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ABSTRACT

Colorectal cancer (CRC) was ranked the fourth most commonly diagnosed cancer type and
third leading cause of death in Canada in 2025. Although CRC is associated with high morbidity
and mortality rates, the molecular mechanisms driving CRC development remain poorly
understood. Therefore, understanding aberrant genetic and molecular mechanisms driving CRC
development is crucial for the development of novel therapeutic strategies that can ultimately
improve prognosis and survival of CRC patients. Chromosome instability (CIN) is a predominant
genome instability in CRC, and it is defined by the increase of rate in which whole chromosomes or
chromosome fragments are gained or lost and are a known driver of ongoing cell-to-cell heterogeneity.
CIN is associated with ~85% of CRC cases and is suggested to be a driver of CRC pathogenesis.
Previous studies have identified RBX1, a core member of the SCF complex, as a strong CIN gene
candidate as its reduced expression resulted in increases in nuclear areas relative to non-targeting
control. RBX] encodes a core member of the SCF complex that ubiquitinates proteins for
proteolytic degradation via the 26S proteasome; however, the role of RBX/ in inducing CIN in
CRC remains to be elucidated. Therefore, this study evaluated the effect of
reduced RBX1 expression on CIN and early CRC development. Short-term siRNA approaches
coupled with quantitative imaging microscopy techniques were employed to assess changes in
CIN-associated phenotypes. Analysis showed that reduced RBXI expression corresponded with
increases in CIN phenotypes (significant changes to nuclear areas, micronucleus formation, and
chromosome numbers) in both non-malignant colonic epithelial and CRC cell lines relative to non-
targeting control. Collectively, our findings identify RBX! as a novel CIN gene and may provide

new insights into the molecular origins and pathogenic events in CRC.
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CHAPTER 1. INTRODUCTION

1.1.COLORECTAL CANCER OVERVIEW

Cancer remains a public health problem, and it represents one of the leading causes of death
worldwide. The latest global burden of cancer released by the World Health Organization in 2022
revealed an estimate of 20 million new cases and 9.7 million deaths in that year'. Colorectal cancer
(CRC) represents 9.6% of those new cases with approximately 2 million cases'-2. CRC was ranked
the 4™ most commonly diagnosed cancer type (~26,400 new cases) and 3" leading cause of death
(~9,100 cases) in men and women in Canada in 2025, which represented 830 new cases and 320
deaths in Manitoba in the same year®. In general, patients with CRC have a 5-year survival rate of
67% in Canada; however, this number can be as low as 11-13% in stage IV tumours®*. Thus, it is
essential to understand the molecular pathways underlying early CRC development, which will
provide novel insights into the development of new therapeutic strategies to improve patient

prognosis and decrease poor patient outcomes related to this disease.

1.1.1. Initiation and Progression of Colorectal Cancer

CRC is classified as a heterogeneous group of malignances rather than a single disease®. Such
heterogeneity on CRC classification is a consequence of variations regarding both the anatomical
localization of the tumors and the distinct developmental origins of the colon, which results in different
characteristics regarding disease progression and overall patient survival>®. In general, the anatomy of
the large intestine is categorized into seven distinct parts (cecum; ascending; transverse; descending;
sigmoid colon; rectum; anus) and is ~150 cm in length’. According to its embryological origins, the
colon is classified into two groups: midgut and hindgut. Together, the midgut gave origin to the
proximal colon (right side), which is comprised of the cecum, ascending colon and two thirds of the
transverse colon, whereas the hindgut (left side) is comprised of the remaining one third of the
transverse colon, as well as descending and sigmoid colon, rectum and anus (Figure 1-1)"-8. Right-
and left-sided tumors also exhibit differences in morphology and histology. Sessile serrated tumors
tend to appear in right-side regions, and their flat morphology makes them difficult to detect in standard
CRC diagnostic imaging techniques (i.e., colonoscopy)’-. On the other hand, left-side regions tend to
exhibit polypoid morphology, which are more likely to be detected in early stages of tumor

development”-3.



Furthermore, it is estimated that approximately 20-30% of colorectal cancers (CRCs) arise
from sessile serrated lesions, which are precursor lesions that can progress into a malignancy. Because
sessile serrated lesions are most frequently found in the proximal (right-sided) colon, the CRCs that
develop through this pathway frequently exhibit a genomic profile characterized by high levels of
microsatellite instability (i.e. MSI-high)”°. Alternatively, polyps found on the left side of the colon
tend to exhibit chromosome instability (CIN)”°. CIN is another type of genome instability that is
present in ~85% of all CRC cases'® !, It is characterized by the increase of rate in which whole
chromosomes or chromosome fragments are gained or lost'® ! (see Section 1.2.3). Although most
polyps do not evolve into adenocarcinomas, it is well established that the onset and evolution of a
tumorigenic process require the accumulation of multiple genetic alterations overtime . This process,
known as adenoma to carcinoma pathway (see Section 1.2.1), was first described by Fearon and
Vogelstein and it is proposed to occur over 10 to 15 years'> 13, Therefore, understanding the etiology
and distinct biological mechanisms each tumor type express is fundamental for the development of

prognosis and novel therapeutic strategies.

Transverse

, Ion

.

Ascending Descending
colon colon
Sigmoid
colon

Rectum

Figure 1-1. Anatomy of the Colon

Schematic illustration of the colon and rectum. Proximal or right-side colon is comprised by the
cecum, ascending colon and 2/3 of the transverse colon. Distal or left-side colon is comprised by
the final 1/3 of the transverse colon, descending colon, sigmoid colon and rectum. Adapted from
Campos Gudifio et al'* and created with BioRender.com.



1.1.2. Risk Factors

As a multifactorial disease, there are many different variables that can contribute to the
development of CRC'". Although the mechanisms that give rise to CRC have not been fully
understood, there are many risk factors that may increase the chances of developing this disease,
which could be associated with genetics, sex, age, lifestyle and environmental factors® 5. In
general, CRC cases are classified into two main categories: familial and sporadic. The familial
component of CRC diagnosis is linked to patients with family history of CRC or polyps in first
degree relatives, which represents ~30% of all CRC diagnosis'® 7. However, only 10% of those
CRC cases are linked to specific mutations that will eventually increase the susceptibility to
develop not only CRC but other cancer types as well'®. Lynch syndrome, or hereditary non-
polyposis colon cancer, is the most common hereditary cause of CRC'8. This disease is linked to
mutations in mismatch repair genes (MMR), particularly MutL Homolog 1 (MLHI), MutS
Homolog 2 (MSH?2), MutS Homolog 6 (MSHG6) and Postmeiotic Segregation Increased 2 (PMS?2).
Also, mutations in the Epithelial Cellular Adhesion Molecule Gene (EPCAM) may result in
epigenetic silencing and eventual loss of expression of the MSH?2 gene!® 1°. Familial Adenomatous
Polyposis (FAP), which is another type of inherited CRC, is characterized by a loss of function in the
Adenomatous Polyposis Coli gene (APC)*. This mutation is responsible to disrupt the Wnt/B-catenin
pathway, which is involved in both initiation and progression of CRC?%-2!,

Regarding sex-based CRC incidence, men are 1.5x more likely to develop CRC than women
regardless of age or ethnicity??. Although CRC is more prevalent in adults over 50 years of age, recent
studies have reported an increase in CRC incidence among adults younger than 50 years in many high-
income countries, including Canada?® 2. Such contrasts might be attributed to generational
differences in diet, lifestyle and environmental factors. Low fiber intake, lack of physical activity
and increase in the consumption of red meat and saturated fat are also linked to increases in the
risk of developing CRC?*. Furthermore, overweight and obesity are strongly associated with an
overall increase of 36% in CRC cases, which can be partially explained by the disruption of
metabolic pathways that may eventually play a role in CRC progression and development®.

Lastly, epidemiological data also demonstrates an association between CRC and well-
stablished risk factors for cancer, such as alcohol consumption and smoking?*. Moderate to heavy

alcohol consumption increases the risk of developing colorectal cancer by 1.5 times; smoking, on



the other hand, can increase the chances of developing CRC up to 60% when compared to people

who do not consume tobacco products?* 26,

1.1.3. Screening and Survival

According to the Canadian Cancer Registry (CCR) database ~49% of all CRC cases are
diagnosed at stages 11T and TV combined, while stage I diagnosis represents only ~20% of the cases?’.
In the USA these numbers may be even higher; ~60% of the CRC cases are diagnoses at late stages,
where the 5-year survival can be as low as 11-13% (stage IV tumors)?®. Low incidence rates in early
CRC stages may be partially explained by the lack of signs and symptom. Detecting cancer at an early
stage can prevent the development of advanced stages and reduce the mortality rates in the
population®-3, Therefore, screening individuals for detection of precancerous polyps or curable early-
stage tumors may increase their chances of having a good prognosis and increased survival outcomes.

Most screening programs in the world use non-invasive faecal occult blood tests (FOBTs)
as their primary screening tool®!. In Canada, fecal immunohistochemical test (FIT) is the most
commonly employed CRC stool screening test and it has gradually replaced the Guaiac-based fecal
occult blood (gFOBT) test>?. The FIT test is based on the use of antibodies that specifically detect
human hemoglobin, rather than an unspecific peroxidase reaction®"-33. Additionally, the FIT test
only requires one stool sample collection, and it is not affected by diet or the use of specific
medications, representing a more effective alternative when compared to the gFOBT test3!: 33,

In most CRC screening programs, patients with a positive FIT test are required to do a
colonoscopy?!. Colonoscopy is considered the gold standard tool for both screening and early CRC
diagnosis, consisting on the use of a flexible endoscope that is capable to evaluate the entire colon
and rectum?!. This method has an 89-95% detection sensitivity for adenomas and CRC > I¢m, and
86-89% specificity; false positive cases are mostly attributed to non-malignant polyps that were
biopsied*?. Colonoscopy is the most used CRC screening method in the USA, where 61% of the
screened population used this method**. In Canada, colonoscopy is only used as a follow-up exam
after a positive stool test or in cases when the patient is at high risk for developing CRC (see
Section 1.1.2); for the general population, a FOBT test is recommended every two years starting

at the age of 50%.



1.1.4. Diagnosis and Staging

As mentioned on the previous section, colonoscopy is the gold standard procedure for both
CRC screening and diagnosis®*. Once a precancerous polyp or a CRC tumour is detected, a
specimen is collected for biopsy and confirmation of the diagnosis*®. The American Joint
Committee on Cancer (AJCC) Tumour, Node and Metastasis system (TNM) is the most used
classification system in the world, and it is essential to determine disease extent, guide clinical
decisions and predict prognosis and survival outcomes?”- 38, This classification system is based on
tumour size and localization, invasion of regional lymph nodes and the presence or absence of
metastasis®®. In summary, the T (Tumour) category describes the size and invasiveness of the
tumour. It ranges from T1, in which the tumour in only in the inner layer of the bowel, up to T4
when tumor cells have spread outside of the primary tissue’® 3°,

The N (Node) category describes whether or not the tumour has spread to the lymph nodes,
ranging from NO when the cancer has not spread to nearby lymph nodes, to N2, when cancer
infiltrates into four or more nearby lymph nodes®® %, And lastly the M (Metastasis) category,
which evaluates if the cancer has spread to other parts of the body, being divided into M0, when
no spread has been detected, and M1 when cancer has spread to distant parts of the body** *°. The
combination of the characteristics described in the TNM classification system is used to define the
overall CRC tumour staging and it is categorized as follows: stage 0 indicates carcinoma in situ,
stage I refers to tumours that haven’t grown outside the primary organ, stages II and III describe
larger tumours or tumours that have started to invade nearby tissues, and stage IV that indicates
tumours that have undergone metastatic spread.’® 3

CRC staging is also used to estimate 5-year net survival. In Canada, the overall 5-year net
survival for patients with CRC is approximately 67%?. More specifically, stage I tumours have the
highest 5-year survival rate, ranging from 91-92%; stages II and III typically exhibit a 79-88% and
68-74% survival rate, respectively, while stage IV tumours have the lowest 5-year survival rate,
ranging from 11-13%?. Therefore, the earlier CRC is diagnosed and treated, the better the survival
outcomes, which strongly highlights the importance of CRC screening programs and diagnosis to

mitigate the high incidence of morbidity and mortality associated with CRC*,



1.1.5. Treatment Strategies

As a heterogeneous disease, CRC treatment requires personalized regimens based on
multidisciplinary approaches encompassing tumour staging (see Section 1.1.4) and localization,
surgical techniques, molecular profiling, immunotherapy and chemotherapy*!- 42, Accordingly, for
stage 0 and I tumours, surgery represents the main therapeutical strategy, and it normally consists
of the excision of polyps or tumours followed by the removal of a small amount of adjacent
tissue*!. For CRC tumours at stages I and III, surgery is also the main choice of treatment and
chemotherapy may be associated with surgery in cases with a high risk of malignancy recurrence*!:
43, Lastly, stage IV CRC treatment consists of the surgical removal of primary and metastatic
resectable tumours as well as chemotherapy, which can be used either before surgery to shrink the
tumours, or after surgery to treat unresectable or metastatic areas®.

The combination of multiple compounds has been proven to improve therapeutic response
and reduce side effects**. FOLFOX is a chemotherapeutic combination comprised of three drugs:
folinic acid (leucovorin), 5-fluorouracil (5-FU) and oxaliplatin®. Briefly, 5-FU is a
fluoropyrimidine that disrupts DNA replication and repair, resulting in DNA double-strand break
and apoptosis while leucovorin acts by stabilizing the 5-FU molecule, and oxaliplatin impacts
DNA replication and transcription®® 47, FOLFIRI is another chemotherapy regimen that replaces
oxaliplatin with irinotecan, which is a topoisomerase I inhibitor that also causes DNA double-
strand break and cell death®,

Alongside combined therapies, targeted agents are used as a second line treatment for
advanced cases®. They are another treatment regimen that can be used in combination with
chemotherapy, by themselves or in combination with another targeted therapy*®*°. For example,
cetuximab and panitumumab are both FDA-approved targeted therapies. They are an anti-EGFR
(Endothelial Growth Factor Receptor) agent that are beneficial to patients with RAS-wild-type
tumors (i.e. KRAS), which are normally found in left-sided tumours®. Bevacizumab is another
targeted therapy used for the treatment of CRC tumours that overexpress VEGF (Vascular
Endothelial Growth Factor), which is responsible to promote angiogenesis and tumour growth>°,

In addition to the methods mentioned above, immune checkpoint inhibitors are another
example of targeted therapy. However, instead of blocking important pathways that are linked to
tumour growth and spread, they work by targeting pathways that enhance immunorecognition and
response against malignant cells and are more effective in tumours harbouring deficiencies in DNA

mismatch repair genes or high frequency of microsatellite instability (MSI high)°. Ipilimumab, a
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CTLA-4 (Cytotoxic T-Lymphocyte-Associated Protein 4) inhibitor was the first FDA-approved
immune checkpoint therapy. Pembrolizumab and nivolumab are also immune checkpoint
inhibitors, which are responsible to block PD-1 (Programmed Death Ligand-1) activity®.
Although immune checkpoint inhibitors produce an efficient therapeutic response, they are
effective in only 5-15% (MSI-high) of all CRC cases’'. Therefore, novel treatment strategies are
necessary to improve patient prognosis and survival outcomes in CRC tumours both early and late

stages.

1.2. MOLECULAR PATHOGENESIS OF COLORECTAL CANCER

The mechanisms underlying CRC heterogeneity normally differ according to the precursor
lesions, anatomical site and distinct genetic alterations. Thus, sporadic tumours represent ~85% of
all CRC cases, whose onset and development are proposed to follow the adenoma to carcinoma

pathway. This pathway was described by Fearon and Vogelstein and its multistep process is

detailed below!'? 32,

1.2.1. The Adenoma to Carcinoma Pathway

The Fearon and Vogelstein adenoma to carcinoma pathway describes the process in which
normal colonic epithelial cells acquire genetic alterations that are linked to the progression from
benign polyps to invasive carcinomas'® 2, In this pathway, CRC evolution is coordinated by the
mutational activation or inactivation of oncogenes and tumour suppressor genes, respectively'? 3.
In general, proto-oncogenes regulate normal processes linked to cellular growth and division; thus,
mutation, amplification or overexpression of these genes may contribute to tumour development due
to uncontrolled cell proliferation signals. By contrast, tumour suppressor genes regulate cellular
processes linked to the cell cycle, DNA damage repair and apoptosis™. In the adenoma to
carcinoma pathway model, at least four genes are associated with CRC development:
Adenomatous Polyposis Coli (APC), Kirsten Rat Sarcoma Proto-oncogene (KRAS), Mothers
Against Decapentaplegic Homology Family Member 4 (SMAD4) and Tumor Protein 53 (TP53)>*.

As presented in Figure 1-2, the adenoma formation is initially characterized by the
hyperproliferation of colonic epithelial cells that result in the benign growth and formation of
polyps, which is followed by changes in tumour size and cellular morphology'> 4. Lastly,
adenomas continue to progress and begin to invade adjacent tissue layers, which eventually may

lead to metastasis in both proximal and distant sites'? 34,
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Figure 1-2. The Adenoma to Carcinoma Pathway

Schematic illustrating the progressive acquisition of genetic alterations related to sporadic CRC
development. As described by Fearon and Vogelstein'? 32, specific mutations in tumor suppressor
genes and oncogene (4PC inactivation, KRAS mutation, and loss of SMAD4 and TP53) promote
the development of normal colon into malignant carcinoma. Adapted from De Palma et a/’’ and
created with BioRender.com.

The tumour suppressor gene Adenomatous Polyposis Coli (APC) plays an important role
in controlling regular cellular processes, such as cell proliferation, and encodes a protein that
regulates ubiquitination and degradation of B-catenin®® 7. Therefore, APC mutations result in the
subsequent accumulation of B-catenin, which upregulates proto-oncogenes such as MYC (Helix-
loop-helix Transcription Factor) and Cyclin D1 (CCNDI)°% 7. Additionally, it is proposed that
APC mutations may promote epithelial hyperproliferation and the development of adenomas and
adenocarcinomas®®. APC mutations were first identified based on its association with FAP
syndrome; however, APC mutations are proposed to have a higher frequency in CRC, ranging
from ~45%-80% of the cases>®. More specifically, frameshift mutations at codon 1309 (the
encoded B-catenin binding site) will result in a truncated form of the APC protein, which may
eventually promote CIN through mechanisms linked to defects in microtubule formation and errors
in chromosome segregation®® °.

Mutations in the proto-oncogene KRAS are proposed to be the second key genetic
alteration in the adenoma to carcinoma pathway. This gene encodes a guanosine 5’-triphosphate
(GTP)-binding protein, whose mutation adversely impacts downstream signalling pathways

related to cell proliferation, differentiation and apoptosis'? ®. More specifically, mutations in
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codons 12 and 13 (more frequent), and 61, 117 and 146 (less frequent) will impact the hydrolysis
of Guanosine Triphosphate (GTP) into Guanosine Diphosphate (GDP), resulting in constitutive
RAS activation and persistent downstream signalling involving Mitogen-Activated Protein Kinase
(MAPK) activity, promoting cell survival and uncontrolled proliferation'? *. KRAS mutations
occur in ~38% of CRC cases worldwide and are present in 58% of adenomas larger than 1cm, 9%
of adenomas smaller than 1cm, and 47% of carcinomas'? .

SMAD4 (Mothers Against Decapentaplegic Homolog 4) is a tumour suppressor gene that
plays a central role in the TGF- pathway regulating cell proliferation, differentiation and
apoptosis®!. It is proposed that mutations in this gene can cause Juvenile Polyposis Syndrome, a
disease marked by the development of polyps in the gastrointestinal tract with a high risk of
malignancy®!. SMAD4 alterations are present in ~30% of CRC cases and in 25% of early-onset
CRC cases, typically as homozygous deletions or truncating mutations®?. Such alterations are
suggested to be a late-stage event in CRC oncogenesis, arising after inactivation of genes such as
APC, and playing a role in tissue dysplasia and invasiveness. Additionally, SMAD4 localizes to
chromosome 18q, and the loss of this chromosome arm occurs in ~75% of all CRC and precedes
TP53 mutations in the adenoma to carcinoma pathway®! %2,

TP53, also referred as “the Guardian of the Genome”, is the most commonly mutated gene
in human cancers®. TP53 is a critical tumour suppressor that plays a critical role in DNA double-
strand break repair, proliferation control and apoptosis. Therefore, mutations in this gene will allow
the uncontrolled growth and proliferation of cells with damaged DNA®. TP53 mutations are
present in ~75% or CRC cases and ~30% of late adenomas, representing a fundamental late-stage
event in the adenoma to carcinoma pathway model®® %, Although mutations in APC, KRAS,
SMAD4 and TP53 genes are linked to the adenoma to carcinoma pathway, it is important to
highlight that these mutations alone may not play a role on the development of CRC. Thus, studies
that assess additional mechanisms linked to CIN and CRC are essential to shed a light on the

development of new therapeutic strategies that will eventually improve patient prognosis and

survival outcomes.



1.2.2. Genome Instability in Colorectal Cancer

Genome instability refers to the increase of genetic alterations that are commonly observed
in distinct cancer types®. Also known as a hallmark of cancer, these alterations often enable the
acquisition of characteristics required for oncogenesis and tumour progression including CpG
island methylator phenotype (CIMP), MSI and CIN®. CIMP represents an epigenetic subtype of
genome instability characterized by the widespread hypermethylation of CpG islands associated
with promoters, which are short segments of DNA containing high frequency of cytosine and

66, 67

guanine®® °’. Patients harbouring this methylator phenotype are associated with poor prognostic

features, such as worse disease-free and overall survival, and it affects DNA repair, cell cycle and
apoptosis and is present in ~10-15% of sporadic CRC cases®® 7.

MSI is another subset of genome instability that originates from defects in DNA mismatch
repair genes (MMR), which leads to uncontrolled errors in short, repeated DNA sequences known
as microsatellites. MSI alterations result from defects in genes such as MLHI, MSH2, MSHG6, and
PMS?2. MSI-high profiles are linked to the onset of both hereditary (Lynch syndrome - see Section
1.1.2) and sporadic CRC cases, and it is present in ~15% of all CRC cases!'® !%- %, Finally, CIN is
a type of genome instability phenotype that induces cell-to-cell heterogeneity and contributes to
different stages of tumour evolution!! (see Section 1.2.3). Recent evidence suggests these subtypes
of genome instability are not mutually exclusive in sporadic colon cancer, where ~12% of MSI
tumours may also present a varying degree of CIN® %% Therefore, gaining new insights into
aberrant genes and molecular pathways is fundamental for the understanding of the tumour biology

and eventually the development of novel therapeutic strategies.
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1.2.3. Chromosome Instability

As mentioned above, CIN is a predominant genome instability in CRC and it is defined by
the increase of rate in which whole chromosomes or chromosome fragments are gained or lost and is
a known driver of ongoing cell-to-cell heterogeneity'!- 7% 7! (Figure 1-3), promoting early CRC events
such as cellular transformation as well as late events including metastasis, drug resistance and worse
patient outcomes'"> 7 72, These chromosome alterations are normally categorized into two distinct
subtypes: numerical CIN (N-CIN) and structural CIN (S-CIN). N-CIN generally refers to either the
gain or loss of chromosomes, leading to an aneuploid state states’ ™, and it is normally associated
with chromosome segregation errors that arise during mitosis, which are a consequence of
alterations in mitotic spindle formation, defects in sister chromatid cohesion, improper microtubule

attachment, chromosome condensation errors and abnormal cytokinesis’>7%.
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Figure 1-3. CIN Drives Genetic and Cell to Cell Heterogeneity.

Schematic model depicting N-CIN driving ongoing genetic and karyotypic heterogeneity. For
illustration purposes, cells only contain three pairs of chromosomes. Chromosomes are gained or lost
throughout multiple rounds of cell division, resulting in genetically distinguished cells and intratumoral
heterogeneity. Adapted from Lepage et al’’ and created with BioRender.com.
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On the other hand, S-CIN results in structural changes in chromosomes, including
chromosome rearrangements, amplification, deletions and translocations, which are commonly
associated with replication stress, errors in DNA double-strand break repair mechanisms and
telomere dysfunction’ 78!, Although N-CIN and S-CIN arise from distinct mechanisms, both
variations of CIN tend to coexist in tumours and are considered an early etiological event in CRC
pathogenesis’ ”°. Interestingly, it is postulated that moderate levels of CIN are still viable to the
cells, while high CIN levels can lead to genomic imbalance, growth arrest and cell death in both
simple and more complex organisms®’. Understanding different cellular mechanisms and
characterizing aberrant genes that underly the complex interplay between CIN, tumour progression
and treatment response is crucial for the development of novel therapeutic strategies (i.e. synthetic
lethality)3? #. More specifically, synthetic lethality is known to exploit genetic interactions
between a loss of function gene and a drug that will target a remaining functional gene, such as
poly-ADP ribose polymerase (PARP) inhibitors in BRCA1/BRCA?2 deficient tumours®> 84,

Additional studies have demonstrated that CIN is also linked to mechanisms that control
protein degradation in ubiquitin-proteasome system. Research from the McManus laboratory
identified members of the S-phase Kinase associated Protein 1 (SKP1), Cullin 1 (CULI), F-box
protein (SCF) complex as novel CIN genes!® #. More specifically, they determined that reduced
expression of core members of the SCF complex (RBXI, CULI, SKPI) induce CIN, and the
aberrant expression of CIN genes are linked to pathogenic implications in cancer development!®-
8, 1t has also been demonstrated that reduced RBX1 expression induces CIN in cellular models of
tubo-ovarian, high-grade serous carcinoma (HGSC), strongly suggesting that reduced RBXI
expression may also induce CIN in CRC contexts®®. Thus, it is essential to determine the impact
reduced RBX! expression has on CIN in colonic epithelial cell contexts to gain novel insight into

the mechanisms underlying CRC development.

1.3. THE SCF COMPLEX AND F-BOX PROTEINS

Ubiquitination is a mechanism that plays a central role in the post-translational
modification of proteins, controlling many distinct cellular processes including protein localization
and degradation, DNA repair, chromatin remodulation and cell cycle control®”- 38 The SCF
complex is an E3 ubiquitin ligase that targets proteins for proteolytic degradation via the 26S
proteasome. The SCF complex is comprised of three central proteins RBX1, CULI and SKP1, and
a variable F-Box protein that confers target specificity to the complex®®. The ubiquitination process

is performed by three distinct enzymes: 1) El ubiquitin-activating enzyme; 2) E2
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ubiquitin-conjugating enzyme; and 3) E3 ubiquitin ligase®”- %°. More specifically, the E1 enzyme
activates free ubiquitin molecules, which are recruited to the E2 conjugating enzyme. E2 is
subsequently recruited to the E3 ligase, resulting in eventual binding to RBX1 and the consecutive
transfer of a ubiquitin moiety onto the substrate protein®®-*°. The functional outcome for targeted
proteins varies according to specific lysine (K) residue attachment site, the number of ubiquitin
molecules attached (i.e. mono-ubiquitination or poly-ubiquitination) and the spatial arrangement
of the ubiquitin subunits. Accordingly, the attachment of one ubiquitin molecule (mono-

%0.91 By contrast, poly-

ubiquitination) frequently regulates protein localization and remodelling
ubiquitination refers to the attachment of consecutive ubiquitin molecules into one of seven K
residues (i.e., K6, K11, K27, K29, K33, K48, K63), and subsequent formation of poly-
ubiquitinated chains. For instance, proteolytic degradation can be induced via the 26S proteosome
upon poly-ubiquitination of the K48 residue, while DNA repair, signalling and apoptosis are
regulated by the polyubiquitination of the K63 residue®® % %3,

The human genome encodes ~600 E3 ubiquitin ligase complexes, which collectively provide
substrate specificity to ubiquitin dependent systems®*. As presented in Figure 1-4, the SCF complex
is comprised of three invariable core members SKP1, CUL1 and RBX1, and one of 69 variable F-box
proteins!'®#, The SCF complex belongs to the RING-type E3 ubiquitin ligase family, which represents
the largest E3 ligase complex group, and targets proteins for proteasomal degradation, protein
localization and activity®. As previously mentioned, RBX1 is responsible for regulating the ligase
activity by facilitating the conjugation with the charged E2 ubiquitin conjugating enzyme and the
SCF complex, while CUL1 works as a scaffolding protein. Lastly, SKP1 works as an adapter
protein responsible to bind to both CUL1 and one out of the 69 F-box proteins®> °®. These F-box
subunits recognize specific regions on target proteins and thereby confer substrate specificity to the
complex?> %, Protein substrates that are known to be regulated by the SCF complex may integrate
mechanisms linked to cell cycle regulation (e.g., Cyclin E1), transcription factors, and apoptotic and
DNA repair proteins. Therefore, dysregulation of SCF complex activity has been linked to the
pathogenesis of multiple cancer types, including CRC!% 35 97-98 Consequently, it is essential to

understand the roles of SCF complex members as well as the mechanistic pathways that underly

the dysregulation of substrate protein units and how they may be implicated to CRC pathogenesis.
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Figure 1-4. The SCF complex targets proteins for degradation via 26S proteasome.
Schematic illustration of poly-ubiquitination and degradation of protein targets by the SCF
complex. The SCF complex is comprised of three invariable core proteins (SKP1, CUL1, RBXI)
and one of 69 variable F-Box proteins that confer substrate specificity to the complex. Figure
created with BioRender.com.

1.3.1. The SCF Complex is Implicated in Chromosome Instability

The McManus laboratory has previously identified that the disruption of SCF complex core
members drives CIN through distinct mechanisms associated with ubiquitination and proteolytic
degradation. More specifically, it has been demonstrated that reduced SKP/ expression leads to
Cyclin E1 accumulation, replication stress, DNA double-strand breaks, micronucleus formation,
nuclear area heterogeneity, and aneuploidy®- '®°. Furthermore, the reduced expression of CULI
disrupts overall SCF complex activity, resulting in lagging chromosomes during mitosis,
chromosome missegregation errors, centrosome amplification and increased aneuploidy states!'®!.
Lastly, reduced RBX1 expression also resulted in the onset of dynamic CIN phenotypes in HGSC,
mirroring disease progression and demonstrating Cyclin E1 accumulation®,

To gain novel insight into how silencing of SCF complex members affected CIN, our
research team performed a genetic screen investigating members of the SCF complex as potential
CIN gene candidates'. Briefly, SCF complex core members and F-box proteins were individually
silenced in HCT116 cells and QuantIM was employed to assess nuclear area changes relative to
siControl'®, Accordingly, RBX1 silencing induced increases in nuclear area, providing new insights

into the role decreased RBX1 expression plays in CRC context!®, F-box proteins target hundreds to
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thousands of proteins for proteolytic degradation due its substrate-recognition characteristic,
impacting mechanisms related to cell cycle progression, centrosome duplication, and DNA repair!%
103 For instance, SKP2 and EMII (FBXO5) were identified as novel CIN genes in CRC context,
where their reduced expression disrupted SCF complex function, resulting in CIN phenotypes and
long-term cellular transformation characteristics'® %,

Disruption in F-box proteins has also been linked to different cancer types. For instance, in
breast cancer, FBX028 overexpression plays a role in the ubiquitination of the oncoprotein MYC,
resulting in MYC-dependent transcription errors, abnormal proliferation and tumorigenesis!®.
Similarly, studies revealed that reduced FBXW?7 expression impacts the ubiquitination and
degradation of cell cycle regulators and oncogenic proteins such as c-MYC, mTOR, Cyclin E, Notch,
and c-JUN, resulting in cell cycle defects, abnormal cell proliferation and eventual tumorigenesis!>:
106 Despite ongoing efforts, the identification of novel CIN genes including the role of SCF complex
members in CRC remains poorly understood. Therefore, it is essential to understand how reduced

RBX1 expression impacts both non-malignant and malignant colonic epithelial cell lines, which will

eventually provide novel insights into the early events related to CRC pathogenesis.

1.3.2. RING-Box 1 (RBX1)

RBXI encodes a 12 kilodalton (kDa) RING-finger protein comprised of 108 amino acids!®’.
Also known as RING-Box protein 1, or Regulator of Cullin 1 (ROCI), RBXI is located on
chromosome 22q13 and is highly expressed across multiple organs including placenta, muscle,
heart and liver'?”- 1% The RBXI protein in humans is localized in both the nucleus and the
cytoplasm, suggesting its role in proteolytic degradation of nuclear and cytoplasmic proteins!%8,
The animo-terminal portion of the RBX1 protein binds to CUL1, while its carboxy-terminal zinc-
binding RING-H2 domain binds E2 enzymes.! 1% As an essential gene, RBXI is highly
conserved throughout eukaryotic evolution, with homologs identified in species ranging from
108

yeast to humans.

(HrtI) results in lethality!!?. Also, RBXI homolog deletion in Caenorhabditis elegans (RBX-1),

. For instance, the deletion of RBX/ homolog in Saccharomyces cerevisiae

Drosophila melanogaster (Rocla), and mice (RbxI) is associated with the disruption of cell
proliferation and embryonic development mechanisms, which may also lead to lethality!%® !,
Studies revealed that out of the ~600 E3 ubiquitin ligase complexes encoded by the human
genome, ~250-300 comprise the Cullin-RING ligases (CRLs) family, which are known to interact
with RBX 1'% 112114 RBX] has a paralog, RBX2, and both proteins share a related zinc-binding

108

domain'*®. However, RBX2 responds primarily to cellular stress, while RBX/ responds to regular
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physiological conditions!!’>, Additionally, RBX2 only interacts with one CRL family (CRL5),
whereas RBXI interacts with all seven CRL members (CRLI1, 2, 3, 4A, 4B, 5 and 7)!%% 11, RBX]
also plays a role in neddylation, a post-translational modification process that consists of the
attachment of NEDDS8 (Neural precursor cell Expressed, Developmentally Downregulated), a
ubiquitin-like protein modifier essential to the proper activation and function of the SCF
complex®> 117, More specifically, NEDDS8 in linked to the K residue of the SCF core member
CUL1% 117,

RBXI contributes to genome stability by regulating DNA double-strand break repair
pathways, and it has been linked to the ubiquitin regulation of PALB2 by the KEAP1-CUL3-RBX1
E3 ligase!'® ', PALB2 acts as a molecule adapter between BRCA1 and BRCA2, forming a
complex that is essential for recruiting RADS51 and resulting in downstream DNA double-strand
break repair through the homologous recombination (HR) repair pathway!!8: 120- 121, RBX1 is also
a subunit of the DDBI-CUL4-RBX1 E3 ubiquitin ligase complex, which plays a role in
ubiquitination of histone H2A and promotion of UV-induced break DNA repair through Nucleotide
Excision Repair (NER) mechanisms'?2,

RBX1 alterations are present in multiple malignancies and its dysregulation impacts tumor
development and resistance®® 123, As previously mentioned, RBX! heterozygous loss is highly
prevalent in HGSC (~83% of patient samples), and its reduced expression results in an increase of
CIN-associated phenotypes®®. RBX! shallow deletion is also prevalent in CRC cases, as ~34% of
patients harbor RBXI shallow deletions'?* (see Figure 4-1). Additionally, disruption in RBXI
expression is linked to tumour metastasis in triple-negative breast cancer and is also associated
with poor prognosis and survival in patients with non-small cell lung cancer'?> 126, Therefore,
studies aimed at investigating the impact reduced RBXI expression has on CIN and CRC are

essential to provide new insights into the underlying mechanisms associated with this disease.
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CHAPTER 2. RATIONALE, HYPOTHESIS AND RESEARCH AIMS

2.1. RATIONALE

CRC was the fourth most diagnosed and third most lethal cancer in Canada in 20253, Despite
ongoing efforts to develop new diagnostic and treatment strategies, the 5-year survival rate of CRC
can be as low as 11-13% (Stage IV)'?". Therefore, understanding the mechanisms underlying CRC
development and progression is crucial for designing novel therapeutic strategies aimed at reducing
the high morbidity and mortality rates associated with this disease. CIN is a genome instability
hallmark that is highly prevalent in many cancer types, and it is present in ~85% of CRC cases®;
however the molecular determinants (i.e. aberrant genes, proteins, and pathways) responsible for
driving CIN remain poorly understood. In this regard, a previous siRNA-based library screen!®
performed by the McManus laboratory identified RBX/ as a potential CIN gene candidate,
suggesting that its reduced expression may contribute to the development of CRC.

TCGA data extracted from the cBioPortal revealed that ~34% of CRC patients exhibit RBX1
shallow deletions, which is associated with increases in genome instability markers and poor patient
outcomes!?* 128:129 Recent studies have also revealed that reduced RBX1 expression induces CIN in
tubo-ovarian high-grade serous carcinoma (HGSC)?3¢; however, the impact reduced RBX1 expression
has on CIN and early CRC development has not been investigated. Thus, it is essential to determine
the impact reduced RBXI expression has in relevant cellular contexts, which will offer a better
understanding of the potential mechanisms underlying CIN, providing novel insights into the
development of new therapeutic strategies. Therefore, my project aims to understand the role of
RBXI on the molecular origins of CIN in CRC by investigating the impact of reduced RBXI

expression on CIN in both non-malignant colonic epithelial and CRC cell lines.

2.2. HYPOTHESIS AND RESEARCH AIMS

Hypothesis: Reduced RBX1 expression induces CIN that contributes to early CRC development. This
hypothesis was tested through the execution of two research aims.

Aim 1: To determine the impact reduced RBX1 expression has on CIN in non-malignant colonic
epithelial cell contexts.

Aim 2: To determine the impact reduced RBX/ expression has on CIN in a malignant colorectal cancer

context.
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CHAPTER 3. MATERIALS AND METHODS

3.1. BIOINFORMATIC APPROACHES
All bioinformatic data regarding RBX! copy number alteration (CNA), survival and mRNA

expression were collected from The Cancer Genome Atlas (TCGA; Pan-Cancer Atlas data)'?*.

Data extraction and visualization were performed using cBioPortal (www.cbioportal.org)!28: 12,

an
open source and freely accessible platform designed for multidimensional cancer genomics
datasets analysis. All patient-derived data extracted for this study are publicly available and does

not require human ethics approval.

3.1.1. Genomic Alterations and Survival Analyses

To assess the prevalence of RBXI copy number losses in cancer, CNA data from eight
common solid tumors (breast, cervical, colorectal, glioblastoma, head and neck, liver, lung and
prostate) were extracted from TCGA Pan-Cancer Atlas'**, and the following Onco Query
Language commands were used: (1) HOMDEL, representing deep deletions (loss of two alleles);
(2) HETLOSS, shallow deletions (loss of one allele); (3) GAIN (gain of one allele); (4) AMP,
large amplifications (gain of two or more alleles); and (5) MUT (mutation). All RBXI CNA data
was exported to Prism v10 (GraphPad) to plot deep and shallow deletions across the eight specified
cancer types listed above.

All CRC patient sample data regarding individual RBX1 CNA frequencies (i.e., deep deletions,
shallow deletions, diploid, gains and amplifications) and mRNA expression levels were extracted using
cBioPortal'?® 12°, Afterwards, CNA data were compared with their corresponding mRNA expression
z-score (z = expression in tumor sample - mean expression in reference sample[diploid])/standard
deviation of expression in reference sample[diploid]) and imported into Prism v10 (GraphPad), where
shallow deletions and normal cases (i.e., diploid) were statistically compared by two-sample Mann-
Whitney (MW) test (detailed in Section 3.6.2).

TCGA patient data were used to compare patient survival outcomes!'?*. Data were imported
into Prism v10 (GraphPad) to generate and statistically analyze Kaplan-Meier (KM) curves for
overall survival, progression free survival and disease-specific survival. Log-rank tests were applied
to assess statistically significant differences between patient sample with RBX1 shallow deletions
relative to diploid, and tests with a p-value <0.05 were considered statistically significant. Figures

were generated using Adobe Photoshop 2025.
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3.2 REAGENTS
In general, solutions and reagents (see Appendix A) employed in this study were purchased

from Thermo Scientific, Sigma-Aldrich, Gibco, HyClone, Corning and Sarstedt.

3.3 CELL CULTURE

The three colonic epithelial cell lines employed in this study are characterized in Table 3-
1. Non-malignant cell lines, 1CT and A1309, were provided by Dr. Jerry Shay (University of Texas
Southwestern Medical Center, USA), while the malignant cell line, HCT116, was purchased from
American Type Culture Collection (Rockville, MD). 1CT and A1309 cells were cultured on
surface treated (with oxygen and nitrogen functional groups) Primaria tissue culture plates
(Corning) in X-medium (Dulbecco’s Modified Eagle Medium [DMEM] with High Glucose
Medium 199) (HyClone) supplemented with 2% cosmic calf serum (CCS) (HyClone) (Appendix
A). HCT116 cells were cultured in 10 cm tissue culture plates (Sarstedt) with McCoy’s SA medium
(HyClone) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich) (Appendix A). Both
non-malignant and malignant cell lines were grown in an incubator at 37 degrees Celsius (°C).
However, 1CT and A1309 cells were grown in sealed chambers containing 2% 02, 7% CO2 and
91% nitrogen, as low-oxygen conditions have been shown to extend the lifespan of epithelial cells
by delaying stress-induces senescence that results from regular atmospheric oxygen conditions
(21% 02)!13°, A tray with Milli-Q water containing cupric sulfate pentahydrate (Appendix A) was
placed in the bottom of the incubator to maintain humidity and prevent microbial and fungal
growth. All cell lines used in this study are karyotypically stable®® and confirmed to express RBX1

protein, making them suitable for subsequent analyses.
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Table 3-1. Properties of Human Colonic Epithelial Cell Lines Employed in CIN Assays.

1CT A1309 HCT116
American Type

Source (Un]i)\frész(eiI;;yosftlTae:};;as) (Un]i)VrérJ:igyost‘"}}liias) Culture Collection
(Rockville, MD)
Culture Properties Adherent Adherent Adherent
Immortalized (human Immortalized (human
Transformed or
Immortalized telomerase and telomerase and Transformed
CDK4%) CDK4%)
Diploid Diploid Near Diploid
Karyotype 46 XY, Male 46 XY, Male 45 X, Male
Stable Stable Stable
Growth Medium  X-media +2% CCS  Xemedia +2% CCs " oc oY 28 T10%
Doubling Time ~22 hours (h) <22h <22h
Protein Expression Profiling
KRAS Wild-type®© G12V® G13DB
1 C, 50O
TPS3 Wild-typeC W‘Iiigzlfgow R Wild-typeC
Expression of
APC Wild-type®© truncated protein®, Wild-type€©
~70% knockdownP

ACyclin Dependent Kinase 4.

BAmino acid substitutions are denoted by their single letter code.
CRefers to expression of wild-type protein.

DExtent of knockdown relative to endogenous 1CT levels

EAPC truncated at codon 1309

3.3.1. Cell Passaging
Cell cultures were maintained under sub-confluent conditions and were passaged in a
biological safety cabinet every 2—4 days. Briefly, cell culture medium was aspirated from tissue
culture dishes and cells (adhered) were rinsed once with 1x PBS (Phosphate-Buffered Saline;
Appendix A). To detach adherent cells, 1 mL of 0.05% trypsin-EDTA ([Ethylenediaminetetraacetic
Acid]; Gibco, Life Technologies) was added to tissue culture dishes and incubated for ~ 5 minutes
(min) (HCT116 and 1CT cells), or ~2 min (A1309 cells) at room temperature. Cell detachment
was monitored using an inverted Zeiss ID03 microscope equipped with a 10x objective (Zeiss).
After detachment, trypsin was diluted using 4mL of 1x sterile PBS for HCT116 cells or ImL of
trypsin neutralizer with 2mL of 1x sterile PBS for both 1CT and A1309 cells. Cells suspensions
were collected, transferred to 15 mL conical tubes (Sarstedt) and centrifuged at 140 times
gravitational acceleration (x g) for S min at 21 °C in a Legend XFR centrifuge (Thermo Scientific).
After aspirating the supernatant, cell pellets were resuspended in 1x sterile PBS (8mL for HCT116
20



and 3mL for 1CT and A1309). Cell suspension was reseeded into a 10 cm plate (~ImL) containing

10mL of fresh cell culture medium and placed in the incubator as described in Section 3.3.

3.3.2. Cell Counting and Seeding

Cells were prepared for seeding CIN assays according to Section 3.3.1. After pelleting and
resuspension, HCT116 cells were filtered through a 40 um Falcon mesh filter into a 50 mL Sarstedt
conical tube to remove cellular aggregates; filtration was not required for 1CT and A1309 cell lines,
as they do not form cell aggregates. For enumeration, 40 microliter (uL) aliquots of each cell
suspension were combined at a 1:1 ratio with 0.2% trypan blue dye (Gibco) within a 0.5 mL
microcentrifuge tube, and 20 pL of this mixture was added in duplicate onto a Cedex Smart Slide
(Roche). The number of viable cells in the suspension (cells/mL) was quantified automatically using
a Cedex XS cell counter. Once the average number of viable cells (cells/mL) was determined, it was
used to calculate the precise volume of cell suspension required for dilution in complete medium,

ensuring accurate seeding densities for all subsequent experiments (see Table 3-2).

Table 3-2. Cell Seeding Densities and Volume Medium Employed in Corresponding CIN

Assays.
Cell Seedin S
Cell Line Assays® Plate Format Density 8 Volume Medium in
Well
(cells/well)
WB 6-well 30,000 2,000 uL
1CT NA/MN 96-well 1,000 200 pL
MS 6-well 20,000 2,000 uL
WB 6-well 30,000 2,000 uL
A1309 NA/MN 96-well 1,000 200 pL
MS 6-well 20,000 2,000 uL
WB 6-well 30,000 2,000 uL
1,000(Control)
HCT116 NA/MN 96-well 200 pL
2,000(Transfected)
MS 6-well 30,000 2,000 pL

AWB, western blot; NA, nuclear area; MN, micronucleus; MS, mitotic chromosome spreads.
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3.3.3. Short-Interfering RNA Transfection

RBX1 silencing experiments were performed using four distinct siRNA duplexes (siRBX1-
1, -2, -3, -4; ON-TARGETplus [Dharmacon]). Individual siRNAs targeted different regions of the
RBX1I coding sequence, along with a non-targeting siRNA control (siControl) were employed. Each
siRNA duplex and the control were reconstituted in 1x siRNA buffer (Appendix A) to prepare 20
uM stock solutions and 10 uM working solutions. An siRNA pool (siRBX1-P) was made by
combining equal concentrations of the individual siRBX1 duplexes (siRBX1-1, -2, -3, -4) at 10 uM.
The siRNAs were aliquoted into 10 pL portions and stored at -80 °C. To limit RNA degradation,
aliquots were subjected to no more than five freeze/thaw cycles. Cells were seeded approximately
24 h before siRNA transfection and incubated at 37 °C to allow adhesion (cell densities are described
in Table 3-2). Lipid-mediated transfection was performed using RNAIMAX (Invitrogen).
Transfection reagent and siRNA were gently mixed in a 1:1 ratio in cell culture media solution, and
volumes were adjusted based on the plate format (see Table 3-3). After a 20 min incubation period,
the transfection solution was added into the wells and plates were rocked gently and incubated for a

period of four days.

Table 3-3. Volumes Employed for RBX1 Silencing Experiments using siRNA.

Cell Line Assays siRNAB RNAiMA;X Volu.me Meltslium Total
Volume Volume in Well Volume
WB O dum 250 ulmedim  2000KL 25000

ICT NA/MN ﬁfsm iﬁiilnmlo 10 “g'i’n g(lﬂllllr’n 200 uL 220 uL
Ms O edium 250l medium  2000ML  2.500uL
WB R edum . 250l medum  Z000ML  2.500uL

A1309  NA/MN ﬁl(jsm iﬁiilri’nlo 0 “g'f’n g(lﬂlll‘r’n 200 ulL 220 uL
MS o edium 250l medium  2000ML 2500
wB i 250pbmedium  2000ML  2.500uL

HCT116 NA/MN SLI rgéﬁﬁnllo 10?(1?1 h é‘i’um 200 ulL 220 uL
MS w250 almedium  2000ML  2.500uL

AWB, western blot; NA, nuclear area; MN, micronucleus; MS, mitotic chromosome spreads. BsiRNAs and RNAIMAX
were dilute in complete medium.
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3.4 WESTERN BLOT ANALYSES
Western blots were employed to assess RBX! silencing efficiency and to evaluate changes

in Cyclin E1 protein abundance following RBX1 silencing.

3.4.1. Whole Cell Protein Extraction and Quantification via Bicinchoninic Acid Assay
Briefly, whole-cell protein lysates were collected four days after siRNA transfection. Cell
culture medium was aspirated, and cells were washed with 1 mL of cold (4 °C) 1x PBS (three
times). Cells were treated with 80 puL of RIPA (radioimmunoprecipitation assay) lysis buffer
(Appendix A) supplemented with 25x protease inhibitor (Appendix A). Cells were incubated for
15 min on ice (~4 °C) and mixed by tapping half-way through. Cell scrapers were used to collect
protein lysates, which were transferred into 1.5mL microcentrifuge tubes (~4 °C). Lysates were
sonicated twice (3 seconds each) using a Sonifier Cell Disrupter (Branson Sonic Power Co.) set at
50% duty cycle, and output control set at level 6. Tubes were centrifuged (Biofuge Fresco; Thermo
Scientific) at 16,000 x G for 2 min at 4 °C in order to remove remaining cell debris. Resulting
supernatant was removed, transferred into fresh 1.5 mL microcentrifuge tubes, and stored at -20
°C for short-term (< 2 weeks) or -80 °C for long-term (> 2 weeks) storage. Prior to western blot
experiments, protein concentrations were quantified using a Thermo Scientific BCA
(Bicinchoninic Acid) Assay Kit according to the protocol provided by the manufacturer. Working
reagent was prepared by mixing reagent A (BCA reagent) and reagent B (4% cupric sulfate
solution) at a 50:1 ratio; 200 uL was dispensed into each well of a clear 96-well plate (Corning).
A series of nine bovine serum albumin (BSA) standards ranging from 0 to 2,000 pg/mL were
prepared to establish a standard curve. 25 pL aliquots from each BSA standard were loaded in
duplicates, while test protein lysates were added in triplicate at 5 uL per well, supplemented with
20 pL of RIPA buffer. The plate was mixed for 10 seconds on a Multi-Microplate Genie shaker
(Scientific Industries) to ensure homogeneity and incubated at 37 °C for 30 min. Absorbance at
562 nm was measured using the SpectraMax iD3 plate reader (Molecular Devices). A standard
curve was generated based on BSA concentration standards. To determine the final protein
concentrations, three absorbance readings per sample were averaged and the result was multiplied

by 5 (dilution factor).
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3.4.2. Gel Electrophoresis and Western Blot

Equimolar amounts of protein samples (20 pg/well) were prepared by mixing appropriate
volumes of 6x sodium dodecyl sulfate (SDS) Sample Loading Buffer (Appendix A) with RIPA
buffer. Samples were denatured by incubating at 99 °C in a heating block (Eppendorf) for 5 min
and chilled on ice for at least 1 min. A Mini-PROTEAN electrophoresis tank (BioRad) was
assembled with a 4-20% Mini-PROTEAN TGX gel (BioRad) and filled with 1% Running Buffer
(Appendix A). To help identify the molecular weight of proteins, 4 puL of FroggaBio molecular
weight marker (BLUelf Prestained Protein Ladder) was loaded into one well. Subsequent wells
were loaded with 20 pL of denatured protein samples (20 pg/well). Electrophoresis was conducted
at 140 V for 67 min at 4 °C using a PowerPac HC power supply (BioRad). For protein transfer, a
0.45 pum nitrocellulose membrane (Biorad) along with blotting pads (BioRad) were soaked in 1x
Transfer Buffer (Appendix A) prior to the transfer. Gel, membrane and blotting pads were
assembled in a Trans-Blot Turbo Transfer System with 1x Transfer Buffer, and constant 25 volts
(V) was applied for 7 min at room temperature to transfer proteins electrophoretically onto the
membrane. Total protein transfer was assessed by staining the membrane with 5 mL of total protein
stain copper phthalocyanine 3,4',4",4"-tetrasulfonic acid tetrasodium salt (CPTS; Appendix A) for
5 min at room temperature using a Belly Dancer shaker (Stovall Life Science Inc.). Tris-buffered
saline (TBS) containing 0.1% Tween 20 (TBST; Appendix A) was used to de-stain the membrane.
Afterwards, the membrane was blocked for 1hour (room temperature) using 5% non-fat milk (w/v)
diluted in 1x TBST (Appendix A) under gentle rocking. Primary antibodies against the target
protein (e.g., RBX1) and the loading control (e.g., Cyclophilin B or a-Tubulin) were diluted in 5%
non-fat milk (according to concentrations detailed in ZTable 3-4) and incubated overnight at 4 °C
with gentle rocking. On the following day, membranes were washed with 1x TBST (three 10-min
washes) on the Belly Dancer shaker set to medium speed (dial speed ‘5°). Horseradish peroxidase
(HRP)-conjugated secondary antibodies were also diluted in 5% non-fat milk (see Table 3-4) and
incubated with the membrane for 1 hour at room temperature with gentle rocking. Finally,

membranes were rinsed briefly with TBST followed by three 10 min washes in TBST.
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Table 3-4. List of Antibodies Employed for Western Blot Analysis.

Primary Antibodies
. Catalogue . o
Antibody Number Source Species Dilution
RBX1 ab86862 Abcam Rabbit 1:30,000
Cyclin E1 ab3927 Abcam Mouse 1:4,000
o-Tubulin ab7291 Abcam Mouse 1:4,000
Cyclophilin B ab16045 Abcam Rabbit 1:150,000
Secondary Antibodies
GoataMouse 5 135 146 Jackson Goat 1:10,000
HRP
ImmunoResearch
Goata Rabbit 1 35 144 Jackson Goat 1:10,000
HRP
ImmunoResearch

AHRP (Horseradish peroxidase)

3.4.3. Semi-Quantitative Western Blot Analysis

The UltraSense Western Substrate kit (FroggaBio) was used to visualize the antibody-
conjugated proteins according to the manufacturer’s instructions. Visualization solution was
prepared by mixing the luminol solution with the peroxide solution at a 1:1 ratio and protected
from light to prevent signal degradation. The membrane edges were carefully blotted on a
Kimwipe (Kimberly Clark) to remove excess TBST and were placed on a clear page protector
where approximately 1000 pL of luminol/peroxide solution was applied on the membrane,
followed by a 5 min incubation at room temperature (in the dark). Chemiluminescent signals were
captured using a ChemiDoc Imaging System (Bio-Rad). Exposure times were empirically
optimized for each antibody to ensure strong signals without pixel saturation. Images were
imported into Image] software (National Institutes of Health) for semi-quantitative analysis of
protein expression. Band intensities were first normalized against their respective loading controls
(i.e. Cyclophilin B or a-Tubulin) and normalized relative to a control sample (i.e., Non-Targeting
Control [siControl]), which was set to 100%, allowing the comparison of protein expression

between control and experimental groups. Figures were generated using Adobe Photoshop 2025.
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3.5 SINGLE-CELL QUANTITATIVE IMAGING MICROSCOPY (QuantIM)

QuantIM techniques were applied to RBXI silenced cells to assess CIN phenotypes,
including changes in nuclear area and micronucleus formation®> %, Mitotic chromosome spreads,
which is a standard cytogenetic technique, were generated and enumerated to assess the impact

reduced RBXI expression has on chromosome complements.

3.5.1. Cell Fixation and DNA Counter-staining for Nuclear Area and Micronucleus
Formation Analyses

To evaluate changes in nuclear area and micronucleus formation, established QuantIM8>: 86
techniques were employed. After a four days post-transfection period (see Section 3.3.3), cell culture
medium was aspirated from 96-well plates and cells were fixed with 200 puL of 4% paraformaldehyde
(Appendix A) for 15 min at room temperature. Paraformaldehyde was discarded, and cells were
washed twice with 200 pL of 1x PBS. Cells nuclei were counterstained using 200 uL of 200 ng/mL
Hoechst 33342 (Thermo Scientific) in 1% PBS (Appendix A) per well. Plates were stored in the dark

at 4 °C overnight to ensure uniform nuclear staining before imaging on the following day.

3.5.2. Image Acquisition and Analysis

To acquire sufficient cell counts for quantitative analysis, non-overlapping two-dimensional
(2D) images were captured from each well in 3x3 or 4x4 matrices using ImageXpress HT.ai Imaging
System (Molecular Devices) equipped with a 20x Water Immersion CFI Apochromat objective lens
(0.95 numerical aperture). Image acquisition and analyses were optimized using the IN-Carta Image
Analysis Software (Molecular Devices) for both nuclear area and micronucleus formation analysis.
Filters based on size, fluorescence intensity, and image periphery exclusion were derived from
parameters previously established in our research pipeline!3!: 132, Filters were applied to eliminate
small debris, mitotic or apoptotic bodies, and partial nuclei located at the edges of the wells. These
parameters were individually optimized and consistently applied throughout experiments. For nuclear
areas quantification, primary masks were applied automatically to identified interphase nuclei, which
were counter-stained with Hoechst (see Section 3.5.1). Partial nuclei near image borders (<50 pm
from edges) were excluded using a periphery filter. Masks were also applied for micronuclei
detection, which included micronuclei with a maximum diameter of 30 pm. A secondary mask with
a 15 um ring width was applied to define the cellular boundary, and micronuclei were identified as

dots situated outside the primary mask but within the secondary mask. Micronuclei count data
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(well/condition) were normalized to total number of nuclei imaged and presented as the frequency of
micronucleus formation per condition. Data from at least 1000 nuclei per condition were used and
results were imported into Prism v10 (GraphPad) to perform two-sample Kolmogorov-Smirnov [KS]
test for nuclear area cumulative distribution frequency and Mann-Whitney [MW] test for
micronucleus formation frequency (see Section 3.6). Cumulative distribution frequency graphs were
used to present nuclear area data, while dot plot graphs were used to represent micronuclei data.
Figures were generated in Adobe Photoshop 2025, and all experiments were performed at least three

times (N = 3).

3.5.3. Mitotic Chromosome Spreads and Chromosome Enumeration

Mitotic chromosome spreads were generated by seeding cells (see Table 3-2) onto sterile
coverslips, followed by silencing with siRNAs (see Table 3-3). On the fourth post-transfection day,
cells were treated with KaryoMAX Colcemid (Gibco) at 100 ng/mL (Appendix A) in complete
medium for 1.5 h (HCT116) or 3.5 h (1CT, A1309) at 37 °C to enrich for mitotic population.
Following incubation, Colcemid and medium were aspirated, and 2 mL of hypotonic solution (75
mM potassium chloride [KCI]; Appendix A) was added to each well for approximately 20 min (1CT,
A1309) or 17min (HCT116). Cells were fixed with a 3:1 methanol: acetic acid solution (Appendix
A), which were applied in 3 x 10 min intervals. After fixation, coverslips were placed on the side of
the wells to dry overnight and mounted on the following day on glass microscope slides using 4’,6-
diamidino-2-phenylindole (DAPI) Mounting Medium (Vector Laboratories; Appendix A), followed
by incubation at 4 °C in the dark. A minimum of 100 mitotic chromosome spreads per condition were
imaged on a Zeiss Axio Imager Z2 microscope equipped with a 63% oil-immersion plan apochromat
objective (numerical aperture 1.4) and Zeiss Axiocam 820 CMOS camera (20 megapixel). Images
were acquired as 16-bit TIFF files and analyzed in FIJI software for visual assessment and manual
chromosome counting. Chromosome spreads deviating from the modal karyotype of the respective
cell line (see Table 3-1) were categorized as: 1) losses (< modal chromosome number); 2) small-scale
gains (< 10 additional chromosomes); and 3) large-scale gains (10 or more additional chromosomes).
Three biological replicates were analyzed per condition, and data were imported into Prism v10
(GraphPad) for graph generation and descriptive statistical analyses. Figures were assembled using

Adobe Photoshop 2025.
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3.6. STATISTICAL ANALYSES
The number of experimental replicates (N) and technical replicates (n) is reported for all
experiments included in this thesis. Data from three biological replicates for each cell line are

presented. All statistical analyses were performed using Prism v10 (GraphPad).

3.6.1. Two-Sample Kolmogorov-Smirnov Test

The two-sample Kolmogorov-Smirnov (KS) test is a non-parametric statistical test that was
used to assess differences in nuclear area cumulative frequency distributions of two datasets, such as
control and silenced conditions. The test calculates a p-value corresponding to the largest deviation
observed between the respective distributions. Two-sample KS test results (p-value<0.05) are

presented as follows: p-value < 0.05 (*), p-value < 0.01 (**), p-value < 0.001 (***), and p < 0.0001

3.6.2. Mann-Whitney Test

The Mann-Whitney test is a non-parametric statistical test employed to compare the
micronucleus formation rank orders of two independent datasets, such as control and silenced
conditions. Results are calculated based on the difference in mean ranks between the conditions under

investigation. Results considered statistically significant are presented as follows: p-value < 0.05 (*),

p-value < 0.01 (**), p-value < 0.001 (***), and p < 0.0001 (***%),

3.6.3. Student’s t-Test

The Student’s t-test is a parametric statistical test employed to compare the means of two
independent aberrant chromosome groups, such as control and silenced conditions. P-values are
presented based on the probability that the difference between the two means occurred by chance,

and results that were considered statistically significant are presented as follows: p-value < 0.05 (*),

p-value < 0.01 (**), p-value < 0.001 (***), and p < 0.0001 (***%),
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CHAPTER 4. RESULTS

4.1. Bioinformatic Analyses Reveal Heterozygous Loss of RBX1 is Frequent in CRC and is
Associated with Poor Patient Outcomes

Publicly available TCGA data!?* extracted from cBioPortal'?® 12 were used to determine
the prevalence and potential clinical relevance of RBXI copy number losses, and copy number
alteration (CNA) data from eight common solid tumor types (breast, cervical, colorectal,
glioblastoma, head and neck, liver, lung and prostate) were assessed. As presented in Figure 4-
1A, patient data from all eight cancer types exhibit RBX/ shallow deletions (i.e., heterozygous
loss), ranging from ~10% in prostate cancer to ~45% in breast cancer. Regarding CRC, ~34% of
cases present RBX1 shallow deletions, which is associated with statistically significant (Student’s
t-test; **** p-value <0.0001) reduction of mRNA expression (Figure 4-1B) relative to samples
with diploid RBXI copy numbers. Additionally, patient samples harbouring RBXI shallow
deletions presented statistically significant increases (Student’s t-test; ****; p-value <0.0001) in
genome instability markers relative to those with diploid copy numbers. More specifically,
according to Figure 4-1C, patients with RBX] shallow deletions presented increases in fraction
genome altered (percent of gains or losses of copy numbers in the genome), aneuploidy score
(number of altered chromosome arms) and tumor break load (chromosome breaks and
rearrangements). To evaluate how RBX1 shallow deletions impact patient outcomes in CRC, three
distinct survival curves (KM curves) were generated and assessed: 1) overall survival; 2)
progression free survival; and 3) disease-specific survival (Figure 4-2). Log-rank tests revealed
that patients with RBX1 shallow deletions exhibited worse outcomes (p-value < 0.05) relative to
those with diploid copies. Collectively, these finding support the hypothesis that decreased RBX1
expression may have a role in CRC pathogenesis. Therefore, it is essential to determine the impact
reduced RBX1 expression has in relevant cellular contexts, which will offer a better understanding

of the potential mechanisms underlying CIN in CRC contexts.
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Figure 4-1. RBX1 Copy Number Losses Are Prevalent in CRC and are Associated with
Diminished RBX1 mRNA Expression and Increases in Genome Instability.

(4) TCGA'** data showing RBXI copy number losses including deep deletions (i.e., homozygous
loss) or shallow deletions (i.e., heterozygous loss). (B) CRC cases with shallow RBX! deletions
correspond with significant decreases in mRNA expression. Number of cases indicated in brackets,
black dotted lines indicate the 1% and 3" quartiles, and dashed black line identifies the median
(Student’s t-test; **** p-value < 0.0001). (C) CRC cases with shallow RBXI deletions are
associated with a significant increase in fraction genome altered, aneuploidy score and tumor break
load when compared to cases with diploid RBX/ copy numbers. Number of cases indicated in
brackets, black dotted lines indicate the 1% and 3™ quartiles, and dashed black line identifies the
median (Student’s t-test; **** p-value < 0.0001).
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Figure 4-2. Heterozygous Loss of RBX1 is Associated with Worse CRC Patient Outcomes.
KM curves showing significantly worse Overall, Disease-Specific and Progression Free Survival
for CRC patients with RBX/ shallow deletions compared to patients with diploid RBXI copy
numbers (Log-rank test; p-value < 0.05)!?% 2%, Numbers in brackets indicate number of cases.
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4.2. Establishing RBX1 Silencing Efficiencies Using Short-Interfering RNA Duplexes

To evaluate RBX1 silencing efficiency (see Section 3.3.3) and minimize potential off-target
effects, four individual siRNAs duplexes (siRBX1-1, -2, -3, -4) and an siRBX1-Pool (siRBX1-P)
comprised of equimolar concentrations of the individual siRBX1 duplexes were used along with a
non-targeting siRNA duplex (siControl). HCT116, a well stablished and karyotypically stable CRC
cell line!'% 8586 was used to assess RBX! silencing efficiencies using semi-quantitative western blot
analysis (see Section 3.4). Protein expression was quantified according to band intensities, which
were normalized to their respective loading control (a-Tubulin) and are presented relative to the
siControl that was set to 100%. As shown in Figure 4-3, RBXI was efficiently silenced in all
silencing conditions, showing ~ 0% abundance (i.e., below level of detection) following silencing
with siRBX1-1, -2, -3, -4, and siRBX1-P. Although all siRNAs demonstrated similar silencing
efficiency, siRBX1-2, -4 and siRBX1-P were selected for subsequent studies as they exhibited the
greatest decrease in RBX1 protein abundance in a ovarian cancer study®, and were purposefully
selected to maintain experimental consistency. Collectively, western blotting revealed that RBX1 is

efficiently silenced in HCT116 cells.

0 Y

)/, /,9 / /,?/

4)+ +@+6’+6’+
CAt "

100 0 0 O O O

RBX1|

a-Tubulin — o —

Figure 4-3. RBX1 is Efficiently Silenced in HCT116 cells.

Semi-quantitative western blot showing decreased RBXI expression relative to siControl in
HCT116 cells (one biological replicate) following transfection with four individual (siRBX1-1, -
2, -3, -4) and pooled (siRBX1-Pool; equimolar amounts of siRBX1-1 to -4) siRNAs. RBXI1
abundance is normalized to the corresponding loading control (a-Tubulin) and is presented relative
to siControl, which is set to 100%.
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4.3. AIM 1: To Determine the Impact Reduced RBXI Expression has on CIN in Non-
malignant Colonic Epithelial Cell Contexts

4.3.1. RBXI is Efficiently Silenced in 1CT and A1309 Cells, and its Reduced Expression
Induces Substrate Accumulation

Prior to evaluating the impact reduced RBXI expression has on CIN, RBXI silencing
efficiencies were first assessed in two non-malignant cell lines, namely 1CT and A1309, using the
siRNA duplexes (siRBX1-2, -4 and -P) identified above (see Section 4.2). In agreement with the
silencing observed in HCT116, semi-quantitative western blots revealed effective RBX/ silencing
within both 1CT and A1309 cells (Figure 4-4); however, residual protein abundance varied across the
silencing conditions in both lines. RBX1 abundance was reduced to ~3% to 5% in 1CT and ~1% to
4% in the A1309 cell line relative to siControl (Figure 4-4). To determine whether RBX1 silencing
impacts SCF complex function, Cyclin E1 abundance, an established target of the SCF complex, was
assessed®. As expected, RBXT silencing corresponded with an increase in Cyclin E1 levels ranging
from 204% to 534% in 1CT and ~108% to 223% in A1309 (Figure 4-4), indicating that reduced RBX1
expression adversely impacts the SCF complex function. Collectively, these findings demonstrate that
RBXI can be efficiently silenced in non-malignant colonic epithelial cell contexts and, therefore
underscores the utility of this approach in determining the short-term impact reduced RBX/ expression

has on CIN.
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Figure 4-4. RBX1 Silencing is Associated with Increases in Cyclin E1 Levels in Non-
Malignant Colonic Epithelial Cell Lines

Semi-quantitative western blot depicting RBX1 silencing efficiency relative to siControl in 1CT (left)
and A1309 cells (right). Two individual (siRBX1-2, -4) and pooled (siRBX1-Pool; equimolar
amounts of siRBX1-1 to -4) siRNAs were used to silence RBX/ expression. RBX1 and Cyclin E1
abundance levels are normalized to the loading control (Cyclophilin B) and are presented relative to
siControl above each column (N = 3).

4.3.2. Reduced RBXI Expression Underlies Increases in CIN-Associated Phenotypes in Non-
Malignant Colonic Epithelial Cells

Having established our ability to silence RBXI, we sought to investigate the potential
impact reduced RBX1 expression has in early CRC development using the 1CT and A1309 cellular

models. QuantIM approaches®> 3¢

were employed to assess changes in nuclear areas and
micronucleus formation, and to enumerate chromosomes in mitotic chromosome spreads.
Qualitative analysis of nuclear areas in 1CT revealed an overall increase in nuclear areas and a
prevalence of nuclear area heterogeneity in all RBX/ silenced conditions relative to siControl
(Figure 4-5A4). Subsequent statistical analyses (two-sample KS test; p-value <0.0001; Table S1,
page 72) revealed significant increases in nuclear area distributions (i.e., rightward shifts) in the

silenced conditions relative to siControl in all three biological replicates (Figure 4-5B).
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Figure 4-5. RBX1 Silencing Induces Significant Increases in Nuclear Areas in 1CT.

(A) Low-resolution images of Hoechst-counterstained nuclei showing visual increases in nuclear
areas following RBXI silencing relative to siControl. (B) Cumulative nuclear area distribution
frequency graphs of three biological replicates reveal statistically significant increases in nuclear
areas following RBX1 silencing relative to siControl (two-sample KS test; na = not applicable;
*HE* p-value < 0.0001; N = 3, n=6; >1000 nuclei imaged/silencing condition).

QuantIM approaches®> 86 were also used to determine whether decreased RBX1 expression
impacts micronucleus formation (Figure 4-6A). Following RBXI silencing, 1CT cells
demonstrated statistically significant increases (MW test; p-value<0.05; Table S2, page 73) in
micronuclei in all biological replicates. More specifically (Figure 4-6B), a ~2- to ~4-fold increase

in micronuclei was observed across all silenced conditions relative to siControl.
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Figure 4-6. RBXI Silencing Corresponds with Significant Increases in Micronucleus
Formation in 1CT.

(A) Low-resolution image of a Hoechst-counterstained nucleus with an associated micronucleus
(arrowhead). (B) Dot plots from three biological replicates depicting increases in the frequency of
micronucleus formation following RBXI silencing. Statistically significant increases were
observed following RBXI silencing relative to siControl (MW test; ns = non-significant; * p-value
< 0.05; ** p-value < 0.01). Red bars identify median values. (N = 3, n=6; >1000 nuclei
imaged/silencing condition).
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The QuantIM experiments®> 8¢ described above do not directly assess chromosome
numbers, but rather aberrant phenotypes associated with CIN. Accordingly, we next sought to
determine the impact diminished RBX/ expression has on chromosome numbers by enumerating
chromosomes in mitotic chromosome spreads generated from RBX/ silenced and control
conditions. Spreads with 46 chromosomes were classified as modal, while spreads with divergent
chromosome counts were classified as aberrant and sub-categorized into one of three categories
(Figure 4-7A): 1) losses (<46 chromosomes); 2) small-scale gains (47-55 chromosomes), and 3)
large-scale chromosome gains (= 56 chromosomes). A minimum of 100 mitotic chromosome
spreads per RBX1 silenced condition were assessed and repeated three times (N=3, Figure 4-7B).
Overall, losses and small-scale gains were the most prevalent phenotypes relative to siControl
across all replicates with Replicate 1 inducing the largest fold increases (ranging from 2.8- to 3.1-
fold), followed by Replicate 2 (2.3- to 2.5-fold increase) and Replicate 3 (1.9- to 2.2-fold increase).
Analyses of all three Replicates combined (Figure 4-7C) revealed statistically significant
differences (Student’s t-test; p-value<0.05; Table S3, page 74) in the numbers of aberrant
chromosomes. More specifically, siRBX1-2 exhibited the greatest fold increase relative to siControl

(2.5- fold increase), followed by siRBX1-4 and siRBX1-P with a 2.4- fold increase each.
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Figure 4-7. RBXI Silencing Induces Increase in Aberrant Chromosome Numbers in 1CT.
(A) Representative images of DAPI-counterstained mitotic chromosome spreads displaying the
modal number of 46 chromosomes, chromosome losses (<46 chromosomes), small scale gains
(47-55 chromosomes) and large-scale gains (>56 chromosomes). (B) Bar graphs presenting three
biological replicates of the frequencies of aberrant chromosome spreads following RBX! silencing
(N = 3; > 100 spreads analysed/condition). The total fold increase in aberrant chromosome spreads
is presented above each bar. (C) Dot plot reveals significant increases in the frequencies of aberrant
chromosome complements following RBXI silencing in three biological replicates. The fold
increase in aberrant spreads relative to siControl is presented at the top of each column (Student’s
t-test; p-value < 0.05, * p-value < 0.05; ** p-value < 0.01). Red bars identify mean values.
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Next, we determined the impact reduced RBXI expression has on CIN-associated
phenotypes in the A1309 cell line. Overall, qualitative assessment of nuclear areas revealed
increases in nuclear areas in the silenced populations relative to siControl (Figure 4-8A4). Further
analyses of nuclear area cumulative distribution frequencies (Figure 4-8B) revealed statistically
significant increases (two-sample KS test; p-value <0.0001; Table S4, page 74) in nuclear areas in

all A1309 silenced conditions relative to siControl.
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Figure 4-8. Reduced RBX1 Expression Corresponds with Significant Increases in Nuclear
Areas in A1309 Cells.

(A) Hoechst-counterstained images of nuclei depicting qualitative increases in nuclear areas
following RBX1 silencing relative to siControl. (B) Statistically significant increases in cumulative
nuclear area distribution frequencies in three biological replicates following RBXI silencing
relative to siControl (two-sample KS test; na = not applicable; ****p-value < 0.0001; N = 3,
n=6; >1000 nuclei imaged/silencing condition).
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Next, we performed micronucleus formation analyses that revealed reduced RBXI
expression corresponds with increases in micronuclei (Figure 4-6A4). More specifically,
statistically significant increases (MW test; p-value <0.05; Table S5, page 75) in micronucleus
formation was observed in all three biological replicates in the A1309 cell line. Accordingly, RBX1
silencing resulted in a ~3- to ~10-fold increase in micronucleus formation relative to siControl in

A1309 cells (Figure 4-9).
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Figure 4-9. Diminished RBXI Expression Underlies Significant Increases in Micronucleus
Formation in A1309.

Dot plots of three biological replicates reveal an overall increase in the frequency of micronucleus
formation following RBXI silencing. Increases are statistically significant in all replicates relative
to siControl (Mann-Whitney [MW] test; ** p-value < 0.01). Median values are indicated by the
red bars. (N = 3, n=6; >1000 nuclei imaged/silencing condition).

To directly assess chromosome numbers, a minimum of 100 mitotic chromosome spreads
were generated and analyzed per silencing condition. The A1309 cell line also has a modal number
of 46 and aberrant chromosome spreads were subcategorized as losses, small gains and large gains
(Figure 4-10A4). According to (Figure 4-10B), Replicate 1 exhibited variation ranging from 2.1- to
2.6-fold increase, while Replicate 2 demonstrated the largest increase in aberrant spreads (2.6- to
2.7-fold increase) relative to siControl. Replicate 3 showed the smallest range in aberrant spreads,
with 2.0- to 2.2-fold increase. Overall analyzes of all three replicates (Figure 4-10C) revealed
a 2.3- and 2.5-fold increase in aberrant chromosome numbers in siRBX1-4 and siRBX1-2
respectively, while siRBX1-P presented a 2.4- fold increase, which were determined to be

statistically significant when compared to siControl (Student’s t-test; p-value<0.05; Table S6, page
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Figure 4-10. Reduced RBX1 Expression Induces Increase in Aberrant Chromosome
Numbers in A1309.

(A) DAPI-counterstained mitotic chromosome spreads displaying the modal number of 46
chromosomes, chromosome losses (<46 chromosomes), small scale chromosome gains (47-55
chromosomes) and large chromosome gains (>56 chromosomes). (B) Bar graphs depicting
frequencies of aberrant chromosome spreads from three biological replicates after RBX1 silencing
(N = 3; >100 spreads per condition), with fold increases indicated above each bar. (C) Dot plot
reveals significant increases in the frequencies of abnormal chromosome complements following
RBX1 silencing in three biological replicates. The fold increase in aberrant spreads relative to
siControl is presented at the top of each column (Student’s t-test; N = 3, n >100 spreads/condition;
** p-value < 0.01, *** p-value < 0.001). Red bars represent mean values.

Collectively, the above data establish that RBX!/ silencing induces increases in nuclear
areas, micronucleus formation and aberrant chromosome numbers in two non-malignant colonic
epithelial cell contexts. Thus, these findings are consistent with RBX/ being a novel CIN gene that
may contribute to early CRC pathogenesis.
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4.4. AIM 2: To Determine the Impact Reduced RBX1 Expression has on CIN in a Malignant
Colorectal Cancer Context

4.4.1. RBXI can be Efficiently Silenced in HCT116 Cells, and its Reduced Expression
Corresponds with Substrate Accumulation

Western blot analysis was also performed in HCT116 cells to assess RBXI silencing
efficiency. According to Figure 4-11, RBXI silencing corresponded with decreases in RBX1
protein abundance, ranging from ~1 to ~3% of endogenous protein levels in the silenced conditions
relative to siControl. Decreased RBXI expression in a malignant CRC context also revealed
striking increases in Cyclin El protein levels (~960% to ~1801%) relative to siControl, which
indicates a disruption in the normal function of the SCF complex. Together, these findings
demonstrate that RBX1 can be effectively silenced in HCT116 cells, making it a relevant malignant

cell line model to assess the impact diminished RBX/ expression has on CIN in CRC.
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Figure 4-11. RBXI is Effectively Silenced in HCT116 and is Associated with Increases in
Cyclin E1 Levels.

Semi-quantitative western blot showing RBX1 silencing efficiency in HCT116 relative to siControl.
RBXI1 and Cyclin E1 abundance levels are normalized to the loading control (a-Tubulin) and are
presented relative to siControl above each column (N = 3).
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4.4.2. Reduced RBXI Expression Underlies Increases in CIN-Associated Phenotypes in
Malignant Colonic Epithelial Cells

To determine the impact reduced RBX/ expression has on CIN in a malignant context,
QuantIM techniques®> 8 were employed to assess changes in CIN-associated phenotypes in
HCT116. Overall, decreased RBX1 protein abundance in this cell line was associated with visual
increases in nuclear areas (Figure 4-12A4) and corresponded with statistically significant increases
in nuclear area distribution frequencies (two-sample KS test; p-value <0.0001; Table S7, page 76)

in three biological replicates (Figure 4-12B).
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Figure 4-12. RBXI Silencing Underlies Significant Increases in Nuclear Areas in HCT116.
(4) Low-resolution images of Hoechst-counterstained nuclei exhibiting visual increases in nuclear
areas following RBXI silencing relative to siControl. (B) Cumulative nuclear area distribution
frequency graphs from three biological replicates identify statistically significant increases in
nuclear areas following RBXI silencing relative to siControl (two-sample KS test; na = not
applicable; ****p-value < 0.0001; N = 3, n=6; >1000 nuclei imaged/silencing condition).
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Subsequent micronucleus formation analyses revealed a lower frequency in micronucleus
formation in HCT116 (Figure 4-13A4), which ranged from ~3- to ~5% in the silenced conditions
relative to siControl across all biological replicates (Figure 4-13B). More specifically, only 2
silenced conditions in replicates 1 (siRBX1-2 and siRBX1-P) and 3 (siRBX1-2 and siRBX1-4)
displayed statistically significant increases in micronucleus formation frequency relative to
siControl, while in Replicate 2 none of the silenced conditions were determined as statistically

significant (MW test; p-value<0.05; Table S8, page 77).
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Figure 4-13. Reduced RBXI Expression is Associated with Significant Increases in
Micronucleus Formation in HCT116

(A) Image of a Hoechst-counterstained nucleus with an associated micronucleus (arrowhead). (B)
Dot plots reveal increases in the frequencies of micronuclei formation in replicates 1 and 3
following RBX1I silencing. Statistically significant increases were observed in two replicates
following RBX1 silencing relative to siControl (Mann-Whitney [MW] test; ns = non-significant; *
p-value < 0.05; ** p-value < 0.01). Red bars represent median values. (N = 3, n=6; >1000 nuclei
imaged/silencing condition).
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Chromosome enumeration analysis revealed a similar trend in a malignant context. Recall
that HCT116 has a modal chromosome number of 45 and therefore, spreads with aberrant numbers
were subcategorized (Figure 4-14A4) as losses (<45 chromosomes), small-scale gains (46-54
chromosomes), and large-scale chromosome gains (>55 chromosomes). Interestingly, losses were
the most prevalent aberrant phenotype observed across all three biological replicates, followed by
spreads with small and large number of chromosomes gains, respectively (Figure 4-14B). More
specifically, replicate 1 had the largest increase in aberrant spreads (2.4- to 2.6-fold increase)
relative to siControl, followed by Replicate 2 (2.0- to 2.2-fold increase) and Replicate 3 (1.8- to
2.2-fold increase). Silenced conditions (Figure 4-14C) revealed a 2.2- fold increase in aberrant
chromosome numbers in siRBX1-2, while siRBX1-4 and siRBX1-P had 2.1-fold increases that
were statistically significant (Student’s t-test; p-value<0.05; Table S9, page 78).

The data presented above demonstrate that reduced RBX1 expression induced increases in
nuclear areas, micronucleus formation and aberrant chromosome numbers in HCTI116.
Collectively, the above findings coupled with those observed in non-malignant 1CT and A1309
cells, demonstrate that RBX/ silencing induces increase in the frequencies of CIN-associated

phenotypes suggesting that RBX/ is a novel CIN gene that may contribute to CRC pathogenesis.
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Figure 4-14. RBX1 Silencing Underlies Increase in Aberrant Chromosome Numbers in

HCT116.

(A) Mitotic chromosome spreads (DAPI-counterstained) depicting the modal number of 45
chromosomes, chromosome losses (<45 chromosomes), small scale chromosome gains (46-54
chromosomes) and large chromosome gains (>55 chromosomes). (B) Bar graphs demonstrate the
frequency of aberrant chromosome spreads after RBX/ silencing. Each graph represents one
biological replicate. Fold increases are indicated above each bar (N = 3; >100 spreads per
condition). (C) Dot plot depicting significant increases in the frequencies of aberrant chromosome
numbers after RBXI silencing in three replicates. Fold increases relative to siControl are displayed
below statistical information (Student’s t-test; N = 3, n >100 spreads/condition; * p-value < 0.05;

** p-value < 0.01). Red bars correspond to mean values.
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CHAPTER 5. SUMMARY AND DISCUSSION

5.1. SUMMARY

To address the hypothesis and research aims of the present study, I employed siRNA-based
gene silencing to assess the impact reduced RBX/ expression has on CIN and the potential
implications for early CRC development. Four individual siRNAs and one pooled siRNA were
used to perform both research aims. In Aim I, RBXI siRNA-based silencing resulted in overall
reduction in RBX1 abundance in two distinct non-transformed/non-malignant karyotypically
stable colonic epithelial cell lines (i.e. ICT and A1309). In Aim 2, siRNA gene silencing also
resulted in decreased RBXI expression and reduction of RBXI1 levels in one
transformed/malignant cell line (i.e. HCT116 cell line). Results from Aim [ demonstrate that
reduced RBX! expression in 1CT and A1309 corresponded with statistically significant increases
in CIN-associated phenotypes (i.e. nuclear areas, micronucleus formation and aberrant
chromosome numbers). Similar results were observed in Aim 2, where diminished RBXI
expression also resulted in statistically significant increases in nuclear areas, micronucleus
formation and aberrant chromosome numbers in HCT116. Additionally, it has been observed a
correlation between decreased RBX/ expression and increased in Cyclin E1 abundance in all
silenced conditions across both non-malignant and malignant colonic epithelial cell lines. Such
increases are a strong indication of SCF complex on-target effects and elucidates potential
mechanism by which reduction in RBX1 abundance may induce CIN. Thus, the data presented in
this study identify RBX1 as a novel CIN gene in non-malignant and malignant colonic epithelial
cell lines, suggesting that reduced RBX1 abundance may be a mechanistic event that contribute to

early CRC development.

5.2 DISCUSSION

5.2.1. RBX1 Silencing Corresponds with Larger Increases in Nuclear Areas that may be
Induced by Endoreduplication

CIN is the most prevalent genome instability phenotype in CRC, and it is defined by the
increase of rate in which whole chromosomes or chromosome fragments are gain or lost, resulting in
ongoing cell-to-cell heterogeneity!® !'. Accordingly, reduced RBX1 expression is expected to result
in gains or losses of chromosomes or chromosome complements, which would translate as
increases or decreases in nuclear areas and chromosome numbers. In spite of that, RBX/ induced
silencing using siRNAs only corresponded to increases in nuclear areas when compared to
siControl. Statistically significant increases in nuclear areas were observed in both non-malignant
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(i.e. 1CT and A1309) and malignant (i.e. HCT116) cell lines, which were consistent across all
biological replicates. Increases in nuclear areas are proposed to be a consequence of large-scale
changes in DNA content; however, analyses of mitotic chromosome spreads determined that
chromosome losses were the most frequent aberrant chromosome phenotype.

As demonstrated in the pilot siRNA-based screen (see Section 1.3.1), silencing of SCF
complex core members and F-box proteins resulted in changes in nuclear areas that varied
according to the silenced gene and corresponded mostly with increases in nuclear areas (including
RBXI1 silencing); however, decreases in nuclear areas were also observed in some cases.
Additionally, data from an RBXI silencing study in high-grade serous carcinoma (HGSC) using
both siRNA and CRISPR-Cas9 also resulted in increases in nuclear areas in FT194 and FT246 cell
lines®, which are consistent with the findings of the present study and might be a result of
polyploidy-related mechanisms. It has been established that large-scale chromosome gains (i.e.
polyploidy) are well tolerated in nature as plants, animals and some types of human cells (i.e.
megakaryocytes, hepatocytes and cardiomyocytes) and are able to have normal physiological
function!®* 134, Additionally, polyploidy can be observed in many different types of malignancies,
including CRC, and it is proposed to participate in tumour initiation and treatment resistance'3*
135

On the other hand, chromosome losses may reflect the loss of genes that are essential to
regulate normal cellular processes. Studies using HeLa (cervical cancer) and T98G (glioblastoma)
cell lines demonstrated that chromosome losses are less tolerated when compared to large-scale
chromosome gains!*®. Thus, mitotic chromosome spreads containing less that 32 chromosomes
were not identified in RBX1 silenced cells on the present study. Therefore, large-scale gains of
chromosomes are more likely to be tolerated by cells, which may partially explain the prevalence
of increases (rather than decreases) in nuclear areas in CIN assays performed in RBXI silenced
populations. Results from mitotic chromosome spreads enumeration performed in both non-
malignant and malignant cell lines presented a high frequency of chromosome losses rather than
large scale chromosome gains (i.e. > 10 chromosomes). Discrepancies between increases in
nuclear areas and prevalence of chromosome losses may be partially explained by limitations
involving the assessment of asynchronous populations, distinct biological mechanisms and how
CIN assays were performed. For instance, nuclear area analyses are performed on interphase cells
(~95% of cells)'?, and automatically excludes mitotic cells as their nuclear envelop is not present,

whereas to generate mitotic chromosome spreads, cells are submitted to a relatively short period
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of Colcemid treatment to arrest cells that are undergoing mitosis. Thus, as cell populations are
asynchronous, only cells capable of entering and remaining in mitosis are assessed (~5% cells)!°.

Increases in nuclear areas may also be a result of cells undergoing endoreduplication, when
cells fail to enter mitosis and undergo additional rounds of DNA duplication®. Thus, cells
undergoing endoreduplication may be better represented on the assays that assess nuclear areas
rather than the analysis of mitotic chromosome spreads. Previous studies showed evidence that
silencing of SCF complex members (e.g., SKP1, SKP2 and EMII) corresponded with increases in
endoreduplication events in CRC context!'® 8%, Accordingly, ~33% of large-scale chromosome
gains observed upon EMI] silencing demonstrated evidence of endoreduplication®®, while ~50% -
90% of SKP2 large-scale chromosome gains displayed a similar phenotype in colonic epithelial
cell lines!?. Therefore, increases in nuclear areas in RBX1 silenced conditions may also be a result
of endoreduplication.

Lastly, studies reveal an association between endoreduplication, and genomic amplification
and ectopic overexpression of the CCNEI' 137, Recall that decreased RBX1 abundance is
associated with increases in Cyclin El levels in both non-malignant and malignant cell lines.
Cyclin EI is an oncoprotein and known target of the SCF complex and participates in DNA
replication and genome stability and coordinates the G1 to S-phase transition in the cell cycle!®
137 Thus, increases in Cyclin E1 abundance are predicted to phenocopy genomic amplification and
may induce endoreduplication. Interestingly, silencing of SCF complex core members in CRC and
HGSC corresponded with increases in Cyclin E1 levels and endoreduplication® %

Collectively, data presented in this thesis support the hypothesis that decreased RBXI
expression may play a role in CIN in CRC through mechanisms linked to endoreduplication.
Additionally, CIN is a dynamic phenotype and differences between nuclear areas and mitotic

chromosome spreads highlights the importance of distinct and complementary approaches to

evaluate phenotypes associated with this genome instability markers.
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5.2.2. RBXI Silencing Corresponds with Variable CIN Phenotypes in Non-Malignant and
Malignant Colonic Epithelial Cell Lines

According to the data presented in this study, RBX/ was identified as a novel CIN gene in
both non-malignant and malignant colonic epithelial cell lines. However, differences in the
occurrence and frequence of CIN phenotypes were observed between silenced conditions,
biological replicates and across distinct colonic epithelial contexts, which may be a result of
limitations regarding the techniques employed and distinct genetic profiles among the cell lines. It
is also relevant to highlight that variations in phenotypes are a consequence of the chromosome
dynamics that arise from CIN. Although semi-quantitative analyses revealed consistent RBX/
silencing between distinct silencing conditions in all cell lines (< 6% of RBX1 abundance in the
silenced condition relative to control), siRNA based silenced experiments revealed distinct CIN
phenotypes.

While statistically significant results were observed for all three CIN phenotypes assessed
in RBX1 silenced conditions relative to siControl in both non-malignant and malignant cell lines
(see Section 4), micronucleus formation analysis displayed distinct frequencies across all silenced
conditions and replicates. More specifically, variations within non-malignant cell lines were
observed, as the frequency of micronucleus formation in 1CT (~2% - 4%, Table S2, page 73) was
lower when compared to the A1309 cell line (~3% - 10%, Table S5, page 75). Such discrepancies
may arise from variabilities in siRNA transfection efficiency and RBX1 abundance, as variations
in silencing efficiency are expected between cells within the same population and across distinct
biological replicates. Additionally, semi-quantitative analysis of proteins from bulk populations
fail to determine differences in RBX1 abundance between individual cells; therefore, differences
in RBX1 silencing and RBX1 abundance between cells could partially explain the variations
observed in micronucleus formation assays.

Underlying mutations present in the cell lines (see Table 3-1, page 20) may also impose a
synergistic effect along with decreased RBXI expression, which may also result in differences in
the frequency of micronucleus formation among colonic epithelial cell lines. For instance, 1CT
exhibit wild type KRAS, TP53 and APC, while A1309 (a cell line derivative of 1CT) exhibit
mutation in the KRAS gene, as well as ~50% knockdown of 7P53 and truncated expression of
APC>*, Accordingly, previous studies'3® 13 revealed that expression of KRAS mutations may be
linked to the onset of lagging chromosomes and contribute to defects in chromosome segregation
and increase in the frequency of micronuclei in A1309. Additionally, APC mutation is linked not

only to polyp formation in the colon but also plays an important role in microtubule stabilization
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and normal chromosome segregation activity!#’. Therefore, the presence of truncated APC may
play a role in the high levels of micronucleus formation observed in the silenced conditions in the
A1309 cell line when compared to siControl. The 7P53 mutation in A1309 may also contribute to
this phenotype, as the gene is involved in repairing double-strand DNA breaks and triggering
apoptosis in response to DNA damage!!.

Regarding the malignant context, the frequency of micronucleus formation in HCT116
ranged from ~1% to 6% (Table S8, page 77); however, it was not determined as statistically
significant in all biological replicates. Recall that HCT116 (see Table 3-1, page 20) also expresses
mutant KRAS and exhibit microsatellite instability (MLHI mutation); thus, mutant KRAS and the
combination of two distinct genome instability phenotypes (microsatellite instability and CIN)
may promote extreme levels of DNA damage, leading to decreased fitness and survival, and
increased levels of apoptosis in those populations, which might explain the variations observed in
micronucleus formation events in HCT116 cells when compared to non-malignant cell contexts.

Although decreased RBX1 expression coupled with underlying mutations described in non-
malignant and malignant cell lines alone do not contribute to increases in nuclear areas,
micronucleus formation and aberrant chromosome numbers, the collective data presented in the
literature and in this study suggest that they are strongly associated with the onset of dynamic CIN-

associated phenotypes and the variations observed in the assays employed.

5.2.3. RBX1 Silencing may Induce CIN-associated Phenotypes through Aberrant Increases
in Cyclin E1

Data presented in this thesis revealed that RBX1 silencing results in statistically significant
increases in CIN phenotypes (i.e. nuclear areas, micronucleus formation and aberrant chromosome
numbers) in colonic epithelial cell lines. A possible mechanism that could partially explain
increases in CIN is Cyclin E1 accumulation, which phenocopies genomic amplification and may
contribute to pathogenesis in many cancer types, including CRC3® 100. 142, 143~ Ag previously
described, decreased RBX1 expression corresponded with increases in Cyclin E1 accumulation in
both non-malignant and malignant cell lines. Although RBX/ silencing resulted in Cyclin E1
accumulation in distinct cell lines, Cyclin E1 levels varied within distinct silencing conditions and
cell lines. As a critical regulator of the cell cycle, this protein coordinates the G1 to S-phase

10, 137

transition . However, as it is cell cycle dependent, the prevalence of cell cultures with

asynchronous populations may explain the variation in protein expression levels. Interestingly,
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HCT116 displayed striking levels of Cyclin E1 accumulation (~1801%, Figure 4-11) when
compared to the non-malignant cell lines (~534% in 1CT and ~223% in A1309, Figure 4-4). A
possible explanation for such high increases in HCT116 may be associated with its genetic profile.
Recall the HCT116 is a malignant colonic epithelial cell line that has a mutation in the MLH1 gene
(see Table 3-1); thus, a possible synergistic mechanism may exist where inducing CIN in a
malignant cell line with underlying genome instability mutation corresponds with high Cyclin E1
levels. Furthermore, increases in nuclear areas followed by silencing of SCF complex members in
HGSC and CRC studies also corresponded with increases in Cyclin El levels and
endoreduplication events®®*?. Additionally, others have shown that CCNE1 overexpression results
in genomic instability and was associated with replication stress, chromosome segregation defects,

aneuploidy, defects in mitotic spindle and centrosome amplification in mice and human cells!*

147 Thus, increases in Cyclin E1 levels in RBX1 depleted colonic epithelial cell lines is not only
an indication of impaired SCF complex function, but also a mechanism that may strongly
contributes to CIN and the increases observed in CIN-associated phenotypes in CRC. To validate
whether or not increased Cyclin E1 abundance plays a role in CIN, previous studies performed
phenotypic rescue experiments”. Accordingly, CIN-associated phenotypes were assessed upon
silencing of SCF complex members alone and also co-silenced with CCNEI. Results revealed that
CCNE] co-silencing rescued ~50% of the aberrant CIN phenotypes when compared to silencing
of an SCF complex member alone®, which supports the possibility that Cyclin E1 accumulation
is a contributing mechanisms underlying CIN in CRC and HGSC3¢ %, 1t is important to highlight
that the SCF complex is responsible to polyubiquitinate hundreds of protein substrates (see Section
1.3) whose misregulation and accumulation may also contribute to CIN and CRC pathogenesis®™.

In conclusion, the present thesis identifies RBX/ as a novel CIN gene in both non-malignant
and malignant colonic epithelial cell lines, providing new insights into how decreased RBX1
expression impacts CIN and may contribute to early events associated with CRC development.
However, future studies are required to obtain mechanistic insight into how decreased RBX1

expression may impact cellular transformation phenotypes and how this genetic alteration may be

exploited in the development of novel therapeutic strategies.
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CHAPTER 6. FUTURE DIRECTIONS, CONCLUSIONS AND SIGNIFICANCE

6.1. FUTURE DIRECTIONS

The results of the present study identified RBX/ as a novel CIN gene in CRC, as its reduced
expression corresponded with increases in CIN associated phenotypes (i.e. increases in nuclear areas,
micronucleus formation and increases in aberrant chromosome numbers) in karyotypically stable non-
malignant and malignant colonic epithelial cell models. Moving forward, studies aimed at determining
the long-term impact reduced RBXI expression has on CIN using clinically relevant models (i.e.
RBXI™" clones) are essential to assess the ongoing chromosome alterations that arise from CIN as well
as how they impact CIN associated phenotypes and cellular transformation in CRC context. Lastly, as
previously stated, ~34% of patients with CRC harbor RBX1 shallow deletions!?* 128 129; therefore,
understanding the molecular mechanisms giving rise to CIN may offer new perspectives into the
development of novel therapeutic strategies that would potentially improve the lives of patients that

exhibit RBX1 shallow deletions.

6.1.1. Determining the Long-term Impact Reduced RBXI Expression has on CIN Using
RBXTI"" Clones

According to publicly available TCGA data!** accessed through cBioPortal (see Section
4.1), reduced RBXI expression is a clinically relevant phenomenon as ~34% of CRC patients
harbour heterozygous loss, while only 3% of the cases correspond with gains in RBXI copy

numberslz“’ 128, 129

. Although transient siRNA-based silencing induced increases in CIN
phenotypes in distinct colonic epithelial cell lines, CIN is a dynamic event that drives ongoing
karyotypic heterogeneity'> 3% 8, Therefore, the use of RBXI*" clones to perform long-term assays
would provide novel understanding regarding CRC patients with a similar genetic profile. Accordingly,
the McManus laboratory developed a research pipeline using a two-step CRISPR-Cas9 to generate
heterozygote clones in colonic epithelial cell lines. CRISPR-Cas9 is a gene-editing technology that
employs the use of guide RNAs and the Cas9 endonuclease'!- 85 3¢, Briefly, cells are transduced with
lentiviral particles that contain guide RNAs targeting the gene of interest or a non-targeting guide RNA
control, which are designed to co-express blue fluorescent protein (BFP)!!- 8% 86, Cells that are BFP+
are isolated using fluorescence-activated cell sorting (FACS) and are subsequently transfected with a
plasmid that co-expresses Cas9 and green fluorescent protein (GFP). Transfected cells are subjected to
FACS, whereby BFP+/GFP+ cells are isolated and clonally expanded'!: 8% 86, Semi-quantitative
western blot can be used to evaluate the protein expression profiles of the clones and compared to a

non-targeting control population. Potential RBX7*" clones are identified and validated using PCR and
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DNA sequencing, which can then be used in long-term CIN assays'! 858, At least two distinct RBX1""
clone populations and a non-targeting control would be selected to properly assess the ongoing
dynamic changes that arise from RBXI heterozygote loss. Briefly, CIN phenotypes (i.e. nuclear area
changes, micronucleus formation and aberrant chromosome numbers) would be assessed every two
weeks (every four passages) for a total of ~2.5 months. Ultimately, long-term CIN assays would be
used to provide novel insights into the molecular mechanisms that underly the ongoing chromosome

alterations related to CIN in CRC pathogenesis.

6.1.2. Evaluating Cellular Transformation Phenotypes Using RBXI*" Clones

Cellular transformation events represent biological processes that precede tumour initiation,
progression and metastasis. It is a multistep process in which normal somatic cells acquire cancer-like
genotypic and phenotypic alterations that enable changes in cellular growth, proliferation and
metastasis'*® 149, Colonic epithelial cell lines harboring RBX1 heterozygote loss would also represent
a relevant model to perform cellular transformation experiments, as they mimic the clinical status of
~34% of CRC patients!?* 128 129" Therefore, to evaluate cellular transformation phenotypes,
experiments that investigate cell proliferation, contact inhibition, and 3D colony formation
mechanisms in early (p0) and late passage (p20) cells would be highly beneficial®. Aberrant rates
in cell proliferation constitute one of the known hallmarks of cancer, where cells exhibit high rates
of growth and division'*. Accordingly, following research pipelines for proliferation assays,
RBXI' clones and a NT-Control would be seeded based on pre-determined cell densities and
monitored overtime. For instance, assays such as CellTiter-Glo can determine the number of viable
cells based on the levels of adenosine triphosphate (ATP), while Real-Time Cell Analysis (RTCA)
uses non-invasive microelectronic sensors that monitor cell-proliferation in real-time. Non-
targeting controls are seeded for both assays, which are based on pre-defined densities, and results
are used to calculate and compare the correspondent proliferation rates®® %%, Contact inhibition
experiments also play an important role for the evaluation of cellular transformation
characteristics. These assays are based on regulatory mechanisms where non-transformed cells
stop migrating and do not proliferate upon contact with surrounding cells, which can also be
monitored by RTCA analysis® 15!, Lastly, 3D colony formation assays are also a valuable tool in
cancer research which evaluates the anchorage-independent growth of cells. This assay relies on
the ability transformed cells have to grow regardless of being on a solid surface!>2. To perform this
experiment, cell culture plates receive a bottom layer of agarose diluted in cell media. Distinct

RBXI"" clonal isolates (i.e. p0 and p20) and a NT-Control (i.e. HCT116 cells) are seeded individually
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on a second layer of agarose containing cell media and cell suspension with pre-determined seeding
densities. Following that, plates receive a third layer of only cell media, which is regularly refreshed
on a weekly basis for a total of four weeks!® 12, After that period, cells are fixed with PFA and stained
with crystal violet prior to their assessment. Ideally, using RBX1* clones to perform cell proliferation,
contact inhibition, and colony formation assays would provide novel insights into how decreased

RBX1 expression impacts cellular transformation phenotypes.

6.1.3. Exploiting Reduced RBX Expression in Novel Diagnostic and Therapeutic Strategies

As presented in Figure 4-1A (see Section 4), RBX1 heterozygote loss is present in several solid
cancer types. Genome instability data revealed that CRC patients with RBX1 copy number losses were

124,128,129 gyogesting that

associated with decreased mRNA expression and worse survival outcomes
reduced RBX1 expression may be implicated with early CRC development, cell survival advantages,
and multi-drug resistance. As a novel treatment alternative, synthetic lethality (SL) represents a
breakthrough in cancer therapy. Previous studies using Drosophila melanogaster and yeast model
systems led to the discovery of synthetic lethal interactions, when cellular or organism lethality is
caused by the combination of two distinct and viable gene mutations in a single cell®*. More
specifically, two genes are considered synthetic lethal when the deletion of either gene alone is viable,
but the deletion of both genes leads to cell death!>. For instance, BRCAI/BRCA2 are tumour
suppressor genes that are normally required to maintain genome stability as they play key roles in DNA
homologous recombination repair (HR)* !5 134 SL interactors often share similar biological
mechanisms; thus, only one functional BRCA1/2 copy can still provide a compensatory HR function*
153,133 "However, cancers harboring BRCA1/2 mutations are forced to rely on PARPI [poly (ADP-
ribose) polymerase-1]-dependent repair mechanisms. PARP1 is an abundant nuclear protein whose
expression is activated as a response to DNA breaks, leading to the recruitment of several DNA repair
proteins. As one of the most relevant SL models, PARP inhibitors (i.e. Olaparib and Niraparib) are used
to exploit breast and ovarian cancers harboring BRCA1/2 mutations'*>, They represent a class of drugs
that pharmacologically inhibits PARP enzymatic activity, preventing cells from repairing damaged
DNA, which ultimately leads to reduction in cell growth and eventual cell death®* 153154, Accordingly,
to provide new insights into SL mechanism targeting cells with decreased RBX1 expression, RBX1""
clones would also represent a relevant heterozygous model that could be used for the identification of
novel SL drug interactions that selectively target and induce apoptosis. A recent study performed by
the McManus laboratory identified and characterized a novel SL interaction between a CIN gene in

CRC (FBX07) and CHEK 1'%%. Accordingly, inhibition of CHEK (either by siRNA or pharmacological
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interaction) in human colonic epithelial cell lines that are FBX07-deficient resulted in an increase in
DNA double-strand break and apoptosis, which are indicated by increases in y-H2AX foci formation
and cleaved caspase-3 signals'>®. Additionally, proteolysis targeting chimeras (PROTACs) represent
an emerging cancer therapeutic strategy that in essence can virtually target any protein. PROTACs is a
hetero-bifunctional molecule that works by selectively polyubiquitinating specific proteins for
proteolytic degradation'>” 138, Thus, RBX1"" clones could also be employed on PROTAC assays that
selectively target the accumulation of oncoproteins (i.e. Cyclin E1) resulting from decreased RBX1
expression and SCF complex disfunction®. Therefore, the development of novel SL and PROTAC
studies that specifically exploit RBX1 heterozygous loss and associated mechanisms would ultimately
improve the poor prognosis and increased mortality rates associated not only with CRC but also

additional tumours harboring RBX1 deficiency.

6.2. CONCLUSION AND SIGNIFICANCE

The collective data presented in this thesis along with the current literature provided new
insights into the molecular mechanisms that drive CIN and offered a novel perspective of how reduced
RBX1 expression induces CIN and its potential impact on early CRC development. Thus, results
presented on this research have identified RBX/ as a novel CIN gene in both non-malignant and
malignant colonic epithelial cell lines, as decreased RBX1 expression corresponds with statistically
significant increases in cell-to-cell heterogeneity, nuclear areas, micronucleus formation and aberrant
chromosome numbers. These data also support that RBX7 plays an important role on genome stability,
cell cycle progression and CRC development. Recall that in 2025 ~ 26,400 patients were diagnosed
with CRC in Canada and ~9,100 deaths were observed in that year®; thus, further investigation is
necessary to gain novel perspective into additional underlying mechanisms associated with early CRC
development and aberrant expression of RBX/ and additional SCF complex members. Therefore,
advancing the understanding into the etiological mechanisms that drive CIN and tumour development
is critical for the development of novel therapeutic strategies that will eventually impact the lives of

patients with RBX1 copy number losses in cancers that harbor a similar genetic profile.
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APPENDIX A: SOLUTIONS
CELL CULTURE

Ix McCoy’s SA Complete Culture Medium + 10% Fetal Bovine Serum (FBS)

Name Amount

McCoy’s 5SA Medium (HyClone) 450.0 mL

FBS (Sigma-Aldrich) 50.0 mL

Total Volume 500.0 mL

Ix X-Medium + 2% Cosmic Calf Serum (CCS)
Name Amount
Dulbecco’s Modified Eagle Medium (DMEM) with High Glucose (HyClone) 780.0 mL
Medium 199 (HyClone) 195.0 mL
Epidermal Growth Factor (EGF) (PeproTech; 20 ng/mL) 20.0 uLL
Insulin (Sigma; 10 pg/mL) 5.0 mL
Apo-transferrin (Sigma; 2 ng/mL) 40 uL
Hydrocortisone (Sigma; 1 pg/mL) 50 uL
Sodium selenite (Sigma; 5 nM) 1.0 uL
CCS (HyClone) 20.0 mL
Total Volume ~1.0L

Combine first seven ingredients

Cupric Sulfate Pentahydrate

Name Amount

Cupric Sulfate Pentahydrate 260¢g

Milli-Q Water Uptol.0L

Total Volume 1.OL

10x Phosphate-Buffered Saline (PBS; Stock Solution)

Name Amount

NaCl 80.0¢g

KCl 20g

Na2HPO4 144 ¢

KH2PO4 24 ¢

Milli-Q Water Uptol.0L

Total Volume 1.OL

Titrate to pH 7.4
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1xPBS (Working Solution)

Name Amount
10x PBS (Stock Solution) 100.0 mL
Milli-Q Water 900.0 mL
Total Volume 1.OL

GENE SILENCING

1x siRNA Buffer
Name Amount
5x siRNA Buffer (Dharmacon) 100.0 uL
Diethyl pyrocarbonate (DEPC)-treated Water 400.0 uL
Total Volume 500.0 uL

WESTERN BLOT

Modified Radioimmunoprecipitation Assay (RIPA) Buffer
Name Amount
50 mM Tris — pH 8.0 5.0 mL
150 mM NaCl 7.5 mL
SDS (Sodium Dodecyl Sulfate; 0.1% [w/v]) 500.0 uL
Sodium Deoxycholate (0.5% [w/v]) 05¢g
NP40 (1% [w/v]) 1.0 mL
Milli-Q Water Up to 100 mL
Total Volume 100.0 mL

Protect from light and store at 4 °C

25x Protease Inhibitor

Name Amount

Protease Inhibitor Complete EDTA-free (Roche) 1 tablet

Milli-Q Water 2.0mL

Total Volume 2.0mL

Vortex tablet fully until dissolved
Store aliquots at -20 °C
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Protein Extraction Buffer

Name Amount
Modified RIPA Buffer 955.0 uL
25x Protease Inhibitor 45.0 uL
Total Volume 1.0 mL

4x Tris-HCI/SDS, pH 6.8 (0.5M Tris-HCI Containing 0.4% SDS)
Name Amount
Tris 6.05¢g
SDS 20¢g
Milli-Q Water Up to 100 mL
Total Volume 100.0mL

Titrate to pH 6.8 with 1N HCI

Store at 4 °C

6x SDS Sample Loading Buffer
Name Amount
4x Tris-HCI/SDS 6.5 mL
Glycerol 3.0mL
SDS 1.0 mL
-mercaptoethanol 600.0 pL
Bromophenol Blue 1.2 mg
Total Volume ~10.0 mL

Store in 0.5 mL aliquots at -20 °C; warm to RT before use

10x Running Buffer (Stock Solution)
Name Amount
Tris Base 300¢g
Glycine 144.0 g
SDS 100 g
Milli-Q Water Uptol.OL
Total Volume 1.0OL
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Ix Running Buffer (Working Solution)

Name Amount
10x Running Buffer (Stock Solution) 100.0 mL
Milli-Q Water 900.0 mL
Total Volume 1.0L
1x Transfer Buffer

Name Amount
10x Running Buffer (Stock Solution) 50.0 mL
Methanol 100.0 mL
Milli-Q Water 350.0 mL
Total Volume 500.0 mL

Copper Phthalocyanine 3,4’ ,4°° ,4”*’-tetrasulfonic acid Tetrasodium Salt (CPTS)

Name Amount
CPTS 50.0 mg
HCI 1.0 mL
Milli-Q Water Uptol.0L
Total Volume 1.0L

10x Tris Buffered Saline (TBS; Stock Solution)
Name Amount
NaCl 80.0¢g
KCI 20¢g
I M Tris—pH 7.5 250.0 mL
Milli-Q Water Uptol.0OL
Total Volume 1.0L

I1x TBS-Tween20 (TBST)
Name Amount
10x TBS (Stock Solution) 100.0 mL
Tween20 1.0 mL
Milli-Q Water Uptol.0L
Total Volume 1.0L

Non-fat Milk Blocking Solution (5% [w/v])
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Name Amount
Non-fat Milk Powder (Carnation) 50g
Ix TBST Up to 100.0 mL
Total Volume 100.0 mL
CHROMOSOME INSTABILITY ASSAY
Paraformaldehyde Fixative (4% [w/v])
Name Amount
Paraformaldehyde (VWR Canlab) 04¢g
1x PBS 10.0 mL
Total Volume 10mL
Bring to a slight boil to dissolve paraformaldehyde, cool to RT prior to use
Hoechst 33342 (1 mg/mL, Stock Solution)
Name Amount
Hoechst 33342 (Thermo Scientific) 10.0 mg
Ix PBS Upto 10 mL
Total Volume 10mL
Protect from light and store at -20 °C
Hoechst 33342 (300 mg/mL, Working Solution)
Name Amount
Hoechst 33342 (Stock Solution) 7.0 uL.
I1x PBS Up to 25.0 mL
Total Volume 25mL
Protect from light and store at -20 °C
Colcemid (100 ng/mL, Working Solution)
Name Amount
KaryoMAX Colcemid (Gibco; 10 pg/mL) 10.0 uL
Complete Cell Culture Medium 990.0 pL
Total Volume 1.0 mL
KCI (1 M, Stock Solution)
Name Amount
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KCl 75¢g
Milli-Q Water Up to 100.0 mL
Total Volume 100.0 mL
KCI (75 mM, Working Solution)
Name Amount
KCI (1 M, Stock Solution) 7.5 mL
Milli-Q Water 92.5mL
Total Volume 100.0 mL
3:1 Methanol Acetic Acid (Fixative)
Name Amount
Methanol 12.0 mL
Acetic Acid 4.0 mL
Total Volume 16.0 mL
4’ ,6-Diamidino-2-phenylindole (DAPI; 50 pg/mL Stock Solution)
Name Amount
DAPI (Sigma-Aldrich; 5 mg/mL) 10.0 uL
1x PBS 990.0 pL.
Total Volume 1.0 mL
Protect from light and store at 4 °C
DAPI Mounting Media
Name Amount
DAPI (Sigma-Aldrich; 5 mg/mL) 10.0 uL
1x PBS 990.0 pL.
Total Volume 1.0 mL

Protect from light and store at 4 °C
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APPENDIX B: SUPLEMENTARY TABLES

Table S1. Two-sample KS Test Reveals Significant Increases in Nuclear Area Distributions
Following RBXI Silencing in 1CT

Condition nA p-value® Significance®
Replicate 1
siControl >1000 - )
-siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k ok ok
Replicate 2
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *3k ok ok
Replicate 3
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k %k

ANumber of nuclei analyzed

Bp-values calculated from two-sample KS tests for the listed condition relative to siControl (non-targeting siRNA)
“Significance level (**** p-value < 0.0001)
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Table S2. MW Tests Identify Significant Increases in the Frequencies of Micronucleus
Formation Following RBX1 Silencing in 1CT

Mean
Condition n? Nuceleus Mgs:nl\t%N M;I?\I;F% p-value® Sig.©
Count®
Replicate 1
siControl 6 1432 41 3 - -
siRBX1-2 6 512 17 3 0.1548 ns
siRBX1-4 6 438 19 4 0.0130 *
siRBX1-Pool 6 450 18 4 0.0465 *
Replicate 2
siControl 6 570 9 2 - -
siRBX1-2 6 200 7 4 0.0043 **
siRBX1-4 6 282 8 3 0.0465 *
siRBX1-Pool 6 230 7 3 0.0465 *
Replicate 3
siControl 6 2557 24 1 - -
siRBX1-2 6 616 15 4 0.0011 **
siRBX1-4 6 880 21 2 0.0076 *x
siRBX1-Pool 6 935 17 2 0.0022 **

ANumber of wells analyzed

BNumber of nuclei analyzed per well

“Mean number of micronuclei counted per well

PMean percent of micronucleus formation (micronucleus count/nucleus count x 100)
FMedian fold change in micronucleus formation relative to siControl

FSignificance level (ns, not significant; * p-value < 0.05; ** p-value<0.01)
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Table S3. Student’s T-Tests Identify Significant Increases in the Frequency of Aberrant
Chromosome Numbers Following RBX1 Silencing in 1CT

Condition nA NB p-value® Significance?
siControl 300 3 - -
siRBX1-2 300 3 0.0021 ok
siRBX1-4 300 3 0.0327 *
siRBX1-Pool 300 3 0.0315 *

A“Number of mitotic chromosome spreads analyzed
PNumber of biological replicates

p-values calculated from Student’s t-tests for the listed condition relative to siControl (non-targeting siRNA)
PSignificance level (* p-value < 0 .05; ** p-value < 0.01)

Table S4. Two-sample KS Test Reveals Significant Increases in Nuclear Area Distributions
Following RBX1 Silencing in A1309

Condition nA p-value® Significance®
Replicate 1
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k %k
Replicate 2
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k %k
Replicate 3
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k %k

ANumber of nuclei analyzed

Bp-values calculated from two-sample KS tests for the listed condition relative to siControl (non-targeting siRNA)
“Significance level (**** p-value < 0.0001)
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Table S5. MW Tests Identify Significant Increases in the Frequencies of Micronucleus
Formation Following RBX1 Silencing in A1309

Mean
Condition nA Nuceleus MCes::nl\t%N 1\1/::;1;3" p-value® Significance"
Count®
Replicate 1
siControl 6 1020 32 3 - -
siRBX1-2 6 249 24 10 0.0011 **
siRBX1-4 6 288 27 9 0.0011 **
siRBX1-Pool 6 321 30 10 0.0022 **
Replicate 2
siControl 6 7656 80 1 - -
siRBX1-2 6 1500 41 3 0.0011 **
siRBX1-4 6 1777 60 3 0.0011 **
siRBX1-Pool 6 1491 50 3 0.0011 **
Replicate 3
siControl 6 5615 111 2 - -
siRBX1-2 6 1477 76 5 0.0011 sk
siRBX1-4 6 2565 85 3 0.0076 ok
siRBX1-Pool 6 2307 82 4 0.0043 ok

ANumber of wells analyzed

BNumber of nuclei analyzed per well

“Mean number of micronuclei counted per well

PMean percent micronucleus formation (micronucleus count/nucleus count x 100)
FMedian fold change in micronucleus formation relative to siControl
FSignificance level (** p-value < 0.01)
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Table S6. Student’s T-Tests Identify Significant Increases in the Frequency of Aberrant
Chromosome Numbers Following RBX1 Silencing in A1309

Condition nA NB p-value® Significance?
siControl 300 3 - -
siRBX1-2 300 3 0.0002 oA
siRBX1-4 300 3 0.0046 roE
siRBX1-Pool 300 3 0.0049 *x

A“Number of mitotic chromosome spreads analyzed

BNumber of biological replicates

“p-values calculated from Student’s t-tests for the listed condition relative to siControl (non-targeting
siRNA)

PSignificance level (** p-value < 0.01; *** p-value < 0.001)

Table S7. Two-sample KS Test Reveals Significant Increases in Nuclear Area Distributions
Following RBX]1 Silencing in HCT116

Condition nA p-value® Significance®
Replicate 1
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k %k
Replicate 2
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k ok ok
Replicate 3
siControl >1000 - }
siRBX1-2 >1000 <0.001 ook ok
siRBX1-4 >1000 <0.001 ook ok
siRBX1-Pool >1000 <0.001 *k %k

ANumber of nuclei analyzed

Bp-values calculated from two-sample KS tests for the listed condition relative to siControl (non-targeting siRNA)
“Significance level (**** p-value < 0.0001)
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Table S8. MW Tests Identify Significant Increases in the Frequencies of Micronucleus
Formation Following RBX1 Silencing in HCT116

Mean
Condition nA Nuceleus Mces::nl\t%N h;:;;? p-value® Significancef
Count®
Replicate 1
siControl 6 1303 22 2 - -
siRBX1-2 6 321 10 3 0.0130 *
siRBX1-4 6 314 17 5 0.1970 ns
siRBX1-Pool 6 442 22 5 0.0325 *
Replicate 2
siControl 6 429 5 2 - -
siRBX1-2 6 50 1 2 0.3301 ns
siRBX1-4 6 117 2 2 0.3496 ns
siRBX1-Pool 6 62 4 6 0.0898 ns
Replicate 3
siControl 6 135 2 1 - -
siRBX1-2 6 242 6 3 0.0076 *
siRBX1-4 6 185 5 3 0.0042 *x
siRBX1-Pool 6 249 4 1 0.2273 ns

ANumber of wells analyzed

BNumber of nuclei analyzed per well
“Mean number of micronuclei counted per well
PMean percent micronucleus formation (micronucleus count/nucleus count x 100)
FMedian fold change in micronucleus formation relative to siControl

FSignificance level (ns, not significant; * p-value <0.05; ** p-value<0.01)
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Table S9. Student’s T-Tests Identify Significant Increases in the Frequency of Aberrant
Chromosome Numbers Following RBX1 Silencing in HCT116

Condition nA NB p-value® Significance?
siControl 300 3 - -
siRBX1-2 300 3 0.0027 *x
siRBX1-4 300 3 0.0151 *
siRBX1-Pool 300 3 0.0091 roE

A“Number of mitotic chromosome spreads analyzed

BNumber of biological replicates

“p-values calculated from Student’s t-tests for the listed condition relative to siControl (non-targeting

siRNA)

PSignificance level (* p-value < 0.05; ** p-value < 0.01)
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