significant changes in nuclear areas relative to NT-Control (Figure 5.11B; Table S5.10). 

 

 

Figure 5.11. 1CT USP22+/--2 does not exhibit changes in nuclear areas or micronucleus 

formation. 

(A) Dot plots presenting the fold change in micronucleus formation relative to the median of NT-

Control at the indicated time points. Two-tailed Mann-Whitney tests did not reveal any significant 

changes in micronucleus formation within USP22+/--2 cells relative to NT-Control (minimum 100 

nuclei analyzed/replicate; ns p-value > 0.05). (B) Cumulative nuclear area distribution frequencies 

of NT-Control and USP22+/--2 over time. Two sample KS tests did not reveal significant changes 

in nuclear areas in USP22+/--2 relative to NT-Control (1200 nuclei analyzed/replicate; ns p-value 

> 0.01). 
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Importantly, chromosome segregation errors can occur in the absence of micronucleus 

formation375. In addition, nuclear area analysis is best suited to identify large-scale changes in 

chromosome numbers rather than gain or loss of a few chromosomes212. Accordingly, to gain 

complementary insight into potential CIN phenotypes within USP22+/--2, mitotic chromosome 

spreads were enumerated at regular time intervals (Figure 5.12; Table S5.11). The modal 

chromosome number for 1CT is 46. At the earliest time point (week 3), NT-Control and 

USP22+/--2 showed remarkably similar profiles and a similar frequency of aberrant chromosome 

numbers (NT-Control, 19%; USP22+/--2, 16%). At week 6, USP22+/--2 exhibited a moderate 

increase in the range of aberrant chromosome numbers relative to NT-Control and relative to the 

previous time point. To determine whether chromosome number alterations would continue to 

accumulate within USP22+/--2 relative to NT-Control, the cells were grown for an additional five 

weeks. At week 11, USP22+/--2 exhibited dramatic changes in chromosome numbers, with only 

15% of mitotic spreads displaying the modal chromosome number of 46, relative to 87% within 

NT-Control. The majority of USP22+/--2 spreads exhibited small-scale (< 10) chromosome gains, 

with 46% of spreads displaying 49 chromosomes and 22% containing 48 chromosomes. While 

widespread within USP22+/--2 cells, gain of only two or three chromosomes may be insufficient to 

induce detectable changes in nuclear areas, compatible with the absence of significant nuclear area 

changes reported above (Figure 5.11). Nonetheless, these results provide striking evidence of 

ongoing karyotypic evolution within the USP22+/--2 clone that is consistent with underlying CIN. 
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Figure 5.12. USP22+/--2 cells exhibit changes in chromosome numbers. 

(A) Dot plots presenting the number of chromosomes enumerated from 100 mitotic chromosome 

spreads/cell line at three successive time points. (B) Bar charts presenting the frequency of mitotic 

spreads exhibiting the normal chromosome number (46), large-scale losses or gains (≥ 10 

chromosomes lost or gained relative to normal number) and small-scale losses or gains (< 10 

chromosomes lost or gained) within each cell line over time. 

 

 

The striking changes in chromosome numbers from week 6 to week 11 within USP22+/--2 and 

the high frequency of mitotic spreads exhibiting either 48 or 49 chromosomes at week 11 suggest 

that one or a few clones may have emerged that harbored karyotypic alterations associated with 

growth and/or survival advantages, which allowed these clones to largely outcompete the cells 
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exhibiting a normal karyotype. In this scenario, it is expected that specific karyotypes may 

predominate within the cells exhibiting 48 and 49 chromosomes. In agreement with this possibility, 

karyotypic analyses revealed that all the cells harboring 49 chromosomes exhibit whole 

chromosome gains of 7, 8 and 10 (Table 5.1; Figure 5.13). In contrast, cells with 48 chromosomes 

displayed greater heterogeneity with gains of either chromosomes 7 and 8, 7 and 10, or 7, 8 and 

10 accompanied by the loss of another chromosome, such as chromosomes 9, 11, 20, 21 or Y. 

Similarly, cells that exhibited 47 chromosomes (7% of mitotic spreads) did not exhibit a 

homogeneous karyotype but showed gains of either 7, 8 or 10, or a gain of 7 and 10 combined with 

loss of another chromosome (4 or 11), or in one instance a gain of 7, 8 and 10 combined with the 

loss of two other chromosomes (11 and X). These analyses strongly suggest that gain of 7, 8 and 

10 provided a proliferative advantage that enabled this subclone to become dominant within the 

USP22+/--2 population. Although it remains unclear whether these alterations were acquired 

simultaneously or in a stepwise manner, the lack of a consistent karyotype within cells harboring 

47 or 48 chromosomes suggest that expansion of the 49 chromosomes subclone may have occurred 

first, followed by heterogenous losses of 1 or 2 chromosomes in a subset of cells, consistent with 

underlying CIN driving a continuous increase in cell-to-cell karyotypic heterogeneity. 

Collectively, these results reveal that heterozygous loss of USP22 in non-malignant colonic 

epithelial cells promote CIN and ongoing changes in chromosome numbers. This indicate that 

USP22 deletion may be an early pathogenic event that promotes genetic heterogeneity and thereby 

contributes to disease initiation. 
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Table 5.1. Karyotypes of USP22+/--2 mitotic cells at week 11. 

Chromosome numberA KaryotypeB Frequency 

46 
46,XY 14% 

46,XY,+9,-17 1% 

47 

47,XY,+7 1% 

47,XY,+8 1% 

47,XY,+10 2% 

47,XY,+7,+10,-11 1% 

47,XY,-4,+7,+10 1% 

47,Y,+7,+8,+10,-11 1% 

48 

48,XY,+7,+8 6% 

48,XY,+7,+10 8% 

48,XY,+7,+8,-9,+10 1% 

48,XY,+7,+8,+10,-11 1% 

48,XY,+7,+8,+10,-20 2% 

48,XY,+7,+8,+10,-21 2% 

48,X,+7,+8,+10 1% 

49 49,XY,+7,+8,+10 44% 

Other N/A 10% 
A100 mitotic chromosome spreads were assessed. The karyotypes of one spread with 48 

chromosomes and two spreads with 49 chromosomes could not be accurately determined because 

of low quality G-banding patterns and are not listed in the table. 
BKaryotyping was performed for all mitotic spreads exhibiting 46, 47, 48 or 49 chromosomes by 

cytogenetics expert Zelda Lichtensztejn (McManus laboratory). N/A, not applicable. 
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Figure 5.13. Representative karyotypes of USP22+/--2 mitotic cells at week 11. 

(A) Representative karyotype of a diploid cell (46,XY) within the USP22+/--2 cell line. Parental 

and NT-Control 1CT harbor cells with the karyotype 46,XY and cells with karyotype 46,XY,t22:5 

or 46,XY,t19:13. No translocations were detected in any of the USP22+/--2 cells, indicating that 

this clone originated from a 1CT cell with karyotype 46,XY. (B) Representative examples of 

aberrant karyotypes frequently observed among the USP22+/--2 cells at week 11. All imaging and 

analysis were performed by a cytogenetics expert, Zelda Lichtensztejn (McManus laboratory). 
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5.4. DISCUSSION 

In this chapter, I exploited publicly available genomic datasets to determine the frequency of 

USP22 alterations in common cancer types. These data revealed frequent USP22 alterations, 

including non-synonymous mutations, homozygous deletion and a high rate of shallow deletion. 

As many of these alterations are expected to reduce USP22 expression and/or impair USP22 

function, I sought to determine whether these alterations may be pathogenic events contributing to 

oncogenesis. Accordingly, I employed CRISPR/Cas9 approaches in HCT116 to generate three 

USP22-/- and one USP22+/- clones and assess the impact homozygous and heterozygous USP22 

loss may have on CIN. Long term monitoring of these clones revealed heterogeneous and dynamic 

CIN phenotypes relative to controls, including increases in micronucleus formation, nuclear area 

changes and continuously evolving chromosome complements. In addition, further 

characterization of one USP22-/- clone and the USP22+/- clone revealed dramatic increases in the 

abundance of the USP22 substrate H2Bub1 within interphase and/or prophase cells, consistent 

with H2Bub1 misregulation driving CIN within USP22-deficient cells. To assess the relevance of 

USP22 loss as an early event in oncogenesis, I subsequently generated a USP22+/- clone within the 

non-malignant colonic epithelial cell line 1CT, which also exhibited changes in chromosome 

numbers. Collectively, these findings buttress a novel tumor suppressive function of USP22 in the 

maintenance of chromosome stability and further support that hypomorphic USP22 expression and 

function may drive CIN and thereby contribute to tumor initiation and malignant progression. 

All three USP22-/- clones and the two USP22+/- clone exhibited CIN phenotypes relative to 

controls; however, the manifestations of CIN differed between distinct clones. For instance, while 

HCT116 USP22-/--A and -B displayed moderate increases in micronucleus formation and dynamic 

nuclear area distributions that ultimately shifted towards large nuclei, USP22-/--C cells were not 

associated with increased micronucleus formation and typically displayed markedly smaller nuclei 

than the control. Such phenotypic heterogeneity is expected within CIN-positive cell lines and has 

previously been observed between clonal cell lines harboring deletion of the same CIN gene, such 

as amongst RBX1+/- clones or between distinct SKP1+/- clones in fallopian tube secretory epithelial 

cell lines376,377. Conceptually, as CIN-driven gains and losses of chromosomes occur in a largely 

random fashion (Section 1.3), from the earliest chromosome segregation errors that occurred 

following USP22 knockout and throughout the clonal expansion and time course experiment, 

ongoing CIN is expected to drive genetic heterogeneity both within and between each clonal 
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population, resulting in corresponding phenotypic heterogeneity. Further, as distinct chromosome 

complements confer different proliferative advantages37,216,219, selection pressures are expected to 

promote or constrain the expansion of various subclones within each cell line and differentially 

shape the evolutionary trajectory of each CIN-positive cell line. The time course data provide 

indirect evidence supporting the existence of underlying selection pressures. For example, the 

USP22-/--C cells exhibited a striking decrease in nuclear areas at the earliest time points, but mitotic 

chromosome spread enumeration did not reveal corresponding increases in the frequency of 

chromosome losses. As the nuclear area assay analyzes interphase cells while mitotic spread 

enumeration can only detect numerical changes within actively proliferating cells, these 

contrasting data suggest that the USP22-/--C clone may have been composed of a large 

subpopulation of cells harboring large-scale chromosome losses, which are either no longer 

actively proliferating or are proliferating at a slower rate than cells harboring a near-diploid 

karyotype. In agreement with this hypothesis, dramatic increases in H2Bub1 abundance within 

interphase USP22-/--C at week 2 were not reflected within prophase cells, suggesting that the cells 

with the most dramatic H2Bub1 increases, which may correspond to the cells with large-scale 

chromosome losses, were not able to enter mitosis. As H2Bub1 regulates several processes in 

addition to mitotic chromatin compaction, including multiple DDR pathways267,268, accumulation 

of unrepaired DNA damage may halt or delay cell cycle progression and prevent mitotic entry 

within cells exhibiting such striking H2Bub1 upregulation. Remarkably, within both USP22-/--B 

and -C cells, dramatic shifts towards small nuclei are followed by shift towards nuclear area 

distribution more similar to the controls. This further bolsters the possibility that cells harboring 

large-scale chromosome losses exhibit decreased viability and/or reduced proliferation rate and 

become progressively outgrown by other subclones within the genetically heterogenous 

populations. This is consistent with experimental data showing that large scale chromosome losses 

can decrease cancer cell fitness219. Importantly, both USP22-/--B and -C cell populations exhibited 

renewed CIN phenotypes at later time points, indicating that the underlying CIN mechanism 

persists and continues to drive genetic heterogeneity throughout the successive waves of clonal 

selection and expansion. 

In Chapter 4, I previously identified a molecular mechanism whereby reduced USP22 

expression compromises H2Bub1 removal in early mitosis, which impairs mitotic chromatin 

compaction and inter-kinetochore tension and promotes chromosome segregation errors368. As 
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USP22-/--C cells generally exhibit significant increases in H2Bub1 abundance in prophase, this 

mechanism is likely to contribute to the CIN phenotypes observed within the USP22-/- clones. In 

contrast, USP22+/--1 cells only showed increased H2Bub1 levels in asynchronous cells and not in 

prophase. This demonstrates that partial USP22 depletion impairs H2Bub1 regulation in 

interphase, whereas residual USP22 levels appear sufficient to maintain timely H2Bub1 removal 

in early mitosis. This raises the question of the molecular mechanism(s) underlying the CIN 

phenotypes observed within USP22+/--1 cells. It is possible that mitotic misregulation of H2Bub1 

occurred in these cells during the initial clonal expansion and induced early chromosome 

segregation errors, before selection pressures promoted the preferential expansion of subclones 

that retained CIN phenotypes but had acquired alterations restoring rapid H2Bub1 removal in 

mitosis. However, it may be more likely that other molecular mechanisms induce CIN within 

USP22+/--1 cells. For example, aberrant H2Bub1 regulation in interphase is expected to induce 

transcriptional misregulation, as H2Bub1 is normally enriched within the body of actively 

transcribed genes and generally promotes active transcription by facilitating progression of RNA 

polymerase II260-263,265. In addition, H2Bub1 removal from the body of transcribed gene, mediated 

by the USP22-containing SAGA DUBm is also required for enhanced RNA polymerase II activity 

and optimal gene expression264-266. Moreover, H2Bub1 promotes the acquisition of additional 

histone marks that regulate transcription, namely methylation of H3 K4 and K79259,273,274. Further, 

USP22 itself is a transcription activator that can enhance expression of target genes of multiple 

transcription factors, including c-MYC, the androgen receptor, and TP53, via pathways that may 

be distinct from its function in regulating H2Bub1 abundance286,359,365,378. Thus, H2Bub1 

upregulation combined with partial USP22 depletion likely disrupt transcriptional regulation 

through multiple mechanisms within USP22+/--1 cells. This may result in upregulation or 

decreased expression of many genes, including genes critical for the maintenance of chromosome 

stability, thereby inducing CIN.  

Additional mechanisms may contribute to the CIN phenotypes observed. Like transcriptional 

regulation, accurate DDR also depends on dynamic regulation of H2Bub1 abundance. For 

instance, increased H2Bub1 levels following DSBs enables the recruitment of critical effectors of 

NHEJ and HR, the two major DSB repair pathways267,268. Conversely, eukaryotic models and 

emerging human data suggest that USP22-mediated H2Bub1 removal is also required for effective 

DSB repair as well as transcription-coupled DNA repair269,275-277. Further, USP22 can regulate 
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additional substrates beyond H2Bub1 that contributes to multiple DDR pathways, including DSB 

repair and nucleotide excision repair276,291,293. Thus, impaired H2Bub1 regulation and partial 

USP22 depletion may disrupt multiple DDR pathways, leading to persistent DNA damage that 

may promote structural CIN. However, while structural CIN was not directly assessed in this 

thesis, USP22+/--1 cells did not display any increase in micronucleus formation nor in the 

frequency of chromosomal fragments within mitotic spreads, suggesting that defective DDR may 

not be the main mechanism responsible for CIN phenotypes within the USP22+/--1 clone. Beyond 

misregulation of transcription and DDR pathways, specific USP22 substrates may become 

misregulated and induce CIN following partial USP22 depletion. For example, TRF1 is a USP22 

substrate that is a component of the telomere shelterin complex and is also required for faithful 

chromosome segregation292,379. As USP22 depletion can increase TRF1 ubiquitination levels and 

induce TRF1 depletion292, while TRF1 depletion promotes chromosome segregation errors and 

changes in chromosome numbers379, reduced USP22 expression in USP22+/--1 cells may decrease 

TRF1 abundance and thus induce numerical CIN. However, numerical CIN within TRF1-depleted 

cells is reportedly associated with increases in micronucleus formation and increases in chromatid 

cohesion defects379, which were not observed in USP22+/--1 cells. Thus, this potential mechanism 

cannot fully account for all the results presented in this thesis. Accordingly, it is likely that several 

of the potential mechanisms described above contribute and perhaps synergize to induce CIN 

within USP22+/--1 cells. As H2bub1 is misregulated not only in prophase within USP22-/--C cells 

but also in interphase, similar mechanisms may also promote CIN within the USP22-/- clones, 

alongside H2Bub1-mediated alteration of mitotic chromatin compaction and inter-kinetochore 

tension. 

Both USP22+/--1 and USP22-/--C HCT116 clones generally showed a progressive lessening of 

the aberrant H2Bub1 phenotypes in interphase and/or prophase throughout the long-term 

experiment. This suggests that the molecular mechanisms and enzymes regulating H2Bub1 

abundance may have adapted over time. A moderate increase in USP22 abundance observed 

within USP22+/--1 cells over time may contribute to restoring H2Bub1 regulation in interphase 

cells. Increased USP22 levels may have resulted from changes in transcriptional regulation, which 

could occur via altered levels of known USP22 transcriptional regulators, such as Cyclic 

Adenosine 3',5'-Monophosphate Response Element-Binding Protein 1 (CREB1) and Specificity 

Protein 1 (SP1)380,381. Although USP22 abundance in USP22+/--1 cells remained well below that 
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in NT-Control even at later time points, USP22 activity may have also been further enhanced by 

post-translational modifications of USP22 itself or its partners within the SAGA complex369,382. In 

addition, while USP22 is the main DUB capable of regulating global H2Bub1 abundance, several 

other DUBs can catalyze H2Bub1 removal. These enzymes normally function within specific 

processes (Section 1.6.3)260, but it is possible that overexpression of these DUBs could foster 

promiscuous activity and decrease global H2Bub1 abundance. Clinical data support this 

hypothesis as comparison of mRNA levels between CRC tumors harboring shallow USP22 

deletion relative to tumors with diploid USP22 status identifies significant upregulation of USP12, 

USP27X, USP36, USP42 and USP4925,177, five H2Bub1-targeting DUBs299,300,302,304. Among these 

DUBs, USP27X may be particularly relevant as it normally competes with USP22 for interaction 

with ATXN7L3 and ENY2, two partners of USP22 within the SAGA DUBm299. It is also the only 

H2Bub1-targeting DUB significantly upregulated at the mRNA level within CRC tumors 

harboring deep deletion of USP22 relative to tumors with diploid USP22 status25,177. Importantly, 

while USP27X requires interaction with ATXN7L3 and ENY2 to remove H2Bub1, it operates 

independently of the rest of the SAGA complex and largely regulates H2Bub1 levels at loci distinct 

from those regulated by USP22299. Therefore, USP27X expression is not expected to accurately 

restore the spatial and temporal H2Bub1 dynamics that are normally regulated by H2Bub1. 

Similarly, since the other H2Bub1-targeting DUBs are not known to interact with SAGA, while 

transcription-coupled H2Bub1 removal is normally regulated by the integration of USP22 within 

the SAGA DUBm and interaction of SAGA with other partners264-266,286,289, H2Bub1 regulation is 

likely to remain disrupted even if overexpression of other DUBs can reduce global H2Bub1 

abundance. This is consistent with the persistence of CIN phenotypes overtime in all three  

USP22-/- clones and USP22+/--1 cells. Collectively, the findings presented in this thesis identify 

both heterozygous and homozygous USP22 knockout as deleterious events that disrupt H2Bub1 

regulation and induce CIN. While the molecular mechanisms underlying CIN are not fully 

elucidated and may evolve over time, these data are consistent with reduced USP22 expression 

being a pathogenic event in CRC that promotes genetic heterogeneity and thereby contributes to 

cancer development and/or progression. 

Long-term monitoring of 1CT USP22+/--2 revealed striking evidence of karyotypic evolution 

suggestive of a selective sweep associated with gain of one copy each of chromosomes 7, 8 and 

10. Importantly, monitoring of control 1CT in this thesis and elsewhere demonstrated that USP22-
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proficient 1CT cells remain diploid and karyotypically stable even when grown for extensive 

periods of time (up to 28 weeks)374,383,384, confirming that heterozygous loss of USP22 enabled the 

emergence of karyotypic alterations within the USP22+/--2 cells. Furthermore, while spontaneous 

gain of chromosome 7 occurred in wild-type 1CT cells grown in stress-inducing conditions (i.e. 

long-term serum deprivation), further long-term monitoring of 1CT +7 cells showed no further 

accumulation of karyotypic alterations within these cells383,384. This indicates that a gain of 

chromosome 7 alone cannot be responsible for the accumulation of additional chromosomal 

alterations within the USP22+/--2 cells, including widespread gain of chromosomes 8 and 10 and 

sporadic loss of multiple other chromosomes. Thus, the underlying molecular mechanisms 

inherent to heterozygous loss of USP22 are driving CIN within the USP22+/--2 population.  

By week 11, 69%, 64% and 59% of 1CT USP22+/--2 mitotic cells had gained one copy of 

chromosome 7, 10 and 8, respectively, while at least 52% had gained a copy of all three 

chromosomes. Intriguingly, gains of chromosomes 7 and 8 are both characteristic of CIN-positive 

CRCs20. Gain of one copy of chromosome 7 is well established as an early event in the adenoma 

to carcinoma pathway of CRC development and it is often the earliest chromosomal alteration 

observed within colorectal adenomas384-387. While many of the genes residing on chromosome 7 

become upregulated following gain of one extra copy of this chromosome384,388, the specific genes 

whose upregulation directly promote oncogenesis remain largely unclear. Candidates include 

EGFR and Met Proto-Oncogene (MET)383,389. Comparison of wild-type 1CT with 1CT +7 revealed 

that gain of a single copy of chromosome 7 not only affects expression of the genes residing on 

this chromosome but also induces genome-wide transcriptional changes, including misregulation 

of the TP53, c-MYC and KRAS signaling pathways384. Interestingly, it also alters chromatin 

organization both within chromosome 7 and additional chromosomes, promoting the conversion 

of active chromatin compartments into inactive compartments and vice-versa384. Thus, early gain 

of a single chromosome 7 induces genome-wide repercussions that may promote CRC oncogenesis 

via multiple pathways. In contrast, gain of chromosome 8, or more specifically 8q, appears to be 

a later event that is not observed in precursor lesions but is common in colorectal adenocarcinomas 

and even more frequently observed within metastases20,385,386,388. Thus, gain of 8q is expected to 

contribute to the progression from adenoma to carcinoma as well as metastatic progression390. Note 

that the prominent proto-oncogene MYC maps to 8q and may become upregulated following gain 

of chromosome 8. Unlike gains of chromosomes 7 and 8, the potential impact of gain of 
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chromosome 10 on CRC pathogenesis is unclear. Nonetheless, focal amplifications occur such as 

amplification of 10q22.320, suggesting that specific oncogenes residing on this chromosome may 

also contribute to oncogenesis, although they have not yet been clearly identified391. Overall, 

USP22+/--2 exhibit chromosomal alterations that are characteristic of CRC pathogenesis and 

known to contribute to disease initiation and progression. These observations further support the 

possibility that heterozygous loss of USP22 is a critical pathogenic event that promotes genetic 

heterogeneity and karyotype evolution underlying CRC development and progression. 
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5.5. SUPPORTING INFORMATION 

5.5.1. Supporting tables 

Table S5.1. Non-synonymous and deleterious USP22 mutations occur in many cancer types. 

Protein 

changeA 

Cancer 

typeB 

Mutation 

type 

Mutation 

assessorC 
Polyphen 2C SIFTC 

V68I Colorectal Missense neutral benign tolerated 

G83C Uterine Missense medium 
Probably 

damaging 
deleterious 

K87N Uterine Missense neutral benign tolerated 

E92K Uterine Missense low benign tolerated 

G109S Liver Missense neutral benign tolerated 

A128T 
Head and 

Neck 
Missense medium benign deleterious 

K129N Uterine Missense medium benign tolerated 

K129N Melanoma Missense medium benign tolerated 

R133Q Uterine Missense low benign tolerated 

R133Q Uterine Missense low benign tolerated 

R133* Uterine Nonsense N/A N/A N/A 

R133Q Colorectal Missense low benign tolerated 

R133* Prostate Nonsense N/A N/A N/A 

E143D Colorectal Missense medium benign tolerated 

K144R Lung adeno Missense low benign tolerated 

S146L Lung Sq Missense low benign tolerated 

R153W Uterine Missense low benign deleterious 

K159* Prostate Nonsense N/A N/A N/A 

P162L Melanoma Missense medium benign deleterious 

R164G Uterine Missense medium 
Possibly 

damaging 
deleterious 

R176H Uterine Missense medium 
Probably 

damaging 
deleterious 

R176H Uterine Missense medium 
Probably 

damaging 
deleterious 

R176L Melanoma Missense medium 
Probably 

damaging 
deleterious 

I179T Uterine Missense low 
Possibly 

damaging 
deleterious 

G182W Lung adeno Missense high 
Probably 

damaging 
deleterious 
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Table S5.1. Continued. 

Protein 

changeA 

Cancer 

typeB 

Mutation 

type 

Mutation 

assessorC 
Polyphen 2C SIFTC 

V191M Uterine Missense low 
Probably 

damaging 
tolerated 

V191M Uterine Missense low 
Probably 

damaging 
tolerated 

L200M Uterine Missense medium 
Probably 

damaging 
deleterious 

R201Q Uterine Missense medium 
Possibly 

damaging 
deleterious 

D202Y 
Head and 

Neck 
Missense medium 

Probably 

damaging 
deleterious 

L205Cfs*51 Ovarian 
Frame shift 

deletion 
N/A N/A N/A 

R210C Colorectal Missense medium benign tolerated 

S215N Liver Missense low benign tolerated 

S217N Liver Missense low benign tolerated 

G234* Melanoma Nonsense N/A N/A N/A 

L245P Breast Missense medium 
Probably 

damaging 
deleterious 

Y258C Uterine Missense medium 
Probably 

damaging 
deleterious 

A263T Uterine Missense medium 
Probably 

damaging 
deleterious 

A269T Colorectal Missense low 
Probably 

damaging 
deleterious 

A270T Uterine Missense neutral benign tolerated 

V273M Uterine Missense low 
Possibly 

damaging 
tolerated 

G284E Lung Sq Missense neutral benign tolerated 

P337L Melanoma Missense low benign tolerated 

L341P Uterine Missense medium 
Possibly 

damaging 
tolerated 

G347D Esophagus Missense low benign tolerated 

N348D Uterine Missense neutral benign tolerated 

T361M Lung Sq Missense medium 
Possibly 

damaging 
deleterious 
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Table S5.1. Continued. 

Protein 

changeA 

Cancer 

typeB 

Mutation 

type 

Mutation 

assessorC 
Polyphen 2C SIFTC 

T361M Lung Sq Missense medium 
Possibly 

damaging 
deleterious 

T363M Uterine Missense neutral benign tolerated 

R367P Uterine Missense medium 
Possibly 

damaging 
deleterious 

R367Q Uterine Missense neutral benign tolerated 

R368Q Uterine Missense low 
Probably 

damaging 
deleterious 

I381M 
Head and 

Neck 
Missense medium 

Probably 

damaging 
deleterious 

E391K Uterine Missense low 
Probably 

damaging 
deleterious 

V404I Uterine Missense low 
Probably 

damaging 
deleterious 

V404I Uterine Missense low 
Probably 

damaging 
deleterious 

V404A 
Head and 

Neck 
Missense medium 

Probably 

damaging 
deleterious 

R419Q Colorectal Missense low 
Possibly 

damaging 
deleterious 

R420W Bladder Missense medium 
Probably 

damaging 
deleterious 

Y425D Liver Missense low 
Possibly 

damaging 
deleterious 

F428S Prostate Missense high 
Probably 

damaging 
deleterious 

D460N Breast Missense neutral benign tolerated 

L465Vfs*5 Lung Sq 
Frame shift 

deletion 
N/A N/A N/A 

Q490K Melanoma Missense low 
Possibly 

damaging 
tolerated 

D496N Uterine Missense high 
Probably 

damaging 
deleterious 
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Table S5.1. Continued. 

Protein 

changeA 

Cancer 

typeB 

Mutation 

type 

Mutation 

assessorC 
Polyphen 2C SIFTC 

D496N Uterine Missense high 
Probably 

damaging 
deleterious 

F516L Uterine Missense medium 
Possibly 

damaging 
deleterious 

Y524* Uterine Nonsense N/A N/A N/A 

E525Sfs*74 Uterine 
Frame shift 

deletion 
N/A N/A N/A 

ANon-synonymous mutations reported by TCGA in 13 common cancer types (bladder, breast, 

colorectal, esophagus, head and neck, liver, lung adenocarcinoma, lung squamous cell, melanoma, 

ovarian, pancreas, prostate, uterine)25,177. * indicates a nonsense mutation; fs*x indicate a frame 

shift deletion, with x being the number of aberrant amino acids encoded (including the stop codon). 
BLung adeno: lung adenocarcinoma; Lung sq, lung squamous cell carcinoma. 
CPrediction of the functional impact of mutations by in silico tools Mutation assessor324, Polyphen 

2325 and SIFT326. Predictions are only available for missense mutations. N/A not applicable.  
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Table S5.2: Mann-Whitney tests reveal significant changes in micronucleus formation in 

USP22-/- clones. 

Time point Cell line 
Number of 

replicatesA 

Median fold 

changeB 
p-valueC 

Week 3 

Control 6 1.000 N/A 

USP22-/--A 5 1.584 0.3290 

USP22-/--B 6 2.360 0.0087 

Week 5 

Control 6 1.000 N/A 

USP22-/--A 6 2.097 0.0260 

USP22-/--B 6 2.446 0.0152 

Week 10 

Control 6 1.000 N/A 

USP22-/--A 6 1.607 0.2403 

USP22-/--B 6 1.765 0.1320 
AA minimum of 100 nuclei/per replicate was analyzed. One replicate containing too few cells was 

excluded from the analysis in the USP22-/--A week 3 condition (5 replicates remaining). 
BMedian fold-change in micronucleus formation relative to the median micronucleus frequency in 

the control cell line. 
CTwo-tailed Mann-Whitney test p-value compared to control (N/A not applicable). A p-value < 

0.05 is considered significant. 

 

 

 

 

 

Table S5.3: Two sample KS tests reveal significant changes in nuclear areas in USP22-/- 

clones. 

Time point Cell line NumberA Median (µm2) p-valueB 

Week 3 

Control 300 169 N/A 

USP22-/--A 300 167 0.5176 

USP22-/--B 300 151 < 0.0001 

Week 5 

Control 300 171 N/A 

USP22-/--A 300 160 0.0209 

USP22-/--B 300 174 0.8475 

Week 10 

Control 300 125 N/A 

USP22-/--A 300 142 < 0.0001 

USP22-/--B 300 143 < 0.0001 
ANumber of nuclei analyzed. 
BTwo sample KS tests compared to control (N/A not applicable). A p-value < 0.01 is considered 

significant. 
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Table S5.4: USP22-/- clones exhibit dynamic changes in chromosome numbers. 

Time point Cell line 
Number of spreads 

evaluated 

Percentage of 

abnormal spreads 

Week 3 

Control 100 22% 

USP22-/--A 100 32% 

USP22-/--B 100 38% 

Week 5 

Control 100 29% 

USP22-/--A 100 21% 

USP22-/--B 100 29% 

Week 10 

Control 100 24% 

USP22-/--A 100 39% 

USP22-/--B 100 30% 
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Table S5.5: USP22+/--1 and USP22-/--C do not exhibit increases in micronucleus formation. 

Time point Cell line 
Number of 

replicatesA 

Median number 

of micronuclei 

per 100 nuclei 

Median fold 

changeB 
p-valueC 

Week 2 

NT-Control 12 0.889 1.000 N/A 

USP22+/--1 12 0.921 1.036 0.6297 

USP22-/--C 12 0.594 0.668 0.0014 

Week 5 

NT-Control 12 1.034 1.000 N/A 

USP22+/--1 12 1.349 1.304 0.3474 

USP22-/--C 12 0.596 0.576 0.3551 

Week 8 

NT-Control 12 0.838 1.00 N/A 

USP22+/--1 12 0.626 0.747 0.7987 

USP22-/--C 12 0.475 0.566 0.0700 

Week 10 

NT-Control 12 0.845 1.000 N/A 

USP22+/--1 12 0.745 0.882 0.4095 

USP22-/--C 12 0.692 0.819 0.1135 

Week 12 

NT-Control 12 0.974 1.00 N/A 

USP22+/--1 12 1.121 1.151 0.2415 

USP22-/--C 12 0.909 0.933 0.9323 

Week 14 

NT-Control 12 1.034 1.00 N/A 

USP22+/--1 12 0.825 0.798 0.5512 

USP22-/--C 12 0.735 0.710 0.1005 

Week 16 

NT-Control 12 1.161 1.00 N/A 

USP22+/--1 12 1.114 0.960 0.2415 

USP22-/--C 12 0.915 0.788 0.0056 
AA minimum of 100 nuclei/per replicate was analyzed. 
BMedian fold-change in micronucleus formation relative to the median micronucleus frequency in 

the control cell line. 
CTwo-tailed Mann-Whitney test p-value compared to control (N/A not applicable). A p-value < 

0.05 is considered significant. 
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Table S5.6: Two sample KS tests reveal significant changes in nuclear areas in USP22+/--1 

and USP22-/--C. 

Time point Cell line NumberA Median (µm2) p-valueB 

Week 2 

NT-Control 1200 129 N/A 

USP22+/--1 1200 138 < 0.0001 

USP22-/--C 1200 119 < 0.0001 

Week 5 

NT-Control 1200 155 N/A 

USP22+/--1 1200 161 0.0064 

USP22-/--C 1200 144 < 0.0001 

Week 8 

NT-Control 1200 150 N/A 

USP22+/--1 1200 156 0.0017 

USP22-/--C 1200 134 < 0.0001 

Week 10 

NT-Control 1200 147 N/A 

USP22+/--1 1200 151 0.0996 

USP22-/--C 1200 138 < 0.0001 

Week 12 

NT-Control 1200 144 N/A 

USP22+/--1 1200 149 0.0001 

USP22-/--C 1200 143 0.0337 

Week 14 

NT-Control 1200 156 N/A 

USP22+/--1 1200 160 0.0162 

USP22-/--C 1200 144 < 0.0001 

Week 16 

NT-Control 1200 154 N/A 

USP22+/--1 1200 159 0.0013 

USP22-/--C 1200 140 < 0.0001 
ANumber of nuclei analyzed. 
BTwo sample KS tests compared to control (N/A not applicable). A p-value < 0.01 is considered 

significant. 
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Table S5.7: USP22+/--1 and USP22-/--C exhibit dynamic changes in chromosome numbers. 

Time point Cell line 
Number of spreads 

evaluated 

Percentage of 

abnormal spreads 

Week 2 

NT-Control 100 31% 

USP22+/--1 100 49% 

USP22-/--C 100 30% 

Week 5 

NT-Control 100 30% 

USP22+/--1 100 37% 

USP22-/--C 100 24% 

Week 8 

NT-Control 100 39% 

USP22+/--1 100 70% 

USP22-/--C 100 55% 

Week 10 

NT-Control 100 29% 

USP22+/--1 100 37% 

USP22-/--C 100 43% 

Week 12 

NT-Control 100 36% 

USP22+/--1 100 29% 

USP22-/--C 100 24% 

Week 16 

NT-Control 100 37% 

USP22+/--1 100 34% 

USP22-/--C 100 42% 
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Table S5.8: Mann-Whitney tests identify increases in H2Bub1 within USP22-/--C prophase 

cells. 

Time point Cell line 
Number of 

cells analyzed 

Median 

H2Bub1 signal 

(a.u.)A 

p-valueB 

Week 2 

NT-Control 27 1.000 N/A 

USP22+/--1 30 0.964 0.2422 

USP22-/--C 26 1.001 0.5994 

Week 5 

NT-Control 33 1.000 N/A 

USP22+/--1 34 0.754 0.1788 

USP22-/--C 32 1.846 < 0.0001 

Week 8 

NT-Control 32 1.000 N/A 

USP22+/--1 36 0.987 0.2231 

USP22-/--C 26 1.470 0.0025 

Week 12 

NT-Control 32 1.000 N/A 

USP22+/--1 18 1.091 0.1331 

USP22-/--C 28 1.646 < 0.0001 

Week 14 

NT-Control 24 1.000 N/A 

USP22+/--1 27 1.089 0.2405 

USP22-/--C 31 1.091 0.8334 

Week 16 

NT-Control 23 1.000 N/A 

USP22+/--1 19 0.978 0.9801 

USP22-/--C 23 1.069 0.0080 
AFor each cell line, H2Bub1 signal was normalized to the median of NT-Control at each time point. 
BTwo-tailed Mann-Whitney test p-value compared to control (N/A not applicable). A p-value < 

0.05 is considered significant. 
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Table S5.9: 1CT USP22+/--2 does not exhibit increases in micronucleus formation. 

Time point Cell line 
Number of 

replicatesA 

Median number 

of micronuclei 

per 100 nuclei 

Median fold 

changeB 
p-valueC 

Week 3 
NT-Control 12 1.033 1.000 N/A 

USP22+/--2 12 1.529 1.036 0.4166 

Week 6 
NT-Control 12 0.5383 1.000 N/A 

USP22+/--2 12 0.4923 1.304 0.6795 

Week 10 
NT-Control 12 1.042 1.00 N/A 

USP22+/--2 12 1.046 0.960 0.7987 
AA minimum of 100 nuclei/per replicate was analyzed. 
BMedian fold-change in micronucleus formation relative to the median micronucleus frequency in 

the control cell line. 
CTwo-tailed Mann-Whitney test p-value compared to control (N/A not applicable). A p-value < 

0.05 is considered significant. 

 

 

Table S5.10: 1CT USP22+/--2 does not exhibit changes in nuclear areas. 

Time point Cell line NumberA Median (µm2) p-valueB 

Week 3 
NT-Control 1200 267 N/A 

USP22+/--2 1200 271 0.5505 

Week 6 
NT-Control 1200 207 N/A 

USP22+/--2 1200 201 0.0475 

Week 10 
NT-Control 1200 249 N/A 

USP22+/--2 1200 247 0.7212 
ANumber of nuclei analyzed. 
BTwo sample KS tests compared to control (N/A not applicable). A p-value < 0.01 is considered 

significant. 

 

 

Table S5.11: USP22+/--2 cells exhibit changes in chromosome numbers. 

Time point Cell line 
Number of spreads 

evaluated 

Percentage of 

abnormal spreads 

Week 3 
NT-Control 100 19% 

USP22+/--2 100 16% 

Week 6 
NT-Control 100 8% 

USP22+/--2 100 18% 

Week 11 
NT-Control 100 13% 

USP22+/--2 100 85% 
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5.5.2. Supporting figures 

 
Figure S5.1: Western blot and IIF analyses identify the most effective crRNA. 

(A) Western blot assessing USP22 levels within Cas9-expressing cells transfected with mock 

transfection solution (Control) or crRNA-1, -2 or -3. (B) Violin plot presenting USP22 signal 

intensity (i.e. abundance) assessed by IIF within Control cells or cells transfected with crRNA-1, 

-2 or -3. Black lines indicate 25th, 50th and 75th percentile. The red dotted line highlights the 

threshold (60 a.u.) below which cells were considered USP22-negative and the percentage of 

USP22-negative cells is indicated for each condition. 
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Figure S5.2: Assessing the expression of hypothetical CRISPR-induced truncated USP22 

proteins in USP22-deficient cells. 

(A) Western blot presenting USP22 levels within the first generation HCT116 CRISPR/Cas9 

Control, USP22-/--A and USP22-/--B. To determine whether a truncated protein is produced within 

the USP22-/- clones, a long exposure time was employed. The expected molecular weight for the 

hypothetical proteins that could be produced by the clones is ~ 14 kDa. Neither USP22-/--A nor 

USP22-/--B expressed a protein of this size at detectable levels, indicating that the aberrant mRNAs 

encoded by the CRISPR-edited alleles are efficiently degraded by nonsense-mediated decay.  

(B) Western blot presenting USP22 levels within the second generation HCT116 CRISPR/Cas9 

NT-Control, USP22+/--1 and USP22-/--C. The expected molecular weight for the hypothetical 

proteins that could be produced by these clones is ~ 18 kDa. While no protein of this size was 

detected within USP22+/--1, a band of the right size was detected at low abundance within USP22-

/--C, suggesting that the aberrant mRNAs encoded by one or both CRISPR-edited alleles in this 

clone are not completely degraded by nonsense-mediated decay. (C) Western blot presenting 

USP22 levels within the second generation 1CT CRISPR/Cas9 NT-Control and USP22+/--2. The 

expected molecular weight for the hypothetical protein that could be produced by the clone is ~ 18 

kDa. No protein of this size was detected within USP22+/--2. 
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Figure S5.3: The first generation USP22-/- clones exhibit dynamic changes in chromosome 

numbers. 

Bar charts presenting the frequency of mitotic spreads exhibiting the normal chromosome number 

(45), large-scale losses or gains (≥ 10 chromosomes lost or gained relative to normal number) and 

small-scale losses or gains (< 10 chromosomes lost or gained) within each cell line over time. 
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Figure S5.4: USP22+/--1 and USP22-/--C do not exhibit increases in micronucleus formation. 

Dot plots presenting the fold change in micronucleus formation relative to the median of NT-

Control at the indicated time points. Two-tailed Mann-Whitney did not reveal any significant 

changes in micronucleus formation within USP22+/--1 cells relative to NT-Control, while  

USP22-/--C cells exhibited either similar or decreased micronucleus formation relative to NT-

Control (minimum 100 nuclei analyzed/replicate; ns p-value > 0.05; ** p-value < 0.01).   
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CHAPTER 6: SCREENING THE DNA DAMAGE RESPONSE GENES IDENTIFIES 

NOVEL USP22 SYNTHETIC LETHAL INTERACTORS 

 

6.1. ABSTRACT 

Late-stage CRC remains associated with reduced survival and requires the development of 

novel therapeutic strategies to improve patient outcomes. Synthetic lethality can support the 

development of targeted therapies selectively exploiting cancer vulnerabilities that are associated 

with deletion or inactivation of tumor suppressor, DNA repair or CIN genes. The preceding 

chapters identified USP22 as a novel CIN gene that is frequently deleted in many cancer types, 

including 48% of CRC cases. Accordingly, identifying USP22 SL interactors may reveal novel 

drug targets to selectively kill USP22-deficient cancer cells and benefit a large number of patients. 

Importantly, USP22-deficient models exhibit aberrant regulation of H2Bub1, while both USP22 

and dynamic regulation of H2Bub1 are required for effective DDR. Therefore, USP22-deficient 

cells may be exquisitely sensitive to further alteration of DDR pathways and USP22 may be 

implicated in SL interactions with multiple DDR genes. In addition, since many inhibitors of DDR 

proteins are clinically approved or undergoing development, identifying USP22 SL interactors 

within DDR genes may enable the identification of available drugs that can be readily repurposed 

to target USP22-deficient cancers. In this chapter, to identify novel USP22 SL interactors, I first 

performed quantitative siRNA and imaged-based screens of 239 DDR genes, employing either a 

co-silencing approach or by silencing candidate interactors within NT-Control and USP22+/--1 or 

USP22-/--C cells. These screens identified 86 DDR genes as putative USP22 SL interactors, which 

were prioritized for further assessment based on intensity and reproducibility of the SL phenotype, 

as well as availability of small molecule inhibitors. Thus, top hits EXO1 and HURP were selected 

for validation assays. Although EXO1 direct SL tests were inconclusive, they suggested that 

MRE11 may be a USP22 SL interactor. Subsequent co-silencing based SL assays validated the SL 

interaction between MRE11 and USP22 in HCT116, although neither MRE11 depletion nor 

inhibition induced preferential killing of USP22+/--1 or USP22-/--C cells. Similarly, co-silencing 

tests identified a promising SL interaction between USP22 and HURP, although HURP silencing 

did not effectively kill USP22-/--C cells relative to NT-Control. Nonetheless, the clinically 

approved drug sorafenib, which downregulates HURP expression, preferentially killed both 

USP22+/--1 and USP22-/--C relative to NT-Control. Further investigation of the underlying 
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mechanism revealed that sorafenib likely targets USP22-deficient clones via inhibition of its 

targets BRAF and RAF1, independently of HURP downregulation. Collectively, these data 

identify multiple putative SL interactions and a promising chemo-genetic interaction involving a 

clinically approved anti-cancer drug, which can be further characterized to support the 

development of novel therapies that selectively kill USP22-depleted cancer cells. 

 

6.2. INTRODUCTION 

Despite the implementation of screening programs in Canada, ~ 50% of patients present with 

late-stage CRC (III-IV) at diagnosis90. As late-stage CRC remains associated with reduced survival 

(< 13% 5-year survival at stage IV)89, new treatments with enhanced efficacy are required to 

improve patient outcomes. In this regard, identifying and exploiting SL interactions can support 

the development of novel targeted therapies235,243,392,393. A SL interaction occurs when the 

combination of two independently viable mutations in distinct genes (i.e. SL interactors) results in 

cell death. Conceptually, SL interactors of genes that are frequently inactivated or deleted in 

cancers, including tumor suppressors, CIN genes or DNA repair genes, are promising drug targets 

that can be inhibited to selectively kill gene-deficient cancer cells, without damaging normal gene-

proficient cells. In practice, the first clinically approved SL strategy exploits the SL interaction 

between PARP1 and the CIN genes BRCA1 and BRCA2 to kill BRCA1/BRCA2-deficient ovarian, 

breast, prostate and pancreatic cancers with PARP1 inhibitors139,236,237,240-242.  

In the preceding chapters, USP22 was identified as a novel CIN gene in multiple cellular 

contexts, including malignant and non-malignant colonic epithelial cell lines. In addition, both 

USP22-silenced HCT116 cells and the USP22+/--1 and USP22-/--C clones exhibited striking 

misregulation of H2Bub1 abundance. Importantly, dynamic regulation of H2Bub1 is critical for 

effective DDR, including rapid recruitment of NHEJ and HR effectors at DSB sites267,268. In 

addition, mouse models and emerging human data indicate that USP22 is required for effective 

DDR through multiple pathways, including NHEJ, HR and nucleotide excision 

repair269,275,276,291,293. For instance, USP22-mediated removal of H2Bub1 is required for efficient 

DSB repair through both HR and NHEJ in mouse models269,275 and may also contribute to effective 

DSB repair in humans276. Moreover, USP22 modulates DSB repair by regulating additional 

substrates such as PALB2 and H2Aub1276,291. USP22 may also contribute to nucleotide excision 

repair by controlling the abundance of Xeroderma Pigmentosum Group C Protein (XPC)293. 
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Collectively, these data indicate that USP22-deficient cells likely harbor DDR defects that may 

selectively sensitize them to additional alterations of DDR pathways. Accordingly, USP22 may 

possess SL interactors within the DDR genes. As many inhibitors of DDR genes are currently 

employed in the clinic or undergoing pre-clinical development314,315, screening the DDR genes for 

novel USP22 SL interactors may identify clinically approved drugs that could be readily 

repurposed to selectively target USP22-deficient CRC cells. Further, as USP22 is deleted in ~ 48% 

of CRC cases and many additional cancer types, identifying USP22 SL interactors within the DDR 

pathways may reveal novel therapeutic strategies that could benefit many patients. 

In this chapter, I performed a quantitative siRNA and imaging-based screen of 239 DDR genes 

to identify putative USP22 SL interactors that can be depleted to selectively target HCT116 

USP22-silenced cells and/or USP22+/--1 and USP22-/--C clones. These screens identified 86 

putative USP22 SL interactors, among which top hits were prioritized for further analysis based 

on the intensity and reproducibility of the SL phenotype, as well as availability of small molecular 

inhibitors. Direct co-silencing based SL tests subsequently validated MRE11 and HURP as novel 

USP22 SL interactors. However, MRE11 inhibition did not effectively kill USP22+/--1 or  

USP22-/--C clones relative to NT-Control. In contrast, treatment with sorafenib, which decreases 

HURP expression, preferentially targeted both USP22+/--1 and USP22-/--C cells relative to NT-

Control. Intriguingly, further investigation of the underlying mechanism revealed that sorafenib 

likely selectively targets the USP22-deficient clones via BRAF and/or RAF1 inhibition, rather than 

downregulation of HURP expression. Collectively, these data identify multiple putative and 

validated SL interactions, as well as a chemo-genetic interaction with a clinically approved anti-

cancer drug, which may be further characterized to support the development of novel therapeutic 

strategies to selectively kill USP22-deficient cancer cells. 

 

6.3. RESULTS 

6.3.1. Screening of the DDR genes identify putative USP22 SL interactors 

As USP22 is a CIN gene that is frequently deleted in cancers, identifying USP22 SL interactors 

may reveal novel drug targets that can be inhibited to selectively kill USP22-deficient cancer cells. 

Since many small molecule inhibitors targeting DDR proteins are currently approved for cancer 

therapies or undergoing clinical or pre-clinical development314,315, identifying USP22 SL 

interactors within the DDR genes would expedite the development of new therapeutic strategies 
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to improve the outcomes of CRC patients. Therefore, the DDR genes were purposefully selected 

as candidate USP22 SL interactors. To identify putative USP22 SL interactors, 239 DDR genes 

were screened with a co-silencing based approach in HCT116, where siRNAs targeting a given 

DDR gene were co-transfected alongside either siControl or siUSP22-Pool. Silencing of 61/239 

DDR genes resulted in a selective decrease in the number of USP22-silenced cells relative to 

control-silenced cells in at least one replicate (N=3), identifying these 61 genes as putative USP22 

SL interactors (Figure 6.1; Table S6.1). In addition, to evaluate whether the SL phenotypes are 

dependent on complete loss of USP22 or persist in the presence of reduced USP22 expression, an 

additional screen was performed with the NT-Control, USP22+/--1 and USP22-/--C cells (Section 

5.3.2). This screen identified 51 DDR genes whose silencing resulted in a selective decrease in the 

number of USP22+/--1 cells relative to NT-control, 33 of which corresponded with putative SL 

interactors also identified in the co-silencing based screen (Figure 6.1; Table S6.1). Within  

USP22-/--C, silencing of 32 DDR genes resulted in a selective decrease in cell number relative to 

NT-control, including 14 that were also identified as putative SL interactors in the co-silencing 

based screen. Overall, 86 distinct DDR genes were identified as putative SL interactor in at least 

one screen, including 10 genes reproducibly identified with all three screening protocols. The 

genes that were not identified as putative USP22 SL interactors in any screening condition or those 

whose silencing induced excessive cell death (< 10% of siControl cell numbers within the control 

condition; Section 3.8.1) are listed in Tables S6.2 and S6.3, respectively. 
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Figure 6.1. Screening of the DDR library identifies putative USP22 SL interactors. 

Venn diagram displaying the number of genes identified as putative USP22 SL interactors in 

HCT116 in the screens of the DDR library with either a co-silencing protocol or within the 

USP22+/--1 and USP22-/--C clones. Eighty-seven DDR genes were identified as putative USP22 

SL interactors in at least one screen. The genes that were further assessed in this chapter are 

indicated. 

 

Putative USP22 SL interactors were prioritized based on multiple criteria. First, to prioritize SL 

interactions that are likely to be relevant beyond the HCT116 context, mutational status of each 

putative interactor in HCT116 was assessed with the CCLE database327 (Table S6.1). As SL 

interactions involving genes harboring non-synonymous alterations (e.g. missense mutations or 

indels) in HCT116 may be due to a gain-of-function mutation specific to the HCT116 context and 

are less likely to be relevant in distinct genetic backgrounds, wild-type putative interactors were 

prioritized over DDR genes harboring nucleotide alterations. Second, genes that were reproducibly 

identified in multiple replicates of the co-silencing screen were prioritized over genes that were 

identified as putative interactors in only one of the three co-silencing replicates. Genes that were 

identified as putative interactors with both the co-silencing approach and within one of the USP22-

deficient lines were further prioritized, and in particular those that induced a selective decrease in 

USP22+/--1 cell numbers, as heterozygous USP22 deletion is far more frequent than homozygous 

USP22 deletion in CRC (Figure 5.5). Moreover, availability of small molecule inhibitors targeting 
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the corresponding DDR protein and/or the specific DDR pathway in which the putative interactor 

is implicated was taken into consideration. A small number (< 10) of prioritized genes was thus 

selected and preliminary assessments were performed by western blot to assess expression levels 

and silencing efficiency in HCT116 cells (data not shown). Prioritized genes that were not 

expressed at detectable levels were not pursued further as silencing efficiency could not be 

established to perform any subsequent analysis. In addition, genes that were expressed but could 

not be effectively silenced (e.g. UBE2B) were not assessed further as the putative SL interactions 

involving such genes likely involve off-target rather than on-target silencing. Following this 

prioritization scheme, the ten genes identified in both the co-silencing approach and within 

USP22+/--1 and USP22-/--C (Figure 6.1) could not be pursued further. Instead, two genes were 

selected for validation tests, namely EXO1 (Section 6.3.2) and HURP (also known as Disks Large 

Associated Protein 5 [DLGAP5]; Section 6.3.3). 

 

6.3.2. USP22-silenced HCT116 cells are selectively sensitive to MRE11 silencing 

EXO1 encodes the 5’-3’ exonuclease EXO1 that can generate or extend 3’ single stranded DNA 

overhangs394 and operates mainly within two DDR pathways in humans, namely the DNA 

mismatch repair pathway and DSB repair395,396. Within the SL screens, EXO1 was identified as a 

putative USP22 SL interactor in 2/3 co-silencing replicates, as well as within the USP22+/--1 clone 

(Table S6.1). EXO1 is wild-type and diploid within the HCT116 cell line328. Western blot analysis 

demonstrated that EXO1 is present at detectable levels and can be depleted via siRNA-mediated 

silencing in HCT116 (Figure 6.2A). Specifically, three individual siRNAs (siEXO1-1, -2 and -4) 

and the pool reproducibly depleted EXO1 to < 30% of levels observed with siControl. However, 

siEXO1-2 was found to decrease cell numbers to an extent that largely exceeded that observed 

with condition exhibiting similar or superior silencing efficiency (siEXO1-Pool, siEXO1-1, 

siEXO1-4) relative to siControl (Figure S6.1), suggesting that siEXO1-2 likely induces off-target 

killing independent of its impact on EXO1 expression. Therefore, only siEXO1-Pool, siEXO1-1 

and siEXO1-4 were employed in subsequent experiments. To assess the impact of co-silencing 

EXO1 and USP22, HCT116 cells were co-transfected with siRNAs targeted against EXO1 and 

either siControl or siUSP22-Pool. Silenced cells were fixed 96 h post-transfection and nuclei were 

counterstained (Hoechst), imaged and enumerated. Relative to controls, a reproducible and 

significant decrease in the number of USP22-silenced cells was observed following co-transfection 
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with siEXO1-4 but not following co-transfection with either siEXO1-Pool or siEXO1-1 (N = 3; n 

= 6; Figure 6.2B-C; Table S6.4). These contrasted results suggests that the apparent SL interaction 

observed only with siEXO1-4 may be due to an off-target effect specific to this siRNA duplex and 

independent of EXO1 silencing. Alternatively, this phenotype may be due to a bona fide SL 

interaction between EXO1 and USP22 that could be masked in the siEXO1-Pool condition because 

of enhanced cell death induced by the presence of siEXO1-2, which is consistent with a decrease 

in relative cell numbers following co-transfection of siControl and siEXO1-Pool (65.7%) relative 

to co-transfection of siControl with either siEXO1-1 (96.9%) or siEXO1-4 (94.2%; Figure 6.2B-

C; Table S6.4). In this framework, the absence of a SL phenotype following co-transfection of 

siUSP22-Pool and siEXO1-1 could be due to the reduced silencing efficiency of siEXO1-1 relative 

to siEXO1-4 (Figure 6.2A). 
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Figure 6.2. EXO1 may be a USP22 SL interactor. 

(A) Western blot presenting EXO1 expression levels in HCT116 cells 72 h post-transfection with 

either individual or pooled siRNA duplexes. α-tubulin serves as a loading control. Semi-

quantitative analyses were performed and the normalized EXO1 levels relative to siControl 

(100%) are shown. (B) Low-resolution images of HCT116 nuclei following co-silencing with 

siControl or siUSP22-Pool and siEXO1-4. Cells transfected with both siUSP22-Pool and siEXO1-

4 (bottom right) show evidence of a selective decrease in cell number not observed in the controls. 

(C) Dot plot presenting mean cell number for control-silenced and USP22-silenced cells following 

co-silencing with EXO1 siRNAs. Black lines indicate paired samples for each replicate. Selective 

decreases in USP22-silenced cell numbers are compared to controls with one-tailed paired t-tests 

(N = 3; n = 6; NA, not applicable; ns, p-value > 0.05; * p-value < 0.05). A significant and selective 

decrease in cell number is observed within USP22-silenced cells co-transfected with siEXO1-4, 

suggesting that EXO1 and USP22 may be SL interactors. 
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To shed light on these contrasting possibilities, I next sought to determine whether genes 

involved in the same pathways as EXO1 are USP22 SL interactors. As genes implicated in the 

same pathway (e.g. HR repair) often share SL interactors249,250,397, I hypothesized that if USP22 

and EXO1 are SL interactors, genes involved in the same pathways as EXO1 are likely to also be 

USP22 SL interactors. Within the DNA mismatch repair pathway, a nick is introduced in the newly 

synthesized strand containing the mismatch by a protein complex containing MLH1. EXO1 is 

subsequently recruited to excise the mismatched DNA base(s) and repair is completed by DNA 

polymerase and ligase enzymes395. Within the DSB repair pathways, EXO1 is a critical component 

of the HR pathway that operates in the S and G2 phases of the cell cycle. Within this pathway, 

DNA resection at the break site is initiated by the MRN complex and subsequently extended by 

EXO1 to enable template strand invasion and error-free DNA repair396. Emerging evidence 

indicates that EXO1 may also contribute to the repair of a small subset of DSBs that require DNA 

resection for resolution via the NHEJ repair pathway in G1398. Importantly, since HCT116 cells 

are deficient for the DNA mismatch repair pathway due to a nonsense mutation within MLH1, 

DSB repair is the main pathway requiring EXO1 within HCT116 cells. Within the multiple genes 

implicated in DSB repair, I prioritized MRE11 for further assessment. MRE11 was identified as a 

putative SL interactor within the co-silencing screen (Figure 6.1; Table S6.1) and is wild-type and 

diploid in HCT116328. Further, MRE11 operates immediately upstream of EXO1 within the HR 

pathway, as part of the MRN complex that initiates DNA end resection and is a pre-requisite for 

HR repair135,399,400. In addition, MRE11 functions alongside EXO1 in G1 to perform short-range 

DNA resection of a subset of DSBs requiring DNA end processing before repair with the NHEJ 

pathway398. Critically, MRE11 would be a promising target as multiple MRE11 inhibitors are 

commercially available and undergoing pre-clinical development399,401. Western blot analyses 

determined that MRE11 is present at detectable levels in HCT116 and can be efficiently depleted 

with four individual siRNA duplexes and the pool to < 15% of the levels observed with siControl 

(Figure 6.3A). Direct co-silencing based SL tests revealed a reproducible and significant decrease 

in cell numbers following co-transfection of siUSP22-Pool and siMRE11-Pool, -1, -2 or -4 relative 

to controls (N = 3; n = 6; Figure 6.3B-C; Table S6.5). While co-transfection with siMRE11-3 did 

not reach statistical significance (p-value = 0.0750), it did decrease USP22-silenced cell numbers 

relative to control-silenced cells in each replicate. Average numbers of USP22-silenced cells were 

decreased by 1.5- to 2.4-fold following MRE11 silencing relative to siControl cells (Table S6.5). 
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Collectively, these data are supportive of a SL interaction between MRE11 and USP22, although 

further analysis is required to determine whether the selective decrease in cell number is induced 

by a cell cycle arrest or increased cell death. 
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Figure 6.3. USP22-silenced HCT116 cells are selectively sensitive to MRE11 silencing. 

(A) Western blot presenting MRE11 expression levels in HCT116 cells 72 h post-transfection with 

either individual or pooled siRNA duplexes. The arrowhead indicates the position of the MRE11 

band. Cyclophilin B serves as a loading control. Semi-quantitative analyses were performed and 

the normalized MRE11 levels relative to siControl (100%) are shown. (B) Low-resolution images 

of HCT116 nuclei counterstained with Hoechst following co-silencing with siControl or siUSP22-

Pool and siMRE11-Pool. Cells transfected with both siUSP22-Pool and siMRE11-Pool (bottom 

right) show evidence of a selective decrease in cell number not observed in the controls. (C) Dot 

plot presenting mean cell number for control-silenced and USP22-silenced cells following co-

silencing with MRE11 siRNAs. Black lines indicate paired samples for each replicate. Selective 

decreases in USP22-silenced cell numbers are compared to controls with one-tailed paired t-tests 

(N = 3; n = 6; ns, p-value > 0.05; * p-value < 0.05). Both the pool and individual MRE11 siRNA 

duplexes induced a significant and selective decrease in USP22-silenced cell numbers, supportive 

of a SL interaction. 
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To determine whether the apparent SL interaction between MRE11 and USP22 could be 

exploited to target USP22-deficient cells, I assessed the impact of MRE11 silencing within 

USP22+/--1 and USP22-/--C cells relative to NT-Control. Statistically significant and reproducible 

decreases in the number of both USP22+/--1 and USP22-/--C cells were observed following 

transfection with siMRE11-1 (N= 3; n = 6; Figure 6.4A; Table S6.6). A reproducible and 

significant decrease of moderate intensity was also observed following transfection with 

siRME11-4 within USP22+/--1 cells but not USP22-/--C cells. Other silencing conditions did not 

significantly decrease the number of either USP22+/--1 and USP22-/--C cells, while siMRE11-2 had 

the opposite effect and increased the number of USP22-/--C cells relative to control. These disparate 

results suggest that MRE11 depletion is not an effective strategy to selectively target USP22 

deficient cells. In addition, dose-response curves generated with the MRE11 inhibitor mirin401 did 

not reveal a statistically significant decrease in the number of USP22+/--1 or USP22-/--C cells 

relative to NT-Control (N = 3; n = 6; Figure 6.4B; Table S6.7). Collectively, these results 

demonstrate that USP22+/--1 and USP22-/--C cells are not sensitive to MRE11 depletion or 

inhibition, in contrast with USP22-silenced cells. 
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Figure 6.4. MRE11 depletion or inhibition does not selectively kill USP22-deficient cells. 

(A) Dot plot presenting mean cell numbers following MRE11 silencing in NT-Control,  

USP22+/--1 and USP22-/--C. Black lines indicate paired samples for each replicate. Changes in 

USP22+/--1
 
and USP22-/--C cell numbers are compared to NT-Control with two-way ANOVA (N 

= 3; n = 6; ns, p-value > 0.05; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001). (B) Dot 

plot showing mean cell numbers relative to vehicle control after 72 h mirin treatment (error bars = 

standard deviation; N = 3; n = 6). Dose-response curves were fitted using a non-linear regression 

model with variable slope. 

 

6.3.3. Direct SL tests identify HURP as a novel USP22 SL interactor 

HURP encodes a microtubule-binding protein that localizes in the vicinity of chromatin in 

mitosis and is required to stabilize microtubules, facilitate microtubule-kinetochore attachment 

and ensure timely congression of chromosomes in metaphase402-404. HURP may also be implicated 

in DDR as HURP overexpression was shown to decrease γ-irradiation induced expression of the 

DSB repair regulator Ataxia Telangiectasia Mutated Serine/Threonine Kinase (ATM)405. Within 

the SL screens, HURP was identified as a putative USP22 SL interactor in 3/3 replicates of the co-

silencing screen, as well as within the USP22+/--1 cell line relative to NT-Control (Table S6.1). 

HCT116 cells harbor wild-type diploid alleles for HURP328 and western blot analyses determined 

that HURP is present at detectable levels (Figure 6.5A). Three individual siRNAs (siHURP-1, -2, 

-3) and siHURP-Pool effectively depleted HURP levels to  1% of siControl, while siHURP-4 

exhibited reduced silencing efficiency ( 30% of siControl; Figure 6.5A). Although direct SL 

validation tests did not reveal a reproducible decrease in cell numbers following co-transfection of 



170 

 

siUSP22-Pool and siHURP-Pool, average cell numbers were reproducibly and significantly 

decreased by 1.17- to 1.68-fold following co-transfection of siUSP22-Pool with either siHURP-1, 

-2, -3 or -4 relative to controls (N = 4; n = 6; Figure 6.5B-C; Table S6.8). These results are in 

agreement with the magnitude of the SL phenotype observed in the co-silencing based screens and 

consistent with HURP being a novel USP22 SL interactor. 
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Figure 6.5. USP22-silenced cells are selectively sensitive to HURP silencing. 

(A) Western blot presenting HURP levels in HCT116 cells 72 h post-transfection with either 

individual or pooled siRNA duplexes. Two bands are observed that are both silenced by the HURP 

siRNA duplexes, indicating that the bands likely correspond to two known isoforms of HURP (95 

and 85 kDa). Cyclophilin B serves as a loading control. Semi-quantitative analyses were performed 

and the normalized HURP levels relative to siControl (100%) are shown. (B) Low-resolution 

images of HCT116 nuclei counterstained with Hoechst following co-silencing with siControl or 

siUSP22-Pool and siHURP-3. Cells transfected with both siUSP22-Pool and siHURP-3 (bottom 

right) show evidence of a selective decrease in cell number not observed in the controls. (C) Dot 

plot presenting mean cell number for control-silenced and USP22-silenced cells following co-

silencing with HURP siRNAs. Black lines indicate paired samples for each replicate. Selective 

decreases in USP22-silenced cell numbers are compared to controls with one-tailed paired t-tests 

(N = 4; n = 6; ns, p-value > 0.05; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001). Each 

individual HURP siRNA duplex induced a significant, selective and reproducible decrease in 

USP22-silenced cell numbers, supportive of a SL interaction. 
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6.3.4. Sorafenib and LXH254 preferentially target HCT116 USP22+/--1 and USP22-/--C clones 

I next sought to determine whether the apparent SL interaction between USP22 and HURP 

could be exploited to therapeutically target USP22-deficient cells. While no direct inhibitor of 

HURP is currently available, the clinically approved multi-kinase inhibitor sorafenib was reported 

to decrease HURP expression in the hepatocellular carcinoma cell line Malhavu406. To assess 

whether sorafenib treatment could leverage the SL interaction between USP22 and HURP to 

selectively target USP22-deficient cells, I first assessed whether sorafenib treatment also decreases 

HURP expression in HCT116. Wild-type HCT116 cells were treated with 1 to 10 μM sorafenib 

for 72 h and HURP abundance was assessed by western blot, indicating that 10 μM sorafenib 

effectively decreases HURP levels to < 15% of vehicle control (Figure 6.6A). To determine 

whether sorafenib selectively targets USP22-deficient cells, dose-response curves were generated 

in the NT-Control, USP22+/--1 and USP22-/--C cell lines, assessing sorafenib concentration from 

313 nM to 10 μM (Figure 6.6B). These analyses revealed that sorafenib preferentially targets both 

USP22+/--1 and USP22-/--C relative to NT-Control, as EC50 values (i.e. concentration inducing 

50% decrease in cell number relative to vehicle control) were significantly decreased by 1.45-fold 

for USP22+/--1 (3.16 μM) and 1.37-fold for USP22-/--C (3.33 μM) relative to NT-Control (4.57 

μM; N = 4; n = 6; Table S6.9). Note that to assess whether the chemo-genetic interaction between 

sorafenib and USP22 deficiency remains effective over time, despite underlying karyotypic and 

phenotypic evolution in the USP22-deficient clones (Chapter 5), the four biological replicates of 

the dose-response curves were purposefully performed at distinct time points (weeks 2, 3, 5 and 

7). The response to Sorafenib treatment remained virtually identical throughout this time frame 

(Figure 6.6B), indicating that the mechanism underlying sensitivity to sorafenib persists despite 

ongoing evolution within the USP22-deficient clones. 
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Figure 6.6. Sorafenib preferentially targets USP22-deficient cells. 

(A) Western blot presenting HURP expression after 48 h sorafenib treatment. Note that the lower 

molecular weight HURP isoform (lower arrowhead) is present on this western blot but only 

detectable within the long exposure (exp.) image. Cyclophilin B serves as a loading control. Semi-

quantitative analyses were performed and the normalized HURP levels relative to vehicle control 

(100%) are shown. (B) Dot plot showing mean cell numbers relative to vehicle control after 72 h 

sorafenib treatment (error bars = standard deviation; N = 4; n = 6). Dose-response curves were 

fitted using a non-linear regression model with variable slope. USP22+/--1
 
and USP22-/--C cells are 

more sensitive to sorafenib treatment than control cells. 

 

The decreases in EC50 values within USP22+/--1 and USP22-/--C cell lines relative to NT-

Control are significant but moderate in magnitude and sorafenib preferentially targets the USP22-

deficient cells within a narrow range of concentrations (Figure 6.6B; Table S6.9). This suggests 

that this therapeutic strategy may not produce lasting benefits translated into a clinical context. 

Thus, to identify avenues to improve the selective killing of USP22-deficient cells, I investigated 

the mechanism underlying the preferential targeting of USP22+/--1 and USP22-/--C clones by 

Sorafenib. Comparison of the western blot analysis with the dose-response curves (Figure 6.6A 

versus Figure 6.6B) indicates that the concentration at which sorafenib effectively depletes HURP 

levels (10 μM) is higher than the concentrations that selectively decreased the number of  

USP22+/--1 and USP22-/--C cells relative to NT-Control (i.e. 2.5 and 5.0 μM). This suggests that 

sorafenib may preferentially target USP22-deficient cells via a HURP-independent mechanism. 

To assess this possibility, I evaluated the impact of siRNA-based HURP depletion in the NT-

Control, USP22+/--1 and USP22-/--C cell lines (Figure 6.7A). USP22+/--1 cell numbers were 

reproducibly and significantly decreased relative to NT-Control following silencing with siHURP-
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1, siHURP-2 and siHURP-4 (N = 3; n = 6; Figure 6.7A; Table S6.10). Reproducible decreases 

were not observed with either siHURP-Pool, in agreement with the results from the co-silencing 

approach (Figure 6.5) or siHURP-3, in contrast with the co-silencing results. These disparate 

results suggest that the individual siRNAs assessed may be associated with different silencing 

kinetics (e.g. duration of the window of effective silencing) and/or distinct off-target effects that 

differentially impact cell numbers. Additional siRNAs duplexes may need to be assessed to 

ascertain whether USP22+/--1 cells are selectively targeted by HURP depletion. In contrast,  

USP22-/--C cells numbers were only reproducibly decreased relative to NT-Control following 

transfection with siHURP-1 but not with siHURP-Pool, -2, -3 or -4. This suggests that the decrease 

in cell numbers induced only by siHURP-1 may be due to an unidentified off-target effect 

associated with this siRNA duplex, further indicating that USP22-/--C cells are unlikely to be 

targeted by HURP depletion, in agreement with the results from the SL screen. As USP22-/--C cells 

are preferentially targeted by sorafenib treatment but not by HURP depletion, these results provide 

additional evidence that sorafenib selectively targets USP22-deficient cells via a HURP-

independent mechanism. 

Sorafenib is a multi-kinase inhibitor that targets two kinases involved in the MAPK pathway, 

namely BRAF (wild-type or oncogenic V600E mutant) and RAF1 (wild-type)407,408. Sorafenib also 

inhibits multiple tyrosine kinase receptors, including the proangiogenic receptors VEGFR1, 2, 3, 

PDGFRβ as well as additional receptors implicated in oncogenesis, such as Fms Related Receptor 

Tyrosine Kinase 3 (FLT3) and KIT407,408. To determine whether inhibition of one of these targets 

is predominantly responsible for the selective targeting of the USP22-deficient clones, I first 

generated dose-response curves with axitinib, an inhibitor of VEGFR1-3, PDGFRβ and KIT409, in 

the NT-Control, USP22+/--1 and USP22-/-C cells (Figure 6.7B). While only one biological replicate 

was conducted, neither USP22+/--1 nor USP22-/-C cells were preferentially targeted by axitinib 

relative to NT-Control (N = 1; n = 6; Table S6.11), indicating that Sorafenib is unlikely to 

preferentially target USP22-deficient cells via inhibition of VEGFR1-3, PDGFRβ and/or KIT. 

Next, I generated dose-response curves with LXH254, a novel inhibitor of BRAF and RAF1410 

(Figure 6.7C). Both USP22+/--1 and USP22-/--C showed increased sensitivity to LXH254 relative 

to NT-Control, as the EC50 values were significantly decreased by 1.38-fold in USP22+/--1 (441 

nM) and 1.91-fold in USP22+/--C (319 nM) relative to NT-Control (610 nM; N = 3; n = 6; Table 

S6.12). These results are remarkably similar to the differences observed between the cell lines 
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following sorafenib treatment and indicate that USP22+/--1 and USP22-/--C cell lines likely exhibit 

increased sensitivity to BRAF and/or RAF1 inhibition relative to NT-Control. 
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Figure 6.7. Sorafenib likely targets USP22-deficient clones via a mechanism dependent on 

BRAF and/or RAF1 inhibition. 

(A) Dot plot presenting mean cell numbers following HURP silencing in NT-Control, USP22+/--1
 

and USP22+/--C cells. Black lines indicate paired samples for each biological replicate. Changes 

in USP22+/--1
 
and USP22-/--C cell numbers are compared to controls with two-way Anova (N = 3; 

n = 6; ns p-value > 0.05; * p-value < 0.05; *** p-value < 0.001). (B) Dot plot showing mean cell 

numbers relative to vehicle control after 72 h axitinib treatment (N = 1; n = 6). Dose-response 

curves were fitted using a non-linear regression model with variable slope. USP22+/--1
 

and  

USP22-/--C were not significantly more sensitive to axitinib treatment than NT-Control. (C) Dot 

plot showing mean cell numbers relative to vehicle control after 72 h LXH254 treatment (error 

bars = standard deviation; N = 3; n = 6). Dose-response curves were fitted using a non-linear 

regression model with variable slope. USP22+/--1
 
and USP22-/--C are more sensitive to LXH254 

treatment than NT-Control. 
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6.4. DISCUSSION 

In this chapter, I sought to identify USP22 SL interactors to uncover novel drug targets that 

selectively kill USP22-depleted CRC cells. I first performed quantitative siRNA-based screens of 

239 candidate SL interactors within the DDR genes in HCT116 cells, employing either a co-

silencing approach or by silencing candidate interactors within NT-Control and USP22+/--1 or 

USP22-/--C. Thus, 86 DDR genes were identified as putative USP22 SL interactors, among which 

EXO1 and HURP were selected for further analyses. While EXO1 validation assays were 

inconclusive, they suggested that MRE11 may be a USP22 SL interactor. Direct co-silencing based 

SL tests subsequently validated the SL interaction between MRE11 and USP22 in HCT116, 

although neither MRE11 depletion nor inhibition induced preferential killing of USP22+/--1 and 

USP22-/--C cells. Similarly, the SL interaction between USP22 and HURP was validated by co-

silencing SL tests, but HURP silencing did not preferentially target USP22-/--C cells relative to 

NT-Control. However, the clinically approved drug sorafenib, which downregulates HURP 

expression, induced a selective decrease in cell numbers within both USP22+/--1 and USP22-/--C 

relative to NT-Control. Further investigation of the underlying mechanism indicated that the 

selectivity of sorafenib is independent of its impact on HURP expression and likely mediated by 

inhibition of its established targets BRAF and/or RAF1. Collectively, these data identify novel SL 

interactions and a promising chemo-genetic interaction that may be further characterized and 

validated in additional cell lines to support the development of novel therapies that selectively kill 

USP22-depleted cells.  

Distinct results were observed between SL screens performed with either a co-silencing 

approach or employing the USP22+/--1 and USP22-/--C clones and multiple technical and biological 

differences between these methods and cell lines may contribute to these disparities. Off-target 

gene silencing is an established technical limitation of siRNA-based silencing411,412. The co-

silencing based SL tests employed a mixture of four siRNA duplexes targeted against USP22 

(siUSP22-Pool) that were not employed in the direct tests performed within the USP22+/--1 and 

USP22-/--C cells. Conceptually, off-target effects associated with these siRNA duplexes could 

enhance or weaken the SL interactions associated with both on- and off-target effects of the DDR 

gene siRNAs, resulting in false positive or false negative results specific to the co-silencing 

approach. Importantly, the pooled siRNA approach employed in the screens is intended to reduce 

the likelihood of such off-target effects413. In addition, the USP22+/--1 and USP22-/--C cells may 
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also harbor off-target CRISPR-Cas9 mediated edits317,414 that could theoretically occur within 

genes that modulate the intensity of the assessed SL interactions. However, the USP22-deficient 

clones employed in this chapter were purposefully generated with a second-generation 

CRISPR/Cas9 approach that minimizes the likelihood of off-target editing, as Cas9 was only 

expressed transiently (~ 48 h) and sgRNAs were specifically designed to minimize the probability 

of off-target editing (Section 3.4.2.1). Nonetheless, the potential for false positive results highlights 

the need for stringent validation of putative SL interactions identified in high-throughput 

screens412, as was initiated for the most promising hits in this chapter. Distinct USP22 expression 

levels between each screening condition may also contribute to the screening result differences. 

While USP22-/--C cells lack any USP22 expression, USP22+/--1 and USP22-silenced cells exhibit 

~ 30-60% and < 10% of levels observed in NT-Control or siControl cells, respectively (Figures 

4.1 and 5.9). Critically, the relationship between the intensity of the SL phenotype and the level 

of expression of SL interactors is not necessarily linear415 and SL interactions may not occur until 

the SL interactors are depleted beyond certain thresholds that are specific to each SL interaction. 

For instance, while some interactions may occur in the presence of residual USP22 and can be 

observed with siRNA-based approaches or within heterozygous knockouts, others may require 

complete absence of USP22 that can only be achieved with gene knockout416. Further, as discussed 

in the preceding chapter, USP22+/--1 and USP22-/- cells are likely to diverge over time from the 

parental HCT116 under the combined forces of selection pressures and CIN phenotypes induced 

by USP22 deficiency. While all SL experiments presented in this chapter (with the exception of 

sorafenib dose-response curves) were exclusively performed with early passage cells to keep 

experimental conditions consistent, evolution is likely to have begun during the clonal isolation 

and expansion process, as evidenced by the dramatic changes in nuclear areas and/or chromosome 

numbers observed at the earliest time point of the time course experiment within USP22+/--1 and 

USP22-/--C cells (Section 5.3.2). In addition, global H2Bub1 abundance is dramatically increased 

within early passage USP22+/--1 and USP22-/--C cells (Figure 5.9A) compared to the moderate 

increases observed following USP22 silencing (Figure 4.1C). Thus, long-term USP22 depletion 

within the USP22+/--1 and USP22-/--C cells is associated with multiple karyotypic and phenotypic 

changes that are expected to contribute to the differences between the SL screens performed in the 

two distinct clones, as well as between the clones and the co-silencing based screen. Specific 
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alterations that may account for the different responses to MRE11 and HURP silencing in the direct 

SL validation tests are further discussed below. 

MRE11 contributes to several DDR pathways in humans and is best characterized as a 

prominent effector of DSB repair pathways. The MRN complex containing MRE11 is rapidly 

recruited to DSB sites and promotes the activation of the ATM kinase, a major regulator of the 

DSB signaling response that notably promotes phosphorylation of serine 139 of H2AX 

(γH2AX)417-419. In G1, the exonuclease activity of MRE11 contributes to the repair of a small 

subset of DSBs that require short-range DNA end processing before NHEJ-mediated repair398. In 

contrast, in the S and G2 phases of the cell cycle, MRE11 initiates DNA end resection that commits 

repair towards the HR pathway135,399,400. Other HR factors, including EXO1, can later perform 

long-range DNA end resection that enables the homology search, mediated by RAD51 and 

regulated by additional proteins, including BRCA2 and PALB2135. Subsequently, pairing with the 

homologous sequence (i.e. sister chromatid) provides a template for DNA synthesis and error-free 

DSB repair. Dynamic regulation of H2Bub1 abundance is also implicated in DSB repair, as 

increases in H2Bub1 levels following DSBs promote the rapid recruitment of critical effectors of 

both NHEJ (e.g. XRCC4) and HR (e.g. RAD51 and BRCA2)267,268. Accordingly, RNF20/RNF40-

mediated increases in H2Bub1 at DSB sites is required for timely repair via both NHEJ and 

HR267,268. Intriguingly, mouse models reveal that USP22-mediated H2Bub1 depletion is also 

required for effective DSB repair as USP22 deficiency reduces the formation of γH2AX foci and 

impairs both NHEJ and HR269,275. In humans, emerging evidence corroborates a critical role of 

USP22 in HR-mediated DSB repair, as USP22 is required to stabilize PALB2, increase recruitment 

of PALB2 and BRCA2 at DSB sites and promote formation of RAD51 foci276. However, the 

requirement for USP22 in NHEJ remains unclear in distinct human models276,291. Importantly, 

while MRE11 deficiency induces profound DSB repair defects and chromosomal aberrations that 

compromise viability and proliferation upon exogenous stimulation (e.g. ionizing radiation, 

treatment with DNA damaging agents), untreated MRE11-deficient cells are viable and do not 

exhibit striking increases in DNA damage markers such as structural CIN399,420. Similarly, while 

USP22-deficient models exhibit striking DSB repair defects following exogenous induction of 

DNA damage, untreated USP22-deficient cells are viable and do not exhibit striking accumulation 

of the DSB marker γH2AX269,276. This is consistent with the moderate or absent increases in 

micronucleus formation observed within the distinct USP22-depleted models throughout this 
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thesis (Chapters 4 and 5), the sustained proliferative potential of the USP22-deficient clones over 

time (Chapter 5) and the modest changes in cell numbers following transfection with MRE11 

siRNAs in control (USP22 proficient) conditions (Figures 6.3C and 6.4A). In contrast, co-

silencing of USP22 and MRE11 in the absence of DNA damaging treatment decreased cell 

numbers to 41-67% of the controls, suggesting that simultaneous depletion of MRE11 and USP22 

may compromise the timely repair of endogenously arising DSBs (e.g. induced by metabolism-

derived reactive oxygen species; Section 1.4.1), thereby halting cell cycle progression and/or 

inducing cell death. Concomitant depletion of MRE11 and USP22 may synergize to prevent DSB 

repair through multiple pathways. For instance, as MRE11 depletion disrupts activation of the 

kinase ATM that mediates γH2AX increases418,421 and USP22 depletion may reduce γH2AX 

levels269,291, co-depletion of MRE11 and USP22 could induce a dramatic decrease in γH2AX levels 

that disrupts the DNA damage response and impairs both NHEJ and HR. In addition, while HR 

can be rescued by other factors in the absence of MRE11400,422 and USP22 depletion alone does 

not completely prevent RAD51 foci formation276, it is possible that co-depletion of MRE11 and 

USP22 renders the HR pathway nonfunctional. Further, as the lesions normally repaired by HR 

can be repaired by NHEJ in S/G2 phases if HR is inhibited399 and since MRE11 and possibly 

USP22 also promote repair by NHEJ135,269,291,398, co-silencing of MRE11 and USP22 may not only 

abolish HR but also decrease NHEJ efficiency, thus severely decreasing DSB repair capacity and 

promoting lethal accumulation of DNA damage. Ongoing research efforts to establish the precise 

roles of USP22 in DSB repair in human contexts could shed light on the mechanisms underlying 

selective cell number decreases following co-silencing of USP22 and MRE11. 

In contrast with the co-silencing results, MRE11 depletion or inhibition within USP22+/--1 and 

USP22-/--C did not induce reproducible decreases in cell numbers relative to NT-Control. As 

discussed above, accrual of karyotypic and phenotypic changes driven by CIN within the USP22-

deficient clones may be responsible for the distinct responses of USP22-silenced cells compared 

with USP22+/--1 and USP22-/--C. Notably, while USP22 silencing was associated with a moderate 

but significant and reproducible increase in micronucleus formation in HCT116 (Figure 4.6C), no 

such increases were observed within USP22+/--1 and USP22-/--C cells (Figure S5.4). This suggest 

that the USP22-/--C cells may have acquired alterations, such as mutation or altered regulation of 

specific DSB repair effectors, that compensate for the loss of USP22 with respects to the DSB 

repair pathways (i.e. suppressor mutations). For instance, as discussed in the previous chapter 



181 

 

(Section 5.4), overexpression of other DUBs may promote promiscuous activity that restore 

H2Bub1 regulation following DSBs. Alternatively, as USP22 mediates stabilization of PALB2, 

which promotes recruitment of HR effectors RAD51276, HR could potentially be rescued within 

USP22-deficient cells via overexpression and/or hypermorphic activity of PALB2. Unlike  

USP22-/--C, USP22-/--A and -B did exhibit increases in micronucleus formation (Figure 5.4A). 

Therefore, it is possible that these two clones undertook a distinct evolutionary trajectory and may 

potentially be more sensitive to MRE11 inhibition that USP22-/--C. Nonetheless, the rapid 

acquisition of resistance within USP22-/--C cells (i.e. ~ 1 month of clonal isolation and expansion) 

in the absence of specific selection pressures (i.e. no treatment with DNA damaging agent to select 

for resistant cells with enhanced DSB repair capacity) suggests that USP22-deficient cells may 

require acquisition of a very small number of alterations to become resistant to MRE11 depletion 

or inhibition. This suggest that MRE11 inhibition as a monotherapy is unlikely to be an effective 

therapeutic strategy that yield durable benefit against USP22-deficient cancers, even if the  

USP22-/--A and B clones do exhibit increased sensitivity to MRE11 inhibition. However, as 

discussed earlier, depletion of either MRE11 or USP22 only induces dramatic accumulation of 

DNA damage and/or decreases in cellular fitness in response to DNA damaging treatments such 

as ionizing radiation or DNA damaging drugs269,276,420. While adaption to USP22 deficiency may 

only require acquisition of a few alterations to restore effective repair of low levels of 

endogenously arising DSBs, USP22+/--1 and USP22-/--C cells may remain exquisitely sensitive to 

exogenous DNA damaging agents relative to USP22-proficient cells. This is supported by multiple 

studies showing that human cell lines with stable shRNA-mediated USP22 depletion exhibit 

greater sensitivity than controls to DNA damaging agents such as 5-fluorouracil276,291,296. 

Accordingly, it is possible that MRE11 inhibition may remain a viable therapeutic strategy to 

selectively target USP22-deficient cells if combined with an exogenous source of DSBs to 

potentiate the effect simultaneous loss of MRE11 and USP22 activity has on DDR pathways 

(Section 7.3.3). 

The apparent SL interaction between USP22 and HURP may not depend on the role of USP22 

in DDR and the potential involvement of HURP in DDR pathways, which remains largely 

unclear405. Instead, the selective decrease in the numbers of cells co-silenced for USP22 and HURP 

likely hinges on the critical role of HURP in chromosome congression402-404,423-425. HURP is a 

microtubule associated protein that preferentially interacts with the plus-end of microtubules in 
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the vicinity of chromatin. This interaction promotes the nucleation and bundling of kinetochore-

fibers that is required to achieve chromosome congression402-404,423-426. Accordingly, HURP 

depletion is associated with increases in congression defects402,404. Importantly, even in the 

presence of unaligned chromosomes, HURP-depleted cells generally progress through mitosis 

with no or minimal delay, including in HCT116, which results in increased frequency of 

chromosome segregation errors in anaphase402,404,427. As USP22 silencing also induces 

chromosome segregation errors (Section 4.3.2), co-silencing of USP22 and HURP may produce 

an additive effect that raises the levels of CIN beyond the intermediate CIN levels observed within 

cells only transfected with USP22 or HURP siRNAs. Importantly, high CIN levels and large-scale 

changes in chromosome numbers can compromise cell fitness and promote cell death37,216-221,428, 

which may be responsible for the selective decrease in cell numbers within co-silenced cells. 

However, as both USP22 and HURP silencing are individually associated with intermediate CIN 

levels368,402,404, an additive effect may not be sufficient to raise CIN levels beyond the viability 

threshold and induce the sharp decline in cell numbers observed within the short time frame of the 

co-silencing experiments (~ 3-4 cell divisions). Importantly, HURP silencing is not only associated 

with congression errors but also increased rate of microtubule attachment errors and reduced inter-

kinetochore tension, even within properly aligned chromosomes402. As proper inter-kinetochore 

tension is critical for the correction of kinetochore-microtubule attachment errors (e.g. merotelic 

attachments)170,172 and USP22 silencing induces increases in mitotic H2Bub1 levels that are also 

associated with reduced inter-kinetochore tension (Chapter 4), co-silencing of HURP and USP22 

may synergize to dramatically increase the frequency of uncorrected aberrant kinetochore-

microtubule attachments. This would increase the frequency of catastrophic mitotic event and 

greatly increase the rate of chromosome segregation errors and CIN levels, thus halting cellular 

proliferation and/or inducing cell death. 

Notwithstanding the reproducible and selective decreases in cell numbers following co-

silencing of HURP and USP22, HURP silencing did not effectively target USP22+/--1 and  

USP22-/--C cells. While it remains unclear whether USP22+/--1 cells are sensitive to HURP 

silencing relative to NT-Control, USP22-/--C cells were generally resistant to HURP depletion 

despite exhibiting CIN phenotypes and increases in H2Bub1 levels in prophase (Section 5.3.2), 

which are expected to contribute to the mechanism underlying the SL phenotype observed in the 

co-silencing condition. As discussed previously, it is possible that following the CRISPR-mediated 
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edits and throughout the clonal isolation and expansion process, CIN-driven evolution of the clonal  

USP22+/--1 and USP22-/--C populations has selected for alterations (e.g. suppressor mutations) that 

confer resistance to HURP depletion. Intriguingly, a recent publication investigating a chemo-

lethal interaction between HURP depletion and the microtubule-stabilizing drug docetaxel 

identified prolonged androgen receptor depletion as a mechanism of resistance to HURP 

depletion429. While the pathways underlying this resistance mechanism remain unclear, it may 

hinge on a potential increase in spindle density expected to result from androgen receptor 

downregulation, which would counteract the spindle alterations induced by HURP depletion and 

rescue the targeted cells from metaphase arrest429. Critically, USP22 protects the androgen receptor 

from proteasomal degradation, presumably via direct deubiquitination, while shRNA-mediated 

USP22 depletion markedly reduces androgen receptor abundance and function in multiple human 

cellular models365. Thus, within USP22-/--C cells, constitutive USP22 knockout may induce a 

prolonged depletion of the androgen receptor (wild-type in HCT116328) that mediates resistance 

to HURP silencing. Besides potential mechanisms that would limit the rate of chromosome 

segregation errors following HURP silencing, resistance of USP22-/--C cells may be mediated by 

an increased tolerance for changes in chromosome complements. Conceptually, the levels of 

genetic heterogeneity within a population are determined by the balance between CIN levels and 

the cells’ capacity to survive and continue to proliferate following karyotypic alterations37,40,430. In 

this regard, cell fate tracking experiments conducted within patient-derived CIN-positive CRC 

organoids show large variations in the ability of cells from distinct tumors to continue proliferating 

following aberrant mitotic events and chromosome segregation errors40. As HCT116 USP22-/- cells 

(-A, -B and -C) generally exhibited larger shifts in nuclear areas relative to the controls compared 

with USP22+/--1 cells, it is possible that they harbor a larger population of cells with large-scale 

chromosome content changes, which would be consistent with increased tolerance for aneuploidy 

and may promote increased rate of survival and/or proliferation following chromosome 

segregation errors induced by HURP silencing. However, the molecular mechanisms that promote 

survival and sustained proliferation following unequal cell divisions and in the presence of 

aneuploidy remain largely unknown40,431. Therefore, it is unclear whether USP22 knockout not 

only induces CIN but may also promote the acquisition of phenotypic alterations that increase the 

survival of aneuploid cells.  
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The results presented in this chapter reveal that sorafenib preferentially targets USP22+/--1 and 

USP22-/--C cells, as the EC50 was decreased by ~ 1.4-fold in the USP22-deficient clones relative 

to NT-Control after three days of treatment. These results obtained in a CRC cell line agree with 

recent findings in two hepatocellular carcinoma cell lines showing that two-day sorafenib 

treatment combined with shRNAs targeting USP22 decreased sorafenib EC50 by ~ 2.2-fold relative 

to combined treatment with a negative control shRNA432. Critically, despite this modest decrease 

in sorafenib EC50 observed in a short-term two-dimensional (2D) cell culture assay, the 

combinatorial regimen also induced synergistic cell death within a patient-derived sorafenib-

resistant hepatocellular carcinoma xenograft model432. Accordingly, while the short-term 2D 

assays only revealed a modest decrease in sorafenib EC50 within the HCT116 clones, it is possible 

that longer term assays may have a more pronounced effect. In addition, as sorafenib targets 

include pro-angiogenic receptors407,408,433, sorafenib treatment may have additional impacts in a 

three-dimensional in vivo model that also synergize with USP22 deficiency, which could not be 

exploited in the 2D cell culture assays. Moreover, the conservation of the chemo-genetic 

interaction between USP22 deficiency and sorafenib treatment in both CRC and hepatocellular 

carcinoma models suggests that sorafenib may preferentially target USP22-deficient cells in a 

broader range of cancers. As USP22 deletion occurs in 10-80% of many cancer types (Figure 

5.5A), assessing the impact of sorafenib treatment within USP22+/- and USP22-/- models 

representative of other cancer types may reveal a promising novel strategy that could benefit many 

patients.  

Sorafenib is a multi-kinase inhibitor initially designed to target the MAPK pathway via 

inhibition of the RAF kinases, including BRAF and RAF1407,408. Importantly, sorafenib also 

potently inhibits additional kinases, including VEGFR-1, -2, -3, as well as KIT and 

PDGFRβ407,408,433. Further effects of sorafenib were later uncovered (reviewed by Hsu and 

colleagues433), including transcriptional downregulation of HURP expression406. The findings 

presented in this thesis strongly support that sorafenib preferentially targets USP22+/--1 and 

USP22-/--C cells via a mechanism independent of HURP depletion. Instead, BRAF and/or RAF1 

inhibition likely mediates the selective action of sorafenib, as the BRAF/RAF1 inhibitor LXH254 

largely recapitulated the effect of sorafenib treatment within USP22+/--1 and USP22-/--C cells 

relative to NT-Control. In support of this possibility, a recently published manuscript reports that 

in two melanoma cell lines harboring the oncogenic V600E BRAF mutant, USP22-depleted cells 
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were more sensitive to the BRAF V600E inhibitor verumafenib than control cells434. The authors 

further showed that USP22 depletion reduces abundance of a novel USP22 substrate, the 

transcriptional co-activator Yes Associated Protein (YAP), which underlies the increased 

sensitivity to BRAF inhibition. In contrast, in the hepatocellular carcinoma study, the authors 

identified depletion of the Multidrug Resistance Associated Protein 1 (MRP1) as a critical 

determinant of sorafenib sensitivity within USP22-depleted cells432. USP22 depletion decreased 

the abundance of the USP22 substrate SIRT1, which in turn downregulated the AKT/GSK-3β 

pathway and resulted in depletion of MRP1296,432, a drug efflux pump that may be associated with 

resistance to multiple anti-cancer drugs435,436. Within USP22-silenced cells, MRP1 depletion 

increased intracellular Sorafenib concentration, which likely contributed to the increased 

sensitivity to sorafenib. Within USP22-depleted cells, the authors also identified downregulation 

of hypoxia-induced glycolysis, likely mediated by misregulation of the novel USP22 substrate 

Hypoxia Inducible Factor 1 Subunit Alpha (HIF1α), as another contributor to sorafenib 

sensitivity432,437. Accordingly, aberrant regulation of SIRT1, MRP1, YAP and/or HIF1α could 

contribute to the enhanced sensitivity of USP22+/--1 and USP22-/--C cells to sorafenib and/or 

LXH254 treatment. Further, depletion or inhibition or BRAF, RAF1 and downstream effectors 

MAPK1 and MAPK3 can disrupt mitotic progression, induce spindle aberrations, promote 

congression defect and downregulate the kinase Monopolar Spindle 1-like 1 (MPS1) that is critical 

for accurate chromosome segregation438-441. Thus, sorafenib and LXH254 treatment may synergize 

with USP22 depletion to exacerbate CIN phenotypes within USP22+/--1 and USP22-/--C cells and 

raise CIN levels beyond a threshold compatible with sustained proliferation and viability. 

Determining which of these potential mechanisms contribute to enhanced cell death within 

USP22+/--1 and USP22-/--C cells, as well as potentially within other USP22-deficient cancer 

models, may reveal novel drug targets. It may also identify second-generation kinase inhibitors 

with improved target specificity compared to broad-spectrum sorafenib, which could display 

enhanced selectivity and efficacy against USP22-deficient cancer cells. 
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6.5. SUPPORTING INFORMATION 

6.5.1. Supporting tables 

Table S6.1. SL screens of the DDR library identify putative USP22 SL interactors. 

Gene 
Co-silencing screen replicatesA 

USP22+/--1A USP22-/--CA Mutational statusB 
1 2 3 

ABL1 0.765 0.644 2.304 1.416 0.686 Missense mutation 

ALKBH3 0.540 1.223 4.821 3.563 2.731 Wild-type 

APEX1 0.773 0.408 0.673 2.909 2.313 Missense mutation 

APLF 1.088 0.570 0.416 4.569 1.253 Wild-type 

ATRX 0.856 0.400 0.445 2.037 3.947 In frame deletion 

ATXN3 0.550 0.424 0.919 1.618 0.944 Wild-type 

BLM 0.485 2.255 0.712 0.323 1.143 Wild-type 

BRCA2 0.837 2.159 1.107 0.499 0.999 Frame shift insertion 

BRCC3 0.595 0.782 0.895 2.016 1.266 Wild-type 

BTG2 0.605 4.243 0.822 2.663 0.673 Wild-type 

CCNH 1.042 1.070 0.724 2.340 0.800 Wild-type 

CHEK2 1.663 1.483 0.746 2.870 1.664 Missense mutation 

CLK2 1.255 5.692 0.515 0.263 0.783 Wild-type 

CNOT7 0.722 1.204 1.485 2.383 0.754 Missense mutation 

CSNK1D 0.907 0.535 1.930 1.165 0.915 Wild-type 

ERCC2 1.314 0.745 0.694 1.971 1.152 Wild-type 

EXO1 1.508 0.951 1.432 1.462 0.894 Wild-type 

FANCD2 0.643 0.987 0.504 0.907 2.932 Wild-type 

FANCE 1.570 0.355 0.491 5.505 1.046 Wild-type 

FANCF 0.740 0.279 0.288 2.664 0.955 Wild-type 

FANCL 1.310 0.562 0.575 0.711 0.991 Wild-type 

GADD45A 1.380 0.660 0.726 0.830 0.779 Wild-type 

GEN1 2.043 0.639 0.491 3.708 0.885 Splice site variant 

GTF2H2 0.721 0.888 5.407 1.046 0.726 Wild-type 

GTF2H5 1.300 1.358 1.340 0.427 0.567 Wild-type 

HINFP 3.043 0.648 0.847 4.985 1.747 Wild-type 

HMGB2 0.636 0.572 0.565 0.411 2.123 Wild-type 

HURP 1.290 1.520 1.608 1.873 0.669 Wild-type 

HUS1 0.502 0.464 1.287 0.779 0.519 Wild-type 

IGHMBP2 1.104 0.778 0.806 0.862 1.602 Wild-type 

LIG3 1.586 1.072 1.483 3.137 0.933 Wild-type 

LIG4 0.764 4.823 1.177 0.503 2.575 Wild-type 
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Table S6.1. Continued. 

Gene 
Co-silencing screen replicatesA 

USP22+/--1A USP22-/--CA Mutational statusB 
1 2 3 

MBD4 1.092 1.496 0.725 1.298 0.920 Frame shift deletion 

MLH3 1.121 1.890 4.470 17.643 0.679 Wild-type 

MNAT1 2.242 0.343 0.998 4.341 1.529 Wild-type 

MRE11A 1.387 0.526 0.665 1.197 0.746 Wild-type 

MSH6 0.997 0.371 0.400 1.571 4.376 Frame shift insertion 

MUS81 1.843 6.439 2.593 0.969 0.636 Missense mutation 

NBN 0.532 0.572 1.951 1.222 0.610 Wild-type 

NEIL3 1.173 0.928 1.180 1.526 1.072 Wild-type 

NHEJ1 0.883 0.486 1.043 3.450 1.236 Wild-type 

NPM1 0.222 10.885 2.067 0.509 0.714 Wild-type 

NUDT1 1.696 0.955 0.565 3.631 0.649 Wild-type 

OBFC2B 1.144 0.669 1.765 1.535 1.009 Wild-type 

OGG1 2.198 0.912 0.676 1.608 0.954 Wild-type 

PARG 0.799 0.472 0.959 1.553 1.418 Wild-type 

PARP1 0.758 0.700 1.252 1.190 0.915 Wild-type 

PARP2 0.623 0.592 1.124 1.879 1.988 Wild-type 

PMS1 1.014 0.843 1.239 8.856 2.767 Wild-type 

PMS2 0.650 0.443 0.718 2.692 2.157 Wild-type 

POLB 1.000 0.400 1.282 2.745 0.907 Wild-type 

POLG2 0.339 0.935 0.543 1.489 1.798 Wild-type 

POLI 0.704 0.659 0.667 2.334 0.794 Missense mutation 

POLM 1.013 0.557 1.392 1.877 2.499 Frame shift deletion 

POLN 0.596 0.470 0.606 2.848 0.710 Wild-type 

POLQ 0.865 1.542 1.461 0.777 1.376 Missense mutation 

PRMT6 2.887 0.165 0.935 1.667 0.958 Wild-type 

RAD17 0.800 1.268 0.723 2.786 2.487 Wild-type 

RAD18 0.318 0.907 1.628 1.521 1.414 Wild-type 

RAD23A 1.313 0.712 0.292 2.091 2.076 Wild-type 

RAD54L 0.668 0.477 1.671 0.543 0.894 Wild-type 

RDM1 2.017 3.914 1.385 4.376 0.764 Wild-type 

RECQL4 0.850 0.963 0.456 2.235 1.439 Wild-type 

REV1 0.899 0.435 1.198 1.005 1.424 Wild-type 

REV3L 1.176 1.548 0.717 0.684 1.189 Frame shift insertion 

RNF168 0.769 1.494 1.004 2.932 0.939 Wild-type 

RNF8 0.755 0.372 1.377 2.003 1.147 Wild-type 
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Table S6.1. Continued. 

Gene 
Co-silencing screen replicatesA 

USP22+/--1A USP22-/--CA Mutational statusB 
1 2 3 

RPA4 0.805 1.539 1.773 0.779 1.086 Wild-type 

RPS27L 1.240 1.570 1.740 1.148 0.590 Wild-type 

RRM2B 0.916 1.357 0.807 2.384 0.934 Missense mutation 

SETMAR 0.743 1.129 0.314 0.874 1.329 Wild-type 

SMC6 1.547 0.449 0.723 1.377 0.876 Missense mutation 

SPO11 1.967 1.988 6.662 0.893 0.349 Wild-type 

TADA3 0.838 1.393 1.102 0.894 4.870 Wild-type 

TDG 0.989 0.461 1.017 0.977 1.359 Frame shift deletion 

TP53BP1 1.176 0.756 1.514 1.298 0.821 Wild-type 

TP73 3.390 0.503 0.878 2.703 1.256 Missense mutation 

TRIP13 0.712 0.620 1.481 0.419 0.492 Wild-type 

TYMS 3.212 1.336 0.933 0.497 0.625 Missense mutation 

UBE2A 1.679 0.956 1.072 1.242 1.051 Wild-type 

UBE2B 1.273 0.927 1.442 1.626 2.090 Wild-type 

UBE2V1 0.479 0.298 0.634 0.274 1.456 Wild-type 

XPC 1.711 0.970 0.986 0.725 1.351 Wild-type 

XRCC4 1.731 1.898 7.123 1.622 0.665 Wild-type 

XRCC5 0.709 2.057 1.474 0.290 1.076 Wild-type 

XRCC6 0.604 1.483 0.474 0.386 0.740 Wild-type 
ASL ratios are indicated for each screening condition. SL ratios > 1.25 are indicative of a putative 

SL interaction and highlighted in bold. 
BMutational status in HCT116 is indicated for each gene as reported in the CCLE327.  
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Table S6.2. List of DDR genes that were not identified as putative USP22 SL interactors. 

Gene 
Co-silencing screen replicates 

USP22+/--1A USP22-/--CA Mutational 

StatusB 1 2 3 

ALKBH1 0.413 0.365 0.626 0.801 0.942 Wild-type 

APEX2 0.794 0.960 0.785 0.311 0.481 Wild-type 

BAZ1B 0.711 0.564 1.029 0.533 0.948 Wild-type 

CDK7 0.363 1.054 0.788 0.579 0.402 Wild-type 

DMC1 0.724 0.413 0.880 0.942 0.987 Wild-type 

FANCM 1.195 0.403 0.683 0.627 0.993 Wild-type 

MTOR 1.013 0.515 0.396 1.238 0.847 Wild-type 

NEIL2 0.869 1.029 1.046 0.784 0.791 Wild-type 

POLG 0.628 0.756 0.771 0.469 0.983 Wild-type 
ASL ratios are indicated for each screening condition. 
BMutational status in HCT116 is indicated for each gene as reported in the CCLE327. 
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Table S6.3 List of DDR genes whose silencing induced excessive cell death within the screen 

control conditions. 

ALKBH2 EYA1 NTHL1 RPA3 XRCC2 

APTX EYA3 OBFC2A RPAIN XRCC3 

ASF1A FAM175A PALB2 RRM2 XRCC6BP1 

ATF2 FAN1 PAPD7 RTEL1 YBX1 

ATM FANCA PARP3 RUVBL2  

ATR FANCB PCNA SETX  

ATRIP FANCC PER1 SHFM1  

BRCA1 FANCG PNKP SIRT1  

BRE FANCI POLA1 SLX1A  

BRIP1 FEN1 POLD1 SMC1A  

C19orf40 GADD45G POLE SMC3  

CCNO GTF2H1 POLE2 SMUG1  

CDKN2D GTF2H3 POLH SOD1  

CETN2 GTF2H4 POLK TCEA1  

CHAF1A H2AFX POLL TDP1  

CHEK1 HELQ PRKCG TDP2  

CIB1 HMGB1 PRKDC TNP1  

CSK1E IP6K3 PRPF19 TOP2A  

DCLRE1A KAT2A RAD1 TOPBP1  

DCLRE1B KAT5 RAD21 TP53  

DCLRE1C LIG1 RAD23B TREX1  

DDB1 MAD2L2 RAD50 TREX2  

DDB2 MDC1 RAD51 TRIM28  

DDX11 MEN1 RAD51B UBE2N  

DNA2 MGMT RAD51C UBE2V2  

DNMT1 MLH1 RAD51D UIMC1  

DUT MMS19 RAD52 UNG  

EME1 MPG RAD54B UPF1  

EME2 MPLKIP RAD9A USP1  

ERCC1 MSH2 RASSF7 UVRAG  

ERCC3 MSH3 RBBP8 VCP  

ERCC4 MSH4 RECQL WRN  

ERCC5 MSH5 RECQL5 XAB2  

ERCC6 MUTYH RPA1 XPA  

ERCC8 NEIL1 RPA2 XRCC1  
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Table S6.4. Direct SL tests indicate that EXO1 may be a USP22 SL interactor. 

Silencing 

condition 

Number of 

biological 

replicatesA 

Mean relative cell number (%)B 
Fold 

decreaseC 
p-valueD 

siControl siUSP22-Pool 

siControl 3 100.0 100.0 1.00 NA 

siEXO1-Pool 3 65.7 54.9 1.20 0.1634 

siEXO1-1 3 96.9 100.9 0.96 > 0.50 

siEXO1-4 3 94.2 58.6 1.61 0.0297 
ASix technical replicates were assessed/biological replicate. 
BMean cell number following co-transfection with siControl or siUSP22-Pool, normalized to the 

corresponding siControl condition. 
CFold decrease in the number of USP22-silenced relative to control-silenced cells. 
DOne-tailed (siControl – siUSP22-Pool) paired t tests compare mean numbers of Control and 

USP22-silenced cells following co-silencing of EXO1. A p-value > 0.50 is reported if the 

prediction associated with the one-tailed t test is wrong (i.e. when mean cell number is greater in 

the siUSP22-Pool than siControl condition). NA, not applicable.  

 

 

 

 

 

Table S6.5. Direct SL tests identify MRE11 as a novel USP22 SL interactor. 

Silencing 

condition 

Number of 

biological 

replicatesA 

Mean relative cell number (%)B 
Fold 

decreaseC 
p-valueD 

siControl siUSP22-Pool 

siControl 3 100.0 100.0 1.00 NA 

siMRE11-Pool 3 90.7 48.9 1.85 0.0301 

siMRE11-1 3 93.0 62.3 1.49 0.0430 

siMRE11-2 3 103.7 65.2 1.59 0.0485 

siMRE11-3 3 110.1 61.6 1.79 0.0750 

siMRE11-4 3 96.4 39.6 2.43 0.0404 
ASix technical replicates were assessed/biological replicate. 
BMean cell number following co-transfection with siControl or siUSP22-Pool, normalized to the 

corresponding siControl condition. 
CFold decrease in the number of USP22-silenced relative to control-silenced cells. 
DOne-tailed (siControl – siUSP22-Pool) paired t tests compare mean numbers of Control and 

USP22-silenced cells following co-silencing of MRE11. NA, not applicable. 
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Table S6.6. MRE11 silencing does not reproducibly target USP22-deficient HCT116 cells. 

Silencing 

condition 
Cell line 

Number of 

biological 

replicatesA 

Mean relative cell 

number (%)B 
p-valueC 

siControl 

NT-Control 3 100.0 NA 

USP22+/--1 3 100.0 NA 

USP22-/--C 3 100.0 NA 

siMRE11-Pool 

NT-Control 3 92.2 NA 

USP22+/--1 3 82.6 0.0992 

USP22-/--C 3 92.8 0.8956 

siMRE11-1 

NT-Control 3 79.6 NA 

USP22+/--1 3 51.5 < 0.0001 

USP22-/--C 3 55.3 0.0003 

siMRE11-2 

NT-Control 3 94.1 NA 

USP22+/--1 3 87.4 0.2443 

USP22-/--C 3 111.0 0.0067 

siMRE11-3 

NT-Control 3 98.5 NA 

USP22+/--1 3 89.9 0.1375 

USP22-/--C 3 93.6 0.3673 

siMRE11-4 

NT-Control 3 84.3 NA 

USP22+/--1 3 79.7 0.4232 

USP22-/--C 3 83.8 0.9292 
ASix technical replicates were assessed/biological replicate. 
BMean cell number following MRE11 silencing, normalized to the siControl condition for each 

condition. 
CChanges in USP22+/--1

 
and USP22-/--C cell numbers are compared to NT-Control with two-way 

Anova followed by multiple comparisons. NA, not applicable. 

 

 

Table S6.7. Mirin does not selectively target USP22-deficient HCT116 cells. 

Cell line 
Number of biological 

replicatesA 
EC50 (μM)B 

95% confidence 

interval (μM) 

NT-Control 3 12.0 11.4 – 12.7 

USP22+/--1 3 10.1 8.63 – 11.7 

USP22-/--C 3 11.3 10.8 – 11.9 
ASix technical replicates/concentration were assessed within each biological replicate. 
BDose-response curves were fitted with a non-linear regression model with variable slope to 

determine the EC50 for each cell line. 
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Table S6.8. Direct SL tests identify HURP as a novel USP22 SL interactor. 

Silencing 

condition 

Number of 

biological 

replicatesA 

Mean relative cell number (%)B 
Fold 

decreaseC 
p-valueD 

siControl siUSP22-Pool 

siControl 3 100.0 100.0 1.00 NA 

siHURP-Pool 3 55.9 46.9 1.19 0.1393 

siHURP-1 3 75.8 45.0 1.68 0.0102 

siHURP-2 3 57.7 49.3 1.17 0.0352 

siHURP-3 3 97.5 60.8 1.60 0.0082 

siHURP-4 3 74.2 60.9 1.22 0.0003 
ASix technical replicates were assessed/biological replicate. 
BMean cell number following co-transfection with siControl or siUSP22-Pool, normalized to the 

corresponding siControl condition. 
CFold decrease in the number of USP22-silenced relative to control-silenced cells. 
DOne-tailed (siControl – siUSP22-Pool) paired t tests compare mean numbers of Control and 

USP22-silenced cells following co-silencing of MRE11. NA, not applicable. 

 

 

 

 

 

 

Table S6.9. Sorafenib preferentially targets USP22-deficient HCT116 cells. 

Cell line 
Number of biological 

replicatesA 
EC50 (μM)B 

95% confidence 

interval (μM)B 

Fold decrease of 

EC50
C 

NT-Control 4 4.57 4.22 – 4.93 NA 

USP22+/--1 4 3.16 2.80 – 3.56 1.45 

USP22-/--C 4 3.33 3.02 – 3.68 1.37 
ASix technical replicates/concentration were assessed within each biological replicate. 
BDose-response curves were fitted with a non-linear regression model with variable slope to 

determine the EC50 and 95% confidence interval for each cell line. Non-overlapping confidence 

intervals indicate a significant difference between the EC50 values. 
CFold decrease of the EC50 value relative to NT-Control. NA, not applicable. 
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Table S6.10. HURP silencing does not reproducibly target USP22-deficient HCT116 cells. 

Silencing 

condition 
Cell line 

Number of 

biological 

replicatesA 

Mean relative cell 

number (%)B 
p-valueC 

siControl 

NT-Control 3 100.0 NA 

USP22+/--1 3 100.0 NA 

USP22-/--C 3 100.0 NA 

siHURP-Pool 

NT-Control 3 50.3 NA 

USP22+/--1 3 43.7 0.3106 

USP22-/--C 3 42.3 0.2254 

siHURP-1 

NT-Control 3 86.4 NA 

USP22+/--1 3 58.8 0.0003 

USP22-/--C 3 59.3 0.0004 

siHURP-2 

NT-Control 3 56.6 NA 

USP22+/--1 3 40.5 0.0211 

USP22-/--C 3 46.5 0.1347 

siHURP-3 

NT-Control 3 94.3 NA 

USP22+/--1 3 88.6 0.3860 

USP22-/--C 3 96.7 0.7109 

siHURP-4 

NT-Control 3 77.9 NA 

USP22+/--1 3 51.6 0.0006 

USP22-/--C 3 65.9 0.0786 
ASix technical replicates were assessed/biological replicate. 
BMean cell number following MRE11 silencing, normalized to the siControl condition for each 

condition. 
CChanges in USP22+/--1

 
and USP22-/--C cell numbers are compared to NT-Control with two-way 

Anova followed by multiple comparisons. NA, not applicable. 

 

 

 

 

Table S6.11. Axitinib does not preferentially target USP22-deficient HCT116 cells. 

Cell line 
Number of biological 

replicatesA 
EC50 (nM)B 

95% confidence 

interval (nM) 

NT-Control 1 768 657 – 895 

USP22+/--1 1 978 846 – 1128 

USP22-/--C 1 723 649 – 806 
ASix technical replicates/concentration were assessed within each biological replicate. 
BDose-response curves were fitted with a non-linear regression model with variable slope to 

determine the EC50 for each cell line.  
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Table S6.12. LXH254 preferentially targets USP22-deficient HCT116 cells. 

Cell line 
Number of biological 

replicatesA 
EC50 (nM)B 

95% confidence 

interval (nM) 

Fold decrease of 

EC50
C 

NT-Control 3 610 542 – 685 NA 

USP22+/--1 3 441 371 – 525 1.38 

USP22-/--C 3 319 277 – 368 1.91 
ASix technical replicates/concentration were assessed within each biological replicate. 
BDose-response curves were fitted with a non-linear regression model with variable slope to 

determine the EC50 for each cell line. 
CFold decrease of the EC50 value relative to NT-Control. NA, not applicable. 
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6.5.2. Supporting figures 

 

 

Figure S6.1. Silencing tests indicate that siEXO1-2 may induce off-target killing. 

Dot plot presenting the number of cells relative to siControl following silencing with siEXO1-Pool 

and the individual siRNA duplexes in one representative experiment. Each dot indicates the 

number of cells within one technical replicate (n = 6) and the red bars indicate the median. Note 

the striking decrease in cell numbers within the siEXO1-2 condition relative to silencing condition 

with similar (siEXO1-3) or superior silencing efficiency (siEXO1-Pool; siEXO1-4), suggesting 

that the decrease in cell numbers associated with siEXO1-2 may be due to off-target effects rather 

than EXO1 silencing. 
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CHAPTER 7: DISCUSSION 

 

7.1. SUMMARY AND CONCLUSIONS 

In this thesis, complementary approaches were employed to determine the impact reduced 

USP22 expression has on CIN (Chapters 4 and 5) and to identify strategies to selectively target 

USP22-deficient CRC cells (Chapter 6). In Chapter 4, siRNA-based approaches in the CRC cell 

line HCT116 revealed that reduced USP22 expression impairs removal of H2Bub1 in early 

mitosis. Super-resolution microscopy revealed that this is associated with defects in mitotic 

chromatin compaction, while standard epifluorescence imaging analyses identified inter-

kinetochore tension defects in metaphase and increases in the frequency of lagging chromosome 

in anaphase within USP22-silenced cells. In agreement with these results, quantitative single-cell 

microscopy-based assays determined that USP22 silencing induces CIN phenotypes, including 

increases in micronucleus formation in HCT116 and changes in nuclear areas and alterations of 

chromosome numbers in both HCT116 and the immortalized fibroblast cell line hTERT. Thus, 

USP22 was identified as a novel conserved CIN gene. 

In Chapter 5, as homozygous and heterozygous USP22 deletions are observed in ~ 1% and 48% 

of CRCs, respectively, CRISPR/Cas9 approaches were employed to generate USP22-/- and 

USP22+/- models in HCT116. Long-term (~ 3 months) monitoring of these clones revealed 

heterogeneous CIN phenotypes not observed within controls, including changes in micronucleus 

formation, nuclear areas and continuously evolving chromosome complements. Intriguingly, 

analysis of H2Bub1 levels within asynchronous and prophase cells in one USP22+/- clone and one 

USP22-/- clone suggest that multiple mechanisms likely contribute to the CIN phenotypes observed 

in these cells, in addition to the previously identified alteration of mitotic chromatin compaction 

and alteration of inter-kinetochore tension (Figure 7.1A). For instance, as discussed in Chapter 5, 

misregulation of H2Bub1 levels in interphase within USP22-deficient cells is expected to alter the 

transcriptional regulation of many genes. In addition, USP22 deficiency may alter the abundance 

of multiple substrates that function as transcriptional regulators (e.g. YAP, androgen 

receptor)365,434, further contributing to transcriptional misregulation. Therefore, USP22-deficient 

cells may exhibit aberrant expression of many genes, including CIN genes, which could promote 

CIN phenotypes. Moreover, dynamic regulation of H2Bub1 is required for effective DSB repair 

and USP22 may directly modulate the abundance of multiple substrates (e.g. PALB2, XPC) 
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contributing to DDR276,293. Thus, USP22-deficient cells may exhibit DDR defects and overtime, 

accumulate DNA damage that promotes structural CIN. Strategies to assess the relevance of these 

putative CIN mechanisms within USP22-deficient cells are addressed below (Section 7.2.2).  

In Chapter 5, to begin to assess the relevance of USP22 deletion as an early event in 

oncogenesis, a USP22+/- clone was generated in the non-malignant epithelial colonic cell line 1CT. 

Long-term monitoring of this clone revealed dramatic changes in chromosome complements 

relative to the control, demonstrating that underlying CIN and selection pressures can promote 

karyotype evolution and acquisition of chromosomal alterations characteristic of CRC initiation 

and progression within USP22-deficient cells (Figure 7.1B). Collectively, these results 

demonstrate that both homozygous and heterozygous loss of USP22 can induce CIN and promote 

genetic heterogeneity, which is consistent with USP22 copy number loss being a pathogenic event 

contributing to oncogenesis. 
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Figure 7.1. USP22 is a novel CIN gene that may contribute to CRC pathogenesis. 

(A) Schematic representation of the functions of USP22 and H2Bub1 regulation in the 

maintenance of chromosome stability within normal cells (top panel) and the mechanisms through 

which USP22 depletion may drive CIN in USP22-deficient cells (bottom panel). Dashed arrows 

indicate potential mechanisms discussed in this thesis but that have not yet been experimentally 

validated. Ub: ubiquitin. (B) USP22 depletion drives ongoing genetic heterogeneity that may 

synergize with selection pressures to promote cellular transformation and CRC pathogenesis. 
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In Chapter 6, a quantitative siRNA and imaged-based screen of 239 DDR genes was performed 

to identify putative USP22 SL interactors whose depletion selectively targeted USP22-silenced, 

USP22+/- and/or USP22-/- cells relative to controls. A total of 86 DDR genes were identified as 

putative USP22 SL interactors and top hits were prioritized for further analysis based on the 

intensity and reproducibility of the SL phenotype across the experimental conditions, as well as 

availability of small molecule inhibitors. Subsequent validation tests confirmed that both MRE11 

or HURP silencing selectively decreased the number of USP22-silenced cells relative to controls, 

identifying MRE11 and HURP as novel USP22 SL interactors and suggesting that MRE11 and 

HURP may be promising drug targets. However, neither MRE11 nor HURP silencing effectively 

targeted USP22+/- and USP22-/- cells, suggesting that the USP22-deficient clones may harbor 

suppressor mutations conferring resistance to these SL strategies. Nonetheless, the clinically 

approved drug sorafenib was shown to downregulate HURP expression in HCT116 and to 

preferentially target both USP22+/- and USP22-/- cells relative to controls. Further investigation 

revealed that the underlying mechanism is independent from HURP downregulation and instead 

is likely mediated by BRAF and/or RAF1 inhibition, two established targets of sorafenib. 

Intriguingly, a synergistic interaction between USP22 depletion and sorafenib treatment was 

recently identified in hepatocellular carcinoma models, indicating that this chemo-genetic 

interaction may have broad applicability to target USP22-deficient cancer cells, in CRC and 

additional cancer types exhibiting frequent USP22 deletions. While the specific molecular 

mechanisms underlying the SL and chemo-genetic interactions presented in this thesis have not 

yet been elucidated, multiple models can be proposed (Figure 7.2). As discussed in the previous 

chapter, concomitant depletion of USP22 and MRE11 may synergize to compromise DSB repair 

and induce an accumulation of unrepaired DNA damage and high levels of structural CIN that 

compromise cellular viability. With regards to co-silencing of USP22 and HURP, simultaneous 

alteration of inter-kinetochore tension and microtubule dynamics is expected to induce high levels 

of mitotic errors that may raise numerical CIN levels beyond a threshold compatible with viability. 

With respect to the chemo-genetic interaction between USP22 deficiency and sorafenib, as 

discussed previously, non-viable increases in numerical CIN may occur as a result of USP22 

depletion combined with MAPK pathway inactivation. Alternatively, the selective death of 

USP22-deficient cells may be associated with the depletion of the drug efflux pump MRP1, as 

reported in USP22-depleted hepatocellular carcinoma cells432, which results in a selective increase 
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in sorafenib within USP22-deficient cells but not USP22-proficient controls. It should be noted 

that these scenarios are not mutually exclusive but may synergize to enhance the selective killing 

of USP22-deficient cells. To elucidate the mechanism(s) underlying the SL interactions described 

in this thesis, these distinct hypotheses can be experimentally tested, as described below (Section 

7.3.1). 

 

 

Figure 7.2. Possible mechanisms underlying selective SL targeting of USP22-deficient cells. 

(A) USP22-proficient cells maintain chromosome stability and effectively pump out drugs and 

remain viable during treatment. (B) Based on the roles of USP22 in the maintenance of 

chromosome stability, DSB repair and stabilization of the drug efflux pump MRP1, at least three 

possible mechanisms may underlie the SL and chemo-genetic interactions presented in this thesis. 

The SL interactions may induce a synergistic increase in unrepaired DSBs and structural CIN or a 

synergistic increase in levels of numerical CIN beyond a threshold compatible with viability. 

Depletion of MRP1 may also promote a selective increase in drug concentration within USP22-

deficient but not USP22-proficient cells. Note that the mechanisms may coexist and collectively 

contribute to the selective death of USP22-deficient cells. 
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Collectively, the data presented in this thesis identify USP22 as a novel CIN gene and indicate 

that USP22 deletion may be a critical pathogenic event that promotes CRC initiation and/or 

progression. In addition, the putative and validated SL interactions identified in this thesis can be 

further characterized to support the development of novel therapeutic strategies targeting USP22-

deficient cells. As USP22 is deleted in ~ 48% of CRCs and in many additional cancer types, this 

work represents a first step towards the development of treatments with enhanced efficacy that 

could benefit a large number of patients whose tumor harbor reduced USP22 expression and 

function. 

 

7.2. EVALUATING THE IMPACT OF ABERRANT USP22 EXPRESSION ON CRC 

PATHOGENESIS 

The data presented in this thesis are consistent with USP22 being a tumor suppressor gene, in 

agreement with recent findings in myeloid leukemia and CRC (Sections 7.2.2-3)361,362. In contrast, 

USP22 mRNA overexpression was previously identified as a component of the 11-gene “death-

from-cancer” signature that predicts poor patient outcomes in cohorts of early stage prostate, breast 

and lung cancer patients442. Following that report, USP22 has generally been investigated as an 

oncogene in CRC355,363,443 and many additional cancer types293,353,354,356,359,365,444-446, and USP22 is 

often touted as a promising therapeutic target whose direct inhibition could effectively treat a range 

of cancers297,354,355,365. While it is possible for USP22 to possess both oncogenic and tumor 

suppressive properties, as described for multiple other genes (e.g. TP53, RAD54 Homolog B 

[RAD54B])447,448, it is critical that the corresponding therapeutic strategies (i.e. direct inhibition 

versus SL targeting) be applied only in the appropriate contexts or patients would incur unwanted 

side effects without therapeutic gains. Accordingly, in addition to the results presented in this 

thesis, a growing body of research outlined below seeks to investigate the potential roles aberrant 

USP22 expression may have in CRC pathogenesis, employing a variety of models such as patient 

samples, cell line-based models and genetically engineered mouse models. 

 

7.2.1. Assessing the correlation between USP22 and H2Bub1 abundance and patient 

prognosis in CRC patient samples 

Multiple studies have employed mRNA sequencing, reverse transcription quantitative real-

time PCR (RT-qPCR) or IHC to assess the abundance of USP22 in cancer tissues353,354,356,359,445. 
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Unfortunately, the results published to date are generally contradictory. For instance, in CRC, two 

small RT-qPCR based studies have reported increased USP22 mRNA levels within primary CRC 

tumors relative to matched normal adjacent tissues and increased USP22 expression was 

associated with reduced 5-year disease specific and disease free survival363,443. In contrast, the 

large TCGA mRNA sequencing dataset indicates that USP22 mRNA levels are generally 

decreased in CRC compared to normal colorectal mucosa (Figure 5.5) and increased mRNA levels 

(z-score > 0 relative to normal controls) are not significantly associated with worse prognosis than 

reduced mRNA levels (z-score < 0)25,177. Results from IHC analyses are similarly inconsistent. For 

instance, two studies comparing USP22 abundance within normal mucosa and CRC samples 

reported absent USP22 signal in a large portion of normal mucosa samples355,363, which is at odds 

with publicly available data from the Human Protein Atlas that shows moderate USP22 abundance 

within normal colorectal mucosa306. One IHC study also reported increased USP22 levels in 

virtually all CRC samples relative to normal mucosa whereas the other publication only observed 

increased USP22 abundance in ~ 30% of CRCs and the Human Protein Atlas CRC dataset exhibits 

high level of inter-tumor heterogeneity in regards with USP22 abundance306,355,363. As discussed 

elsewhere, these discrepancies may be attributed in part to potential differences in the stages of the 

tumor assessed, although technical issues including the lack of antibody validation and potential 

cross-reactivity are also thought to underly these disparate results311,362. Note that similar issues 

exist with H2Bub1 IHC data, as estimates of the proportion of CRC tumors exhibiting high 

H2Bub1 staining range from 3 to 60% of cases355,449-451. 

Performing IHC studies supported by robust antibody validation procedures is likely to provide 

greater insight into the abundance and localization of USP22 in both normal mucosa and CRC 

samples. However, assessing USP22 abundance and localization alone may be insufficient to 

determine whether USP22 function is normal or altered within CRC tissues. As USP22 must be 

integrated within the SAGA DUBm module to actively target at least some of its nuclear substrates 

(e.g. H2Bub1, TRF1)286,289,292,452, loss of another member of the DUBm could downregulate 

USP22 function, even when USP22 levels appear normal or increased. This is supported by TCGA 

mRNA sequencing data showing that in up to 33% of CRCs, USP22 levels are normal or may be 

increased (z-score > 0) but mRNA levels of ENY2, ATXN7 and/or ATXN7L3 may be reduced (z-

score < 0)25,177. Accordingly, quantifying both USP22 levels and a readout of USP22 function (e.g. 

abundance of a USP22 substrate) may provide better insight into USP22 activity. While H2Bub1 
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abundance may seem an attractive readout of USP22 function, H2Bub1 levels may be altered by 

additional factors other than aberrant USP22 function, including misregulation of the genes RNF20 

and RNF40 that encode the E3 complex responsible for H2Bub1 addition351,453. Importantly, 

RNF20 and RNF40 are frequently misregulated in CRC311,454. For instance, 52% of CRCs exhibit 

RNF20 and/or RNF40 copy number alterations or mutations25,177. Further, the data presented in 

this thesis and other reports indicate that USP22 deficiency may induce pathogenic misregulation 

of H2Bub1 even when global H2Bub1 abundance appears only weakly altered in interphase cells, 

for instance when H2Bub1 abundance in misregulated in mitotic cells (Chapter 4) or if H2Bub1 

levels are misregulated at specific loci, thereby inducing overexpression of genes that can promote 

disease progression307. Although other USP22 substrates may be considered as readouts of USP22 

function, similar to H2Bub1, the abundance of these substrates is regulated by a balance between 

the activities of USP22 (and potentially other DUBs) and the E3 ubiquitin ligases. Furthermore, it 

remains unclear which of the proposed USP22 substrates are expressed and directly regulated by 

USP22 in CRC. Indeed, to date, H2Bub1 and SIRT1 are the only targets that have been robustly 

validated in multiple cellular contexts285,294-296,299, while most others (e.g. PALB2, TRF1, androgen 

receptor, YAP) have only been investigated in one or a few cell lines from a single tissue or cancer 

type276,292,365,434. 

As misregulation of both USP22 and H2Bub1 may induce CIN by multiple mechanisms 

(Section 7.1), IHC-based analysis of USP22 and/or H2Bub1 levels combined with assessment of 

CIN levels in CRC samples may provide valuable insight that could support (or contrast) the results 

presented in this thesis. CIN levels can be determined within tissue microarrays by employing 

fluorescence in situ hybridization probes that are complementary to the centromeric regions of 

specific chromosomes (i.e. centromere enumeration probes). Probe enumeration can detect 

deviation from the diploid state (i.e. two foci/specific chromosome number/cell) for each 

chromosome assessed, which is indicative of underlying changes in chromosome numbers211,313. 

As many cells can be simultaneously assessed in each sample, this method also provides valuable 

insight into the level of karyotypic heterogeneity within each tumor and aggregate scores (i.e. CIN 

scores) can be calculated to compare numerical CIN levels between samples313,455. A correlation 

between USP22 depletion, poor patient outcomes and high CIN scores would provide further 

support for a pathogenic role of reduced USP22 expression in promoting CIN and CRC 

progression. Further, assessing the frequency of early-stage CRCs exhibiting low USP22 
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abundance could provide insight into the relevance of USP22 deletion as an early event in CRC 

pathogenesis. Intriguingly, H2Bub1 depletion mediated by silencing of RNF20 or RNF40 impairs 

multiple processes leading to CIN, including DSB repair pathways, replication and centromere 

function267,268,456,457. Accordingly, H2Bub1 depletion induced by USP22 overexpression may also 

promote CIN. Therefore, a correlation between increased USP22 abundance and high CIN levels 

could encourage further investigation into the relationship between USP22 upregulation and CIN 

that could uncover novel oncogenic properties of USP22. 

 

7.2.2. Employing human cell line models to determine the impact of aberrant USP22 

expression on cellular transformation 

Since assessing USP22 function by IHC within CRC samples may be complex, cellular models 

can be employed to directly assess whether reducing or increasing USP22 expression promotes 

cellular transformation and enables the acquisition of cancer hallmarks, such as sustained 

proliferative potential, resistance to cell death or invasive and metastatic properties24. A number 

of standard approaches are designed to evaluate acquisition of these cancer-associated properties. 

For instance, proliferation rates can be assessed in 2D cell growth assays, either by fixing, imaging 

and enumerating fluorescently labelled cells at regular intervals or by employing colorimetric 

indicators of metabolic activity such as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

(MTT) as a marker of cell proliferation and viability. Dedicated tools such as real time cellular 

analysis instruments can also facilitate measurements of proliferation rates, by growing cells on a 

gold-plated surface that enable ongoing quantification of electrical impedance as a proxy for cell 

growth. Sustained proliferative potential and resistance to cell death can be assessed with the 2D 

clonogenic (i.e. colony formation) assay, which consists in seeding cells (potentially pre-treated 

with cytotoxic agents) at a very low density and letting them grow for an extended duration (1-3 

weeks). An increase in the ratio of colonies formed at endpoint relative to the number of cells 

seeded at the start is indicative of increased resistance to cytotoxic treatment and cell death, while 

increased colony area indicates a sustained increase in proliferative potential458. Resistance to cell 

death, anchorage-independent growth and metastatic potential are frequently assessed with the 

soft-agar colony formation assay. Epithelial cells require attachment to extracellular matrix for 

survival and detached cells normally undergo apoptotic cell death triggered by a pathway termed 

anoikis459. In contrast, malignant cells are resistant to anoikis, which enables anchorage-
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independent growth and is a critical step towards metastatic progression460. The soft-agar colony 

formation assay consists in seeding cells within a layer of soft agar, poured atop a dense agar layer 

that prevents attachment to the bottom of the plate, before letting the cells grow for 3-5 weeks. 

Cells that are capable of forming colonies within the soft agar layer thus demonstrate resistance to 

anoikis-mediated cell death, anchorage-independent growth and sustained proliferative potential 

that collectively indicate increased metastatic potential460. Invasion is typically monitored with 2D 

scratch assays that measure the speed at which cells can colonize a cell-free area or with 3D 

spheroid models that measure the rate of invasion into extracellular matrix, while metastatic 

properties can be assessed with transwell migration assays461. Ultimately, assessing the formation 

of primary tumors and/or metastases following injection of the cells of interest or controls within 

immuno-compromised mice is generally considered the gold standard to determine malignant 

potential, especially when the cells are injected at the orthotopic site (e.g. colon or rectum for CRC 

studies). 

To determine the impact reduced or increased USP22 expression may have on the acquisition 

of cancer hallmarks, many of the aforementioned assays have been performed in various human 

cell lines, with contrasting results364,365,444,462,463. In two CRC cell lines, Caco2 (CIN cell line) and 

HCT15 (MSI cell line), siRNA based USP22 silencing was reported to reduce proliferation and 

tumorigenic potential in mice compared to control silencing464. Similarly, Xu and colleagues465 

found that USP22-silenced HCT116 cells exhibited decreased cell proliferation and produced 

smaller tumors than controls following subcutaneous flank injections in immunocompromised 

mice. Accordingly, these studies concluded that USP22 expression promotes CRC progression. In 

contrast, Kosinsky and colleagues362 recently reported that USP22 silencing in HCT116 increased 

proliferation rate, clonogenic potential, anchorage-independent growth and migration. These 

results were further supported by the characterization of three HCT116 USP22-/- clones, two of 

which exhibited increased proliferation rates in vitro, as well as increased tumor volume following 

flank injection in mice compared to USP22+/+ control, consistent with USP22 being a tumor 

suppressor gene362. These opposite results may be due to siRNA off-target effects, especially as 

the earlier reports describing oncogenic USP22 functions employed a single siRNA duplex, 

identical in both studies, instead of a pool and/or several individual duplexes as is now standard412. 

With regards to the impact of USP22 overexpression, increased USP22 levels in the CIN-positive 

CRC cell line SW1116 were associated with enhanced cell invasion and migration in vitro and 
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increased formation of lung metastases in mice after tail vein injection466. Collectively, these 

studies provide preliminary evidence that USP22 may harbor both tumor suppressive and 

oncogenic properties in CRC. However, they were all conducted with malignant cell lines that are 

not ideally suited models to assess the acquisition of hallmarks of cancer, since malignant cells 

already possess these cancer-associated properties. 

Non-malignant colonic epithelial cells such as the 1CT cell line are more appropriate models to 

determine the impact aberrant USP22 expression may have on cellular transformation, especially 

to evaluate whether it promotes the acquisition of traits associated with early disease development. 

Accordingly, the novel 1CT USP22+/--2 clone and the corresponding NT-Control described in this 

thesis (Section 5.3.3) may be employed in the proliferation, colony formation and migration assays 

described above. Ongoing work (not shown) seeks to optimize these assays for the 1CT cell line. 

Importantly, USP22-proficient 1CT cells are not expected to form colonies in the soft-agar colony 

formation assay374. While heterozygous USP22 deletion alone may be sufficient to enable 

anchorage-independent growth, other alterations may be required to potentiate the impact of 

reduced USP22 expression. Interestingly, a derivative of the 1CT cell line named A1309 was 

designed to harbor driver alterations characteristic of the adenoma to carcinoma pathway via 

shRNA-mediated depletion of endogenous TP53, APC and KRAS, as well as ectopic expression 

of the KRAS oncogene (G12V mutant) and a dominant negative form of APC encoding a protein 

truncated at codon 1309467. The A1309 cell line is karyotypically stable, exhibits an increased 

proliferation rate relative to 1CT and a modest ability for anchorage-independent growth relative 

to a positive control such as HCT116, but it does not form tumors following flank injection in 

immunocompromised mice467. Employing the 1CT and A1309 cell line to assess the impact of 

USP22 deletion (or USP22 overexpression) on proliferation, colony formation, invasion and 

potentially tumor formation following orthotopic injection in mice would provide valuable insight 

on the role that aberrant USP22 expression may play in oncogenesis. Furthermore, comparing 

results obtained in 1CT and A1309 may determine whether altered USP22 expression synergizes 

with key CRC-driving alterations to promote disease initiation and/or progression. In this regard, 

recently developed mouse models discussed below indicate that USP22 deletion may cooperate 

with APC alteration to promote CRC progression (Section 7.2.3)362.  

The USP22-deficient 1CT and eventual A1309 clones are also ideal models to investigate which 

of the pathways discussed earlier (Section 7.1) may give rise to CIN in USP22+/- cells. Assessing 
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the impact of USP22 depletion-mediated transcriptional misregulation may have on CIN may be 

the most challenging task. As the specific CIN genes whose expression might be altered within 

USP22-deficient cells are unknown, larger-scale mRNA sequencing approaches could be required 

to exhaustively assess the expression of all known CIN genes within USP22-proficient and USP22-

deficient models. However, recently published mRNA sequencing datasets comparing USP22-

proficient and deficient models in distinct cell lines may be mined to identify a subset of CIN genes 

most likely to be transcriptionally regulated by USP22, which could be assessed with smaller-scale 

efforts (e.g. RT-qPCR experiments) in the 1CT and A1309 models299,307. To assess whether 

heterozygous loss of USP22 is sufficient to alter mitotic chromatin compaction and mitotic fidelity 

within the 1CT model, similar experiments as described in Chapter 4 may be performed. To assess 

whether USP22-deficient cells exhibit DDR defects that promote structural CIN, it may be 

beneficial to compare 1CT and A1309 models. As TP53 deficiency enables the survival and 

continued proliferation of cells exhibiting DNA damage and structural CIN468,469, USP22 

deficiency may synergize with TP53 depletion within A1309 cells to promote structural CIN not 

observed in 1CT. Micronucleus formation may be assessed as an indirect marker of DDR 

deficiency and structural CIN, as micronuclei can contain large chromosome fragments produced 

by DSB repair defects213. Alternatively, molecular markers of DSBs such as γH2AX foci may be 

assessed by IIF and quantitative microscopy. Lastly, spectral karyotyping could be employed to 

determine the level of cell-to-cell heterogeneity with respect to structural chromosome 

rearrangements, to directly assess structural CIN. Presence of structural CIN within USP22-

deficient A1309 but not 1CT cells would identify a context-dependent mechanism through which 

reduced USP22 expression can promote CIN, which may be highly relevant in CRC pathogenesis 

since A1309 cells model key driver alterations of the adenoma to carcinoma pathway.  

 

7.2.3. Assessing the impact of USP22 deficiency in colonic epithelial cells with mouse models  

Genetically engineered mouse models can provide complementary insight relative to orthotopic 

xenograft models and are especially useful to determine the impact of a specific genetic alteration 

on early disease development and interactions with the immune system470. Few mouse models 

exhibiting intestinal deletion of Usp22 have been reported to date. Kosinsky and colleagues362 

employed the tamoxifen-inducible Villin-CreERT2 system to induce intestinal-specific (i.e. small 

intestine, colon and rectum) heterozygous or homozygous Usp22 knockout in both wild-type Apc 
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and APC1638N/+ adult mice. In the wild-type Apc background, homozygous Usp22 deletion was 

associated with the formation of spontaneous colorectal tumors. These data suggest that Usp22 

deletion may play a critical role as a tumor suppressor gene preventing disease initiation. Further, 

within the APC1638N/+ background that is associated with the spontaneous formation of a few 

colorectal tumors per mouse, homozygous Usp22 knockout significantly increased the size, 

number and aggressiveness of colorectal tumors and was associated with a significant reduction in 

mouse survival. This indicates that homozygous Usp22 deletion may not only promote disease 

initiation but also synergize with heterozygous loss of Apc to promote disease progression. In 

contrast, heterozygous Usp22 knockout did not significantly increase tumor formation or impact 

survival in either Apc wild-type or APC1638N/+ background, suggesting that heterozygous loss of 

Usp22, independently or in conjunction with APC alteration alone, is not sufficient to promote 

CRC pathogenesis in the assessed timeframe (76 weeks). Nonetheless, the authors identified an 

increase in colorectal epithelium damage in both heterozygous and homozygous Usp22 knockout 

models in Apc wild-type mice, even in the absence of tumors. This reveals that even heterozygous 

loss of Usp22 negatively impacts the function of the colonic epithelium. Subsequently, the same 

group assessed the impact of Usp22 deletion in the context of colitis and colitis-induced CRC 

(Section 1.2.3). Dextran sodium sulfate (DSS) treatment was employed in wild-type Apc mice to 

induce inflammation and model acute colitis307. In this context, homozygous Usp22 knockout 

enhanced colitis associated phenotypes, including weight loss, intestinal bleeding and epithelial 

damage. Note that the impact of heterozygous Usp22 deletion was not assessed in DSS-treated 

Apc wild-type mice. To model inflammation-associated CRC, APC1638N/+ mice with diploid Usp22 

status or Usp22 knockout were also treated with DSS and both heterozygous and homozygous loss 

of Usp22 were associated with increases in colitis-associated intestinal bleeding and diarrhea. 

However, only homozygous deletion was associated with significant increases in tumor burden, 

immune tumor infiltration and shorter survival307. Further, reduced USP22 expression was 

determined to dramatically increase expression of the inflammation regulator Secreted Protein 

Acidic and Cysteine Rich (SPARC). 

Collectively, these mouse models further support pathogenic roles for reduced USP22 

expression in the initiation and progression of CRC and suggest that loss of USP22 may be 

implicated in the development of the aggressive colitis-associated CRC subtype. Remarkably, in 

these mouse models, heterozygous Usp22 loss was generally associated with more muted disease 
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phenotypes than homozygous deletion. However, the presence of moderate amounts of epithelial 

damage with or without DSS treatment, as well as moderate increases in colitis-associated 

phenotypes with DSS treatment raise the possibility that heterozygous USP22 deletion also has 

pathogenic implications that perhaps require longer latency. This hypothesis may be better 

assessed with longer time-frame experiments that cannot be achieved with acute colitis DSS 

models nor APC1638N/+ mice that rapidly succumb to the accumulation of many tumors in both the 

colon and small intestine. For instance, models of chronic colitis may provide greater insight than 

acute disease models into the potential impact of heterozygous Usp22 knockout in colitis and 

colitis-associated CRC471. Note that to date, CIN and H2Bub1 abundance have not been assessed 

within the colonic epithelium and colorectal tumors of mouse models harboring either 

homozygous or heterozygous USP22 knockout. In light of the data presented in this thesis and 

accumulating evidence identifying critical roles for USP22 and H2Bub1 regulation in DDR 

pathways267-269,276,291,293, evaluating changes in CIN phenotypes and H2Bub1 levels may provide 

additional insight into the mechanism underlying colorectal tumor formation within USP22-

deficient mice models. Importantly, CIN enables the acquisition of cancer hallmarks by promoting 

genetic heterogeneity that progressively drives karyotypic evolution and the selection and 

expansion of more aggressive clones over time35-37,118. Therefore, mouse models of CRC 

associated with longer latency that are more representative of the slower kinetics of CRC 

pathogenesis in human472 may be better suited to determine whether Usp22 deficiency can 

contribute to CRC initiation and progression by promoting CIN. Unfortunately, no engineered 

mouse model of colonic Usp22 overexpression has been generated to date to investigate whether 

USP22 upregulation promotes tumor initiation and progression, as suggested by some cell line-

based studies. 

 

7.2.4. Is USP22 an oncogene, tumor suppressor or haplo-insufficient tumor suppressor gene 

in CRC? 

In light of the discrepancies between mRNA sequencing or IHC studies, as well as diametrically 

opposed results obtained in siRNA and cell line-based assays, it remains unclear whether USP22 

exhibit both oncogenic and tumor suppressive roles and which of these aspects might be most 

relevant to CRC pathogenesis. Nonetheless, recent findings discussed above, including the newly 

generated USP22-deficient mouse models and the data presented in this thesis, provide 
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accumulating evidence that USP22 is a tumor suppressor gene. This is also supported by a recently 

published algorithm that notably exploits TCGA genomic, transcriptomic and DNA methylation 

datasets as well as epigenetic features (e.g. prevalence of histone PTMs associated with 

transcription regulation around the candidate gene locus) to identify novel putative tumor 

suppressor genes and oncogenes. Interestingly, this bioinformatic approach predicts USP22 to be 

a tumor suppressor gene but not an oncogene473. As large genomic and transcriptomic TCGA 

datasets reveal that USP22 deletion occurs in ~ 48% of CRC and is associated with significantly 

reduced USP22 expression, these data further support the possibility that reduced USP22 

expression contributes to the pathogenesis of a subset of CRC cases. Intriguingly, the emergence 

of CIN phenotypes within HCT116 and 1CT USP22+/- clones (Chapter 5) indicates that 

heterozygous loss of USP22 is sufficient to compromise genome integrity, suggesting that USP22 

may be a haplo-insufficient tumor suppressor gene. In contrast, the mouse models available to date 

indicate that heterozygous Usp22 knockout alone is insufficient to generate colonic tumors, at least 

within the timeframe assessed. However, it remains possible that heterozygous loss cooperates 

with additional genetic alterations characteristic of CRC pathogenesis to promote disease initiation 

and progression and further experiments discussed above may elucidate these questions. 

 

7.2.5. Exploiting aberrant USP22 expression to design novel cancer treatments 

Determining in which specific contexts USP22 acts as an oncogene or tumor suppressor gene 

is critical to design new therapeutic strategies that are both safe and effective. For instance, safety 

and efficacy of a potential USP22 inhibitor may be compromised if USP22 inhibition impairs 

tumor suppressive roles of USP22, resulting in increased proliferation of the targeted tumors 

and/or the formation of secondary malignancies. In addition, developing therapeutic strategies that 

either directly target upregulated USP22 or exploit diminished USP22 expression still requires 

substantial research efforts. To target pathogenic USP22 upregulation, direct inhibition with a 

small molecule inhibitor appears the most straightforward strategy. However, no specific USP22 

inhibitor has been reported to date, despite sustained interest from the scientific 

community297,354,355,365,474. The challenges associated with the development of specific DUB 

inhibitors have been reviewed elsewhere475. Notably, inhibitors directed against the DUB catalytic 

thiol group generally exhibit cross-reactivity with multiple DUBs as catalytic sites are conserved 

across many DUBs and DUB substrate specificity is often regulated through other mechanisms 
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than catalytic site conformation475. For example, the activity of USP22 against H2Bub1 is 

mediated by interactions between other members of the SAGA DUBm and residues of the 

H2A/H2B acidic patch (Section 1.6.3)290. Accordingly, ongoing characterization of the 

mechanisms regulating USP22 substrate specificity may reveal novel strategies to design specific 

inhibitors targeting allosteric regulation of USP22 function, for instance by preventing assembly 

of USP22 with the DUBm. However, since it is currently largely unclear whether activity of 

USP22 against non-histone substrates is also regulated by SAGA, the efficacy of such hypothetical 

inhibitors likely depends on the relevance of H2Bub1 misregulation in the oncogenic function of 

USP22 upregulation, which has not yet been established in CRC. If specific small-molecule 

inhibitors of USP22 remain elusive, synthetic dosage lethality could be employed to target cancer 

cells exhibiting USP22 upregulation. Synthetic dosage lethality occurs when overexpression of 

one gene combined with deletion/inhibition of a second gene induces cell death243. This concept 

can theoretically be exploited to target cancer cells that overexpress oncogenes whose products are 

not amenable to direct inhibition with small molecule inhibitors, including oncogenes that do not 

encode an enzyme with a targetable activate site or “undruggable” oncogenic proteins such as 

KRAS. USP22 overexpressing cell lines and controls could be employed to perform synthetic 

dosage lethal screens similar to those described in this thesis and identify USP22 synthetic dosage 

lethal interactors that can be effectively inhibited to selectively kill USP22-overexpressing cells. 

To therapeutically exploit reduced USP22 expression, multiple strategies may be envisioned. 

As discussed in the previous chapter, synthetic lethality may be effective to exploit vulnerabilities 

associated with defective DDR pathways and CIN in USP22-depleted CRC cells. In contrast, 

epigenome editing may be effective to target aberrant transcriptional regulation. Briefly, 

epigenome editing employs a fusion protein that combine a sequence-specific DNA recognition 

domain with the catalytic domain of a chromatin-modifying enzyme to selectively alter chromatin 

at a specific locus (Figure 7.3). For instance, an epigenome editing tool containing a catalytically 

active DUB domain could be employed to remove H2Bub1 at a specific locus. This strategy would 

be effective if the pathogenic role of USP22 depletion is directly caused by H2Bub1-mediated 

transcriptional misregulation of one or a few genes. For example, as USP22 deletion is thought to 

promote colitis-associated CRC via upregulation of H2Bub1 abundance at the SPARC 

(inflammation modulator) locus, an epigenome editing tool could be designed to specifically 

deplete H2Bub1 at this locus and downregulate SPARC expression. Note that epigenome editing 
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is currently an experimental strategy, but active research efforts are underway to develop this 

exciting new tool and incorporate it to the anti-cancer therapeutic arsenal476,477. Comparatively, 

synthetic lethality is a more mature therapeutic strategy and the experimental steps that may be 

taken to develop the SL interactions uncovered in this thesis towards clinical use are discussed 

below. 

 

 

 

Figure 7.3. Epigenome editing as a future therapeutic strategy. 

Schematic depicting an epigenome editing tool to target H2Bub1. Epigenome editing employs a 

fusion protein consisting of a DNA sequence-specific recognition domain (gray box) and a 

functional chromatin-modifying domain, such as a histone-targeting DUB, to modulate a 

chromatin PTM at a specific locus. 

 

 

7.3. DEVELOPING SL STRATEGIES TO TARGET USP22-DEFICIENT CANCERS 

Since the identification of the SL interactions between BRCA1 or BRCA2 and PARP1 in 

2005139,236, followed by clinical approval of a PARP inhibitor to target advanced BRCA1 or 

BRCA2-deficient ovarian cancers in 2015237, extensive research efforts have sought to uncover 

novel chemo-genetic interactions that can safely and selectively target other cancer types243,392,478. 

While these efforts have successfully identified additional cancer types and HR-deficient genetic 

backgrounds that can be effectively targeted by PARP1 inhibitors, many other SL interactions 

have failed to progress past pre-clinical or clinical trial stages. Accordingly, several shortcomings 

of SL strategies have been identified, including technical limitations of siRNA-based screening 

strategies and 2D-based drug testing assays or challenges associated with targeting of genetically 

heterogeneous tumors. These limitations and the technological and conceptual advancements that 
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can be applied to overcome them and further develop effective SL strategies to target USP22-

deficient cancers are reviewed below. 

 

7.3.1. Technical advancements to robustly validate novel USP22 SL interactors 

Since 2005, siRNA and shRNA-based (i.e. RNA interference [RNAi]) approaches have been 

successfully employed to identify novel SL interactions with therapeutic potential, including in the 

seminal publications by Bryant and colleagues236 and Farmer and colleagues139 that first 

characterized the SL interactions between PARP1 and BRCA1 or BRCA2. Subsequently, siRNA-

based screens have also been employed to uncover additional genetic determinants of PARP 

inhibitor sensitivity, paving the way for the clinical deployment of PARP inhibitors against 

additional HR-deficient genetic backgrounds246,247. Nonetheless, off-target RNAi silencing is often 

blamed as a source of false positive results that have hampered translation of SL research from 

laboratories into the clinic392,478. Accordingly, large-scale screening efforts assess an increasing 

number of RNAi sequence per gene to achieve an aggregate SL score that is minimally impacted 

by off-target effects and RNAi sequences with reduced on-target efficiency479-481. For instance, the 

Novartis-led project Deep RNAi Interrogation of Viability Effects in cancer employed ~ 20 distinct 

shRNA per gene and compared the impact of each shRNA across 398 cell lines to achieve robust 

screening results480. While efforts of this scale and scope remain out of reach of most laboratories, 

steps can be taken to improve the robustness of our findings. For instance, in this thesis, all 

validation assays were conducted with On-TARGETplus siRNAs that harbor chemical 

modifications specifically designed to reduce off-target effects by up to 90%, including alteration 

of the sense strand to prevent processing by the RNA-induced silencing complex (RISC) and 

modification of the antisense strand seed region to inhibit off-target activity482-484. Nonetheless, 

investigations were still hindered by off-target effects associated with a least one siRNA (siEXO1-

2) and distinct HURP siRNA duplexes differentially impacted HCT116 USP22+/--1 cell numbers. 

Accordingly, assessing and comparing the impact of additional siRNAs may clarify the nature of 

the interaction between USP22 and EXO1 or HURP. 

CRISPR/Cas9 knockout based screens are often touted as the solution to the limitations of 

RNAi-based approaches with regards to off-target silencing and incomplete on-target 

silencing232,392. Head-on methods comparison do support increased consistency between distinct 

sgRNA sequences relative to distinct shRNA sequences targeting the same gene when assessing 
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the impact of gene editing or silencing on cellular viability485. Accordingly, ongoing technological 

development seeks to leverage CRISPR/Cas9 for high-throughput SL screens in many human cell 

lines232,233,245,486. For instance, Wong and colleagues233 employed a combinatorial CRISPR 

strategy to assess > 23,000 genetic interactions in an ovarian cancer cell line. However, 

CRISPR/Cas9 editing is not exempt of off-target effects and the frequency and causes of CRISPR-

mediated off-target edits are still under investigation414,487-489. Further, while CRISPR/Cas9 can 

provide greater sensitivity by achieving complete gene knockout, RNAi based approaches that 

only partially reduce target gene expression may better model the clinical impact of drug-mediated 

inhibition that is often associated with residual protein activity243. Accordingly, siRNA and 

CRISPR/Cas9 approaches are complementary and comparing the results achieved with both 

methods may be advantageous to robustly validate SL interactions490. While high-throughput 

CRISPR/Cas9 screens are costly and remain labor intensive, requiring custom barcoded sgRNA 

libraries and endpoint sequencing, focused smaller screening efforts could be pursued specifically 

to validate the promising interactions identified in this screen. For example, plasmids enabling co-

delivery of a Cas9 expression and two sgRNA targeting the two putative SL interactors may be 

used and cell viability compared to that of cells transduced with a control plasmid233. Alternatively, 

we could employ a reciprocal approach in which we use our established second generation 

CRISPR/Cas9 method to generate cell models deficient for the putative USP22 SL interactor (e.g. 

HURP-/- clones) and assess the impact of USP22 silencing within these clones and control. 

 

7.3.2. Identifying USP22 SL interactors with broad applicability 

Besides technical limitations of RNAi and CRISPR/Cas9 screening technologies, the high rate 

of SL interactions that are dependent on a specific context is one of the main challenges to the 

development of clinically relevant SL therapeutic strategies392,478,491. The context in which a SL 

interaction is effective is defined by the complex interactions of cell and tissue type, genetic 

background (including the presence of mutations in genes other than the SL interactors) and even 

cellular microenvironment243,392,478,491. SL screens performed in parallel in distinct cell lines 

provide the most direct evidence of a high rate of context-dependent SL interactions492,493. For 

instance, in a SL screen of 2,628 pairs of interactors performed in HeLa (cervical cancer), A549 

(lung cancer) and HEK293T (embryonic kidney) cells, only ~ 10% of SL interactions occurred in 

two cell lines and none were reproducible in all three493. More surprisingly, in a near genome-wide 
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screen performed in two karyotypically stable CRC cell lines (HCT116 and DLD1) to identify SL 

interactors of oncogenic KRAS mutant, only ~ 12% of all SL interactions occurred in both cell 

lines492. SL interactions that are highly specific to a given context, sometimes termed “private” or 

“conditional” interactions, are not expected to be very effective in a clinical setting. Conceptually, 

inter-tumor genetic heterogeneity may limit their applicability to a small subset of patients whose 

tumor exhibit a very specific genetic background and developing a drug that will only benefit a 

very small number of patients is generally prohibitively costly. Further, intra-tumor genetic 

heterogeneity, a hallmark of solid tumors, is also expected to reduce the utility of private SL 

interactions, as only a subset of cells within the tumors may harbor the right background and be 

responsive to treatment, while other subclones would be inherently resistant478. In contrast, SL 

interactions that are robustly identified in many different contexts are more likely to be effective 

against genetically heterogeneous tumors478,494. Accordingly, large-scale efforts now seek to 

perform SL screens in many distinct cell lines or employ algorithms to extract a subset of 

promising interactions from existing SL datasets392,478,494.  

In the context of this thesis, it will be critical to assess the SL interactions discussed in Chapter 

6 in additional cellular models. Regarding the chemo-genetic interaction between USP22 

deficiency and sorafenib treatment identified in HCT116, the recent discovery of a synergistic 

interaction between sorafenib and USP22 depletion in two hepatocellular carcinoma cell lines432 

suggests that this chemo-genetic interaction may be relevant in additional cancer types and genetic 

backgrounds. In addition, the combination of sorafenib and USP22 depletion was effective in a 

patient-derived hepatocellular carcinoma xenograft model432, which better represents the genetic 

heterogeneity of patient tumors than cell line-based assays. Furthermore, in this thesis, sorafenib-

mediated BRAF and/or RAF1 inhibition was identified as a critical determinant of the chemo-

genetic interaction in the HCT116 USP22-deficient models. Similarly, two USP22-depleted 

melanoma cell lines harboring the BRAF V600E mutant exhibited increased sensitivity to mutant 

BRAF inhibitor vemurafenib434, providing further evidence that USP22-deficient cell lines may 

be sensitive to sorafenib or BRAF/RAF1 inhibition in several different cancer types. As this 

chemo-genetic interaction appears to depend, at least in part, on inhibition of the MAPK pathway, 

it will be important to assess the impact of MAPK pathway members mutational status on the 

efficacy of sorafenib to target USP22-deficient cells. In CRC, the MAPK pathway may be 

overactivated in up to 60% of CIN-positive tumors and oncogenic mutations of the genes encoding 
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MAPK pathway members contribute to disease progression20,22,495,496. KRAS, NRAS and BRAF are 

the MAPK pathway genes that most frequently harbor oncogenic mutations in CRC20. In theory, 

CRC tumors harboring one of these mutations may be more dependent on active MAPK pathway 

signaling for survival than tumors that do not exhibit aberrant MAPK signaling (i.e. oncogene 

addiction)497. Thus, USP22-deficient CRC tumors harboring KRAS, NRAS or BRAF oncogenic 

mutations may be more sensitive to sorafenib treatment than tumors that do not exhibit these 

alterations. In this regard, 38%, 5% and 2% of USP22-deficient CRCs exhibit oncogenic mutations 

in KRAS, NRAS or BRAF, respectively (Figure 7.4)25,177. While the HCT116 cell line in which the 

chemo-genetic interaction was identified harbors the oncogenic KRAS G13D mutant, it would be 

beneficial to assess whether the interaction can be reproduced in other KRAS-mutant CRC cell 

lines (e.g. SW948 or T84; Table 7.1). In addition, as differences have been reported in the 

pathogenicity of NRAS relative to KRAS mutations498, assessing the impact of sorafenib treatment 

in NRAS mutant USP22-deficient models and controls may provide additional insight on the 

patient subgroups that may benefit the most from this treatment. As sorafenib inhibits both wild-

type BRAF and mutant V600E408, it is possible that the treatment strategy would also be effective 

in the small subgroup of BRAF mutated USP22-deficient CRC cells. This is supported by data 

revealing preferential killing of BRAF mutant USP22-silenced melanoma cells relative to control-

silenced cells with the BRAF V600E inhibitor vemurafenib434. In a CRC context, cell lines such 

as COLO 205 or HT-29 may be appropriate models to test whether sorafenib selectively kills 

BRAF mutant USP22-depleted cells (Table 7.1). Although USP22-deficient CRC cells harboring 

wild-type KRAS, NRAS and BRAF may be expected to be less sensitive to sorafenib treatment, it 

should be noted that the combination of sorafenib with USP22 depletion exhibited a synergistic 

effect in the hepatocellular carcinoma cell line Huh-7 that exhibit wild-type diploid copies of 

KRAS, NRAS and BRAF328,432. Therefore, it would be advantageous to also evaluate the impact of 

sorafenib treatment in USP22-deficient CRC models harboring wild-type KRAS, NRAS and BRAF 

(e.g. SNU-C1 or SW48). 
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Figure 7.4. Frequency of MAPK pathway alterations within USP22-deficient CRCs. 

Pie chart presenting the frequency of the most common MAPK pathway alterations within USP22-

deficient (deep or shallow USP22 deletion) CRC tumors in the TCGA dataset (252 cases 

total)25,177. Only oncogenic mutations of KRAS, NRAS or BRAF were included. Multiple mutations 

indicate that at least two genes harbored oncogenic mutations within the same tumor. 
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Table 7.1. CRC cell lines of interest to assess SL and chemo-genetic interactions. 

Cell lineA 
Tissue of 

origin 
Sex Driver alterationsB 

CIN or MSI 

statusC 

SW948 
Primary colon 

cancer 
Female 

APC (nonsense mutations) 

KRAS (Q61L; oncogenic) 
CIN 

T84 
Lung 

metastasis 
Male 

APC (frameshift deletion) 

KRAS (G13D; oncogenic) 

TP53 (likely oncogenic splice variant) 

CIN 

LS123 
Primary colon 

cancer 
Female 

APC (nonsense mutations) 

KRAS (G12S) 

TP53 (R175H; oncogenic) 

Pseudo-triploid 

Non hypermutated 

LoVo 
Lymph node 

metastasis 
Male 

APC (nonsense and frameshift 

mutation) 

KRAS (G13D; oncogenic) 

MSI 

SW837 
Primary rectal 

cancer 
Male 

APC (nonsense mutations) 

KRAS (G12C; oncogenic) 

TP53 (R248W; likely oncogenic) 

MSI 

COLO 205 
Metastasis in 

ascites 
Male 

APC (frameshift deletion) 

BRAF (V600E; oncogenic) 
CIN 

SNU81 
Primary colon 

cancer 
Male 

NRAS (E132K; newly identified 

mutation may be oncogenic499) 

TP53 (nonsense mutation and K132T; 

likely oncogenic) 

Pseudo-diploid 

Hypermutated 

(POLE mutant) 

HT-29 
Primary colon 

cancer 
Female 

APC (nonsense and frameshift 

mutation) 

BRAF (V600E; oncogenic) 

TP53 (R273H; oncogenic) 

CIN 

SW48 
Primary colon 

cancer 
Female EGFR (G719S; oncogenic) MSI 

SNU-C1 
Peritoneal 

metastasis 
Male TP53 (truncating mutation) 

Pseudo-triploid 

Non hypermutated 
AAll cell lines are available in the laboratory from the ATCC CRC panel, except SNU81. All cell 

lines exhibit wild-type diploid USP22 status328, except SW837 for which USP22 is wild-type but 

copy number status is unknown327. 
BDriver mutations are only shown for critical genes discussed in the text (APC, TP53, EGFR, 

KRAS, NRAS, BRAF). For missense mutations, the encoded amino acid substitution and oncogenic 

impact (as referenced in the OncoKB database500) are indicated in brackets. The type of loss-of-

function alterations affecting APC or TP53 are also indicated in brackets. A complete list of driver 

mutations and the exact genomic alterations can be obtained from the CCLE327,328. 
CWhen available, CIN or MSI status is indicated, as determined elsewhere123,124,501,502. Otherwise, 

brief karyotype and mutational load information is provided, as determined by the CCLE328. 
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Additional considerations should be taken into account to identify the most relevant cellular 

models for further testing of the SL interactions discussed in this thesis. As targeted 

chemotherapies are only employed to target metastatic CRC (Section 1.2.6), assessing the SL 

interactions in cellular models representative of CRC metastases (Table 7.1) in addition to models 

of primary CRC tumors would provide the most relevant insight. Moreover, it would be beneficial 

to assess the SL interactions in both male and female cellular models. USP22 deletions are equally 

frequent in male and female CRC patients and neither males nor females with USP22-deficient 

cancers exhibit differences in survival relative to their counterparts with USP22-proficient 

CRC25,177. Accordingly, sex differences are not expected to impact the potential pathogenic role 

of USP22 deficiency in CRC or the efficiency of the SL strategies. Nonetheless, a growing 

understanding of the impact of sex on CRC pathogenesis suggest that sex differences may 

modulate more processes than previously anticipated, including anti-cancer drug 

metabolism503,504. Therefore, testing chemo-genetic interactions in both male and female cellular 

models (Table 7.1) is a critical step to ensure that future therapeutic strategies are developed that 

benefit both male and female CRC patients.  

 

7.3.3. Improving the efficacy of SL strategies targeting USP22-deficient CRC cells 

Improving the efficacy and selectivity of the SL and chemo-genetic interactions assessed in this 

thesis is likely a pre-requisite before further pre-clinical development can occur. Characterizing 

the mechanism(s) underlying the SL interactions is likely to provide insight into possible avenues 

to increase the efficacy of the SL strategies. First, it remains to be determined whether the selective 

decreases in cell numbers described in this thesis following co-silencing or drug treatments are 

caused by a cell cycle arrest or reduced proliferation versus increases in cell death. A flow 

cytometry-based analysis combining the fluorescent die 7-aminoactinomycin D (i.e. non 

membrane permeable DNA intercalator agent indicative of cell membrane damage and 

compromised viability) with fluorescently labelled Annexin V that binds cell surface 

phosphatidylserine (i.e. marker of loss of membrane asymmetry occurring in early apoptosis) is 

typically employed to assess cell death and determine the relative frequency of cells undergoing 

apoptosis versus non-apoptotic cell death. Secondly, multiple assays can be employed to 

investigate the three main hypotheses described earlier regarding the mechanisms underlying the 

SL interactions (Section 7.1; Figure 7.2). To determine whether lethality is caused by a selective 
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increase in unrepaired DSBs, IIF and single cell quantitative imaging microscopy can be employed 

to assess potential changes in the frequency of γH2AX foci, a marker of DSBs. Alternatively, 

levels of DNA breaks could be compared with the comet assay505. To assess whether NHEJ and/or 

HR are specifically altered, IIF can also be utilized to quantify the recruitment of pathway specific 

markers, such as Ku80 or XRCC4 for NHEJ and RPA or RAD51 for HR268. To determine whether 

large-scale increases in mitotic chromosome segregation errors and numerical CIN underly 

lethality, preliminary insight could be gained from nuclear analyses, while live-cell imaging 

experiments could directly assess the frequency of aberrant mitotic events such as congression and 

segregation defects, delayed mitotic progression or mitotic catastrophe that results in cell death. 

To assess whether USP22-deficient CRC cells are deficient for the drug efflux pump MRP1, as 

reported in hepatocellular carcinoma models432, the impact of USP22 depletion on MRP1 

abundance should first be assessed by western blot or IIF. If USP22-deficient CRC cells do exhibit 

MRP1 depletion, the impact this aberrant phenotype may have on intracellular drug concentration 

can be determined by high-performance liquid chromatography432. Collectively, the results of 

these assays could identify the critical pathways that can be targeted to induce the selective death 

of USP22-deficient cells. Further, this insight could be exploited to rationally design SL and/or 

combinatorial strategies with enhanced efficacy and selectivity against USP22-deficient cells, for 

instance by employing an appropriate conditional SL approach. 

As discussed earlier (Section 7.3.2), the concept of conditional synthetic lethality posits that 

certain SL interactions are weak or ineffective in certain contexts but exacerbated in others243. In 

a therapeutic context, conditional synthetic lethality is typically leveraged by adding a second drug 

that potentiates the initial chemo-genetic interaction243,506,507. For instance, clinical trials are 

underway to assess whether combining PARP inhibitors with other therapeutic agents (e.g. VEGF-

A inhibitor bevacizumab) can expand the utility of PARP inhibitors for additional patients, beyond 

those that harbor BRCA1- or BRCA2-deficient tumors508,509. In the context of this thesis, as 

discussed in the previous chapter (Section 6.4), USP22-deficient cells may be exquisitely sensitive 

to DNA damaging agents. Thus, while mirin-mediated inhibition of MRE11 did not selectively 

kill the HCT116 USP22-deficient cells, it is possible that simultaneous treatment with a DNA 

damaging agent would reveal an effective chemo-genetic interaction between USP22-deficiency 

and mirin treatment. This approach is especially likely to be successful if the assays described 

above reveal a selective increase in DSBs within cells that are co-depleted for USP22 and MRE11. 
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Similarly, combinatorial regimens may be explored to further increase the efficacy and selectivity 

of sorafenib against USP22-deficient cells. Currently, sorafenib is approved as a monotherapy 

against advanced hepatocellular carcinoma but not against metastatic CRC80,510. However, 

multiple clinical trials seek to assess the efficacy and safety of sorafenib in combination with other 

therapies approved for the treatment of metastatic CRC, including capecitabine (orally available 

precursor of 5-fluorouracil), irinotecan and bevacizumab511-513. As USP22-deficient cells may be 

sensitive to DNA damaging agents and exhibit greater sensitivity to 5-fluorouracil464, combining 

sorafenib with DNA damaging agents such as 5-fluorouracil or irinotecan may produce a 

synergistic effect against USP22-deficient CRC cells. In this framework, USP22-deficient CRC 

cells may be effectively killed with lower drug doses that would minimize damage within normal 

USP22-proficient cells, thereby increasing both safety and efficacy.  

The chemo-genetic interaction between sorafenib and USP22-deficient cells suggests that these 

cells could be sensitive to additional drugs that may show greater efficacy than sorafenib in a CRC 

context. For instance, regorafenib is a multi-kinase inhibitor that shares many of the same targets 

as sorafenib, including VEGFR1-3, PDGFRβ, KIT, RAF1 and BRAF (wild-type and V600E)514. 

Accordingly, USP22-deficient cells are likely to be sensitive to regorafenib. Importantly, unlike 

sorafenib, regorafenib is already approved as a monotherapy against metastatic CRC and is 

generally employed as a last line of chemotherapy80. While clinical trials have demonstrated a 

significant increase in median overall survival following regorafenib treatment relative to placebo 

control, the survival gains are modest (median improvement < 2 months)515,516. Therefore, multiple 

clinical trials are ongoing to identify biomarkers that can predict response to this therapy in order 

to spare the patients unlikely to respond to treatment from deleterious side effects517. If as 

predicted, USP22-deficient cells are selectively sensitive to regorafenib, USP22 loss may be 

investigated as a potential biomarker of regorafenib response. In contrast with the multi-kinase 

inhibitors sorafenib and regorafenib, newer small molecule inhibitor that show greater selectivity 

against specific MAPK pathway targets may also be considered as potential agents against USP22-

deficient cells. For instance, the combination of BRAF inhibitor encorafenib with MAPK kinase 

1 (MEK1) and MEK2 inhibitor binimetinib is currently undergoing clinical assessment against 

advanced CRC518 and it may show enhanced efficacy against USP22-deficient cells, as supported 

by the experiments employing the BRAF inhibitor LXH254 (Section 6.3.4).  
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7.3.4. CRC organoids are the future of SL assays 

The limitations of pre-clinical drug testing models such as cell lines and non-orthotopic (e.g. 

flank injection) mouse xenografts are often considered to contribute to the low success rate of 

oncology drugs in clinical trials519-521. While cell lines remain the workhorse of cancer biology 

research, 2D cell line-based assays fail to incorporate the 3D organization of a tumor and the 

interactions between cells and extracellular matrix and tumor micro-environment, which can have 

an important impact on treatment response522. Therefore, cell line-derived mouse xenografts are 

commonly used for drug testing to overcome the limitations of 2D assays. However, the most 

frequent xenograft model relies on subcutaneous flank injections of cell lines to generate tumors 

that are a not in physiologically relevant location for the modelling of CRC tumors472. Importantly, 

such heterotopic xenograft models may have low predictive value for CRC in regard to drug 

efficacy in clinical trials472,523. Accordingly, novel 3D models are being developed to overcome 

these limitations, including patient-derived orthotopic mouse xenografts, 3D co-culture systems 

and patient-derived organoids. To date, CRC organoids arguably represent the most accessible 

approach, amenable to a range of assays and suitable for medium to high-throughput drug efficacy 

screens. 

Compared to cell line models, organoids better reproduce the 3D cellular organization and cell-

cell interactions from the tissue of origin. For instance, colon-derived organoids grown in extra-

cellular matrix such as Matrigel typically form hollow spheres, modelling the lumen, surrounded 

by crypt-like structures524. Organoids also reproduce cell-matrix interaction and tumor-derived 

organoids can recapitulate the histology of the tumor of origin after engraftment in mice524,525. 

Organoids can be derived from primary CRC tumors, metastatic lesions and matched normal 

colonic epithelium that are obtained from surgically resected specimens or biopsies526-528. 

Importantly, organoids are now easier to generate (e.g. 60-90% success rate from CRC samples) 

than cell lines526-528, allowing the constitution of biobanks that better recapitulate the diversity of 

human CRCs. For instance, organoids can be generated from rare CRC histological subtypes529 

and enable increased representation of tumors from rectal origin that are often underrepresented in 

cell line and xenograft panels525,530. In addition to representing inter-tumor heterogeneity, patient-

derived CRC organoids also partially recapitulate the sub-clonal composition and intra-tumor 

genetic heterogeneity of the original tumors526,528. Further, organoids are much less costly and 

time-consuming to generate that xenograft models and they are amenable to high-throughput 
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assays, including drug dose-response analyses. For all these reasons, recent studies have sought to 

determine whether patient-derived organoids can be employed to predict a patient’s response to 

treatment, within a precision medicine framework525,530-532. This prospect is particularly exciting 

as precision medicine strategies based exclusively on genomic analyses and identification of 

potentially actionable mutations have largely failed to deliver the expected benefits in terms of 

patient therapeutic response and survival533-535. Therefore, it is hoped that functional assays such 

as direct testing in patient-derived models may perform better and/or be employed as a 

complement to sequencing-based approaches to effectively foster a new era of personalized cancer 

therapy. To date, organoid-based assays performed concurrently with patient treatments have 

shown a high concordance in the response to chemotherapy, targeted therapies and/or 

radiotherapy525,530-532. Accordingly, small-scale clinical trials have begun that employ organoid-

based assays to inform patient treatment choice536. This strategy is made possible by the recent 

progress in the turnaround time, from CRC sample collection to organoid preparation and 

completion of the drug or radiotherapy efficacy tests (< 8 weeks), which is increasingly compatible 

with clinical timeframes525,530-532,536.  

The emerging successes of organoid models in the context of clinical drug trials underscore the 

relevance of organoid models for pre-clinical drug development efforts. To best support drug 

development initiatives, organoid biobanks typically collect relevant patient clinical information 

and provide extensive sequencing data so that the correlation between drug response and a 

biomarker of interest (e.g. USP22 copy number status) may be experimentally assessed520,526,537. 

Interestingly, CRISPR/Cas9 approaches have been adapted to enable gene editing of colonic 

organoids23,537. Thus, isogenic pairs of organoids can now be created, with a control sample and a 

test sample altered for the gene of interest537. In addition, organoids are now also amenable to 

RNAi-based gene silencing methods538,539. Accordingly, many of the SL screens and assays 

described in this thesis (Chapter 6) could now be reproduced with organoid technologies to assess 

the efficacy of the SL interactions within a superior 3D model and foster the identification of 

clinically relevant chemo-genetic interactions to target USP22-deficient CRC tumors. 

Furthermore, organoid-based assays may soon supplant 2D approaches to become the new 

standard for pre-clinical SL screen and drug validation studies. Collectively, the conceptual, 

methodological and technical innovations discussed above can be expected to unlock the full 
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potential of SL strategies in the coming years, to support a precision medicine paradigm that 

effectively improves the lives and outcomes of those living with CRC. 
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APPENDIX A: SOLUTIONS 

 

CELL CULTURE 

 

Complete McCoy’s 5A medium 

Name Amount 

McCoy’s 5A (Hyclone) 450 mL 

FBS (Sigma-Aldrich) 45 mL 

Total volume 500 mL 

 

 

Complete DMEM medium 

Name Amount 

DMEM High glucose (Hyclone) 450 mL 

FBS (Sigma-Aldrich) 45 mL 

Total volume 500 mL 

 

 

Complete X medium 

Name Amount 

DMEM (Hyclone) 800 mL 

Medium 199 (Hyclone) 200 mL 

Epidermal growth factor (Preprotech; 1 mg/mL) 20 μL 

Hydrocortisone (Sigma; 20 mg/mL) 50 μL 

Insulin (Sigma; 2 mg/mL in 1% acetic acid) 5 mL 

apoTransferrin (Sigma; 50 mg/mL) 40 μL 

Sodium selenite (Sigma; 5 mM) 1 μL 

Cosmic calf serum (Hyclone) 20 mL 

Total volume 1,025 mL 

 

 

Conditioned X medium 

Name Amount 

Filter-sterilized supernatant from a wild-type  

1CT plate grown to  50% confluency 
15 mL 

X medium (+ 2% calf serum) 15 mL 

Total volume 30 mL 
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Cupric sulphate pentahydrate 

Name Amount 

Cupric sulfate pentahydrate 26.0 g 

Milli-Q water Up to 1.0 L 

Total volume 1.0 L 

 

 

10× PBS (stock solution) 

Name Amount 

NaCl 80.0 g 

KCl 2.0 g 

Na2HPO4 14.4 g 

KH2PO4 2.4 g 

Milli-Q water Up to 1.0 L 

Total volume 1.0 L 

-Titrate to pH 7.4 

 

 

1× PBS 

Name Amount 

10× PBS (stock) 100.0 mL 

Milli-Q water Up to 1.0 L 

Total volume 1.0 L 
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GENE SILENCING 

 

1× siRNA Buffer 

Name Amount 

5× siRNA buffer (Dharmacon) 100.0 μL 

Nuclease-free water 400.0 μL 

Total volume 500.0 μL 
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WESTERN BLOT 

 

RIPA buffer 

Name Amount 

1 M Tris pH 8.0 5.0 mL 

2M NaCl 7.5 mL 

10% SDS 1.0 mL 

Sodium deoxycholate 0.5 g 

NP40 1.0 mL 

Milli-Q water Up to 100 mL 

Total volume 100 mL 

-Store at 4 °C protected from light 

 

 

25× Protease inhibitor 

Name Amount 

25× cOmplete EDTA-free protease inhibitor (Roche) 1 tablet 

Milli-Q water 2.0 mL 

Total volume 2.0 mL 

-Vortex until dissolved, store in 50 μL aliquots at -20 °C 

 

 

Protein extraction buffer 

Name Amount 

25× Protease inhibitor 50 μL 

RIPA buffer 1200 μL 

Total volume 1250 μL 
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Nuclei buffer 

Name Amount 

Sucrose 8.60 g 

NaCl 1.16 g 

1 M Tris pH 8.0 1.0 mL 

1 M MgCl2 200 µL 

1 M CaCl2 100 µL 

25% (v/v) Triton X-100 4.0 mL 

Milli-Q water Up to 100 mL 

Total volume 100 mL 

-Store at 4 °C 

 

 

Nuclei buffer with protease inhibitor 

Name Amount 

Nuclei buffer 5.04 mL 

25× Protease inhibitor 210 µL 

Total volume 5.25 mL 

 

 

4× Tris-HCl/SDS, pH 6.8 (0.5M Tris-HCl containing 0.4% SDS) 

Name Amount 

Tris Base 6.05 g 

SDS 0.4 g 

Milli-Q water Up to 100 mL 

Total volume 100 mL 

-Titrate to pH 6.8 with 1N HCl 

-Store at 4 °C 

 

 

6× SDS sample loading buffer 

Name Amount 

4× Tris-HCl/SDS, pH 6.8 6.5 mL 

Glycerol 3.0 mL 

SDS 1.0 g 

β-mercaptoethanol 600 µL 

Bromophenol blue 1.2 mg 

Total volume  10 mL 

-Store 0.5 mL aliquots at -20 °C; warm to RT before use 
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10× Running buffer 

Name Amount 

Tris Base 30.0 g 

Glycine 144.0 g 

SDS 10.0 g 

Milli-Q water Up to 1.0 L 

Total volume 1.0 L 

 

 

1× Running buffer 

Name Amount 

10× Running buffer 100 mL 

Milli-Q water 900 mL 

Total volume 1.0 L 

 

 

Transfer buffer 

Name Amount 

10× Running buffer 50 mL 

Methanol 100 mL 

Milli-Q water 350 mL 

Total volume 500 mL 

 

 

CPTS solution 

Name Amount 

CPTS 50.0 mg 

HCl 1.0 mL 

Milli-Q water Up to 1.0 L 

Total volume 1.0 L 
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10× Tris-buffered saline 

Name Amount 

NaCl 80.0 g 

KCl 2.0 g 

1M Tris pH 7.5 250.0 mL 

Milli-Q water Up to 1.0 L 

Total volume 1.0 L 

 

 

TBS-Tween20 (TBST) 

Name Amount 

10× TBS 100.0 mL 

Tween20 1.0 mL 

Milli-Q water 900.0 mL 

Total volume 1.0 L 

 

 

5% Non-fat milk (w/v) blocking solution 

Name Amount 

Non-fat milk powder (Carnation) 5.0 g 

TBST 100 mL 

Total volume 100 mL 
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FLUORESCENT LABELING 

 

4% Paraformaldehyde fixative (w/v) 

Name Amount 

Paraformaldehyde (VWR) 0.4 g 

1× PBS 10.0 mL 

Total volume 10.0 mL 

-Bring to slight boil with stirring, cool to RT prior to use  

 

 

PBS + 0.5% Triton X-100 

Name Amount 

Triton X-100 5.0 mL 

1× PBS 995.0 mL 

Total volume 1.0 L 

 

 

PBS + 0.1% Triton X-100 

Name Amount 

Triton X-100 1.0 mL 

1× PBS 999 mL 

Total volume 1.0 L 

 

 

2 N HCl 

Name Amount 

10N HCl 2.0 mL 

Milli-Q water 8.0 mL 

Total volume 10.0 mL 

 

 

0.1 M Sodium borate pH 8.5 

Name Amount 

Boric Acid 185 mg 

Milli-Q water Up to 30 mL 

Total volume 30 L 

-Titrate to pH 8.5 with 10 N NaOH 

-Prepare fresh for every experiment 
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Hoechst 33342 (stock dilution – 1 mg/mL) 

Name Amount 

Hoechst 33342 (ThermoFisher Scientific) 10.0 mg 

1× PBS Up to 10.0 mL 

Total volume 10.0 mL 

-Store at - 20°C, protected from light 

 

 

Hoechst 33342 (working dilution – 300 ng/mL) 

Name Amount 

Hoechst 33342 stock dilution (1 mg/mL) 15.0 μL 

1× PBS 50.0 mL 

Total volume 50.0 mL 

-Store at -20 °C, protected from light 

 

 

DAPI (50 μg/mL dilution) 

Name Amount 

DAPI (stock 5 mg/mL, Sigma-Aldrich) 10.0 μL 

1× PBS 990 μL 

Total volume 1.0 mL 

-Store at 4 °C, protected from light 

 

 

DAPI Mounting Medium (working dilution – 0.5 μg/mL) 

Name Amount 

DAPI (50 µg/mL stock solution) 10.0 μL 

Vectashield mounting medium (Vector laboratories) 990 μL 

Total volume 1.0 mL 

-Store at 4 °C, protected from light  

 

 

90% glycerol in PBS  

Name Amount 

Glycerol 90.0 μL 

10× PBS 10.0 μL 

Total volume 100.0 µL 
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SiR-Hoechst (working dilution – 3.3 µM) 

Name Amount 

SiR-Hoechst (1 mM in DMSO; Cytoskeleton, Inc; CY-

SC007) 
0.33 µL 

90% glycerol in PBS 99.67 µL 

Total volume 100.0 µL 
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MITOTIC CHROMOSOME SPREADS 

 

Colcemid (working dilution 100ng/mL) 

Name Amount 

KaryoMAX Colcemid (stock 10μg/mL) 20.0 μL 

Complete cell culture medium 1,980.0 μL 

Total volume 2.0 mL 

 

 

1M KCl (stock) 

Name Amount 

KCl 7.5 g 

Milli-Q water Up to 100.0 mL 

Total volume 100.0 mL 

 

 

75 mM KCl (working solution) 

Name Amount 

1M KCl 750 μL 

Milli-Q water Up to 10.0 mL 

Total volume 10.0 mL 

 

 

3:1 Methanol:Acetic Acid Fixative 

Name Amount 

Methanol 15.0 mL 

Acetic acid 5.0 mL 

Total volume 20.0 mL 
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DNA ELECTROPHORESIS 

 

50× Tris-Acetate-EDTA (TAE) buffer 

Name Amount 

Tris Base 242.0 g 

Acetic Acid 57.1 mL 

0.5 M EDTA (pH 8.0)  100 mL 

Milli-Q water Up to 1.0 L 

Total volume 1.0 L 

 

 

1× TAE buffer 

Name Amount 

50× TAE buffer 20.0 mL 

Milli-Q water 980.0 mL 

Total volume 1.0 L 

 

 

2% agarose DNA electrophoresis gel 

Name Amount 

Agarose 1.0 g 

1× TAE Up to 50 mL 

Total volume 50 mL 

-Bring to boiling point in microwave. Cool down 5 min at RT. 

-Add 5 µL of 1,000× SYBR Safe DNA gel stain and cast immediately. 
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FACS 

 

HCT116 sort buffer 

Name Amount 

FBS (MilliporeSigma) 100 µL 

0.5 M EDTA (pH 8.0)  40 µL 

1× PBS Up to 10.0 mL 

Total volume 10.0 mL 

-Use as is for the unstained control 

-Supplement with PI to a concentration of 1 µg/mL to assess cell viability 

 

 

HCT116 collection medium 

Name Amount 

FBS 4 mL 

100× PenStrep 240 µL 

Puromycin (1 mg/mL) 2.4 µL 

Serum-free medium Up to 24.0 mL 

Total volume 24.0 mL 

 

 

1CT sort buffer 

Name Amount 

Cosmic Calf Serum 100 µL 

0.5 M EDTA (pH 8.0)  20 µL 

1 M HEPES (pH 7.0) 250 µL 

1× PBS Up to 10.0 mL 

Total volume 10.0 mL 

-Use as is for the unstained control 

-Supplement with PI to a concentration of 1 µg/mL to assess cell viability 

 

 

1CT collection medium 

Name Amount 

100× PenStrep 240 µL 

Complete X medium Up to 24.0 mL 

Total volume 24.0 mL 

 

 


