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ABSTRACT 

 Colorectal cancer (CRC) remains the third most commonly diagnosed and second most lethal 

cancer in Canada. Therefore, gaining a greater understanding of the mechanisms driving cancer 

initiation and progression is essential before novel treatment strategies can be developed to address 

the high morbidity and mortality rates associated with CRC. Chromosome instability (CIN), or 

ongoing changes in chromosome complements, occurs in ~85% of CRCs and is a proposed driver 

of cancer development. Despite these associations, the aberrant genes underlying CIN remain 

elusive. Preliminary screens of potential CIN genes identified S-phase Kinase-associated Protein 

2 (SKP2) as a strong candidate CIN gene warranting further investigation. SKP2 encodes an F-box 

protein, a subunit of the SCF complex of ubiquitylation proteins that selectively targets key protein 

substrates for ubiquitylation and degradation by the 26S proteasome. The impact reduced SKP2 

expression has on CIN, cellular transformation and oncogenesis remains unknown. Accordingly, 

the current study seeks to investigate the impact reduced SKP2 expression has on CIN in a CRC 

context. I hypothesize that decreased SKP2 expression induces CIN that promotes cellular 

transformation that contributes to CRC development. I addressed this hypothesis through the 

execution of two experimental research aims evaluating the short- and long-term impact 

diminished SKP2 expression has in malignant and non-malignant colonic epithelial cell contexts.  

Specifically, short-interfering RNA (siRNA) and Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/CRISPR Associated Protein 9 (Cas9) approaches were coupled 

with single-cell quantitative imaging microscopy (scQuantIM) to assess changes in CIN-

associated phenotypes. Analyses of SKP2 silenced cells revealed significant increases in nuclear 

areas, micronucleus formation and the abundance of cells with aberrant karyotypes relative to 

silencing controls. Moreover, all SKP2 clones exhibited significant and dynamic changes in 

nuclear area distributions and micronucleus formation over a 10-week timeframe. Finally, 

chromosome enumeration data showed that SKP2 clones displayed ongoing changes in 

chromosome complements over time (i.e., CIN) that enabled the acquisition of cellular 

transformation phenotypes including increased proliferation, clonogenic growth, and anchorage-

independent growth.  Collectively, these data identify SKP2 as a novel CIN gene in clinically 

relevant models and highlight its potential pathogenic implications in CRC development.  
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CHAPTER 1. INTRODUCTION 

 In 2021, ~229,000 Canadians were predicted to be newly diagnosed with cancer while 

~84,600 were predicted to succumb to their disease. Colorectal cancer (CRC) remains the third 

most frequently diagnosed and second most lethal cancer type in Canada, accounting for ~24,800 

new diagnoses and ~9,600 deaths (11.3 percent [%] of all cancer related deaths) in 20211. Despite 

effective early detection methods, nearly 50% of CRC patients present with metastatic disease  

(i.e., stages III and IV) at the time of their diagnosis, when the five-year survival can be as low as 

8%2. Accordingly, gaining a greater understanding of the underlying aberrant genetics driving 

CRC development and pathogenesis is essential to develop novel therapeutic strategies to 

ultimately improve the lives and outcomes of those living with CRC.  

 

1.1. MOLECULAR PATHOGENESIS OF CRC 

 Inherited gastrointestinal cancer syndromes, such as hereditary nonpolyposis colon cancer 

(HNPCC; also known as Lynch Syndrome), and Familial Adenomatous Polyposis (FAP), account 

for ~5-10% of all CRCs3,4
 and have distinct molecular aetiologies (detailed in Section 1.2.1.). 

Sporadic CRCs account for ~90% of all CRCs and typically arise from the classical adenoma to 

carcinoma pathway (discussed below), which typically occurs over a 15- to 20-year time frame4,5. 

 

1.1.1. The Adenoma to Carcinoma Pathway 

 The adenoma to carcinoma pathway is a model first described by Fearon and Vogelstein6-8 to 

explain the evolution and progression of colorectal neoplasia through the mutational activation of 

oncogenes coupled with the inactivation of tumor-suppressor genes. It is postulated that mutations 

in at least four or five genes including Adenomatous Polyposis Coli (APC), Kirsten Rat Sarcoma 

Proto-oncogene (KRAS), Mothers Against Decapentaplegic Homology Family Member 4 (SMAD4) 

and Tumor Protein 53 (TP53) are required to produce a malignant colonic tumor9,10; however, not 

all tumors harbor alterations in these genes, indicating that CRC pathogenesis is only poorly 

understood. It should also be noted that while alterations in these genes often occur sequentially, 

it is the collective accumulation of these alterations and subsequent clonal expansion events, rather 

than the specific order in which they occur, that ultimately provides cells with the selective 

proliferative and survival advantages that determine the biological properties of a given CRC 
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malignancy6-8. Generally, colorectal tumors progress through a series of easily recognizable 

clinicopathologic stages as illustrated in Figure 1-1. Initially, tumorigenesis may begin as the 

hyperproliferation of colonic epithelial cells, which undergo clonal expansion and form small 

benign neoplasms called adenomatous polyps11. Next, progression of the adenoma is marked by a 

gradual increase in size and the development of cytologic and morphologic changes (high grade 

dysplasia). Finally, when an adenoma develops the capacity to overgrow other cells and structures 

and invade the basement membrane, the tumor is, by definition, an invasive carcinoma, which may 

acquire the ability to metastasize to regional lymph nodes and/or distant sites8,12. 

Figure 1-1. The Adenoma to Carcinoma Pathway.  

Sporadic CRC development is typically accompanied by the progressive acquisition of genetic 

alterations involving oncogenes and tumor suppressor genes including APC, KRAS, SMAD4 and 

TP53. These specific genetic alterations and subsequent clonal expansions favour oncogenesis by 

affording colonic epithelial cells the requisite selective advantages to survive, proliferate and 

evolve into invasive carcinoma. Adapted from Davies et al. 13. 

 

 

 Understanding the genetic alterations underlying the adenoma to carcinoma pathway is 

essential for selecting appropriate models for CRC research. In the context of this study, our 

cellular models were selected based on the mutational status of critical adenoma to carcinoma 

pathway genes to gain a comprehensive understanding of the role reduced SKP2 expression has in 

driving CRC development. Below are descriptions of four key genes implicated in CRC 

pathogenesis, including APC, KRAS, SMAD4 and TP53. 
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1.1.1.a. APC 

 APC is a key component of the wingless-related integration site (WNT) signaling pathway 

and functions as a tumor suppressor by contributing to the regulation and proteolytic degradation 

of the transcription factor beta-catenin and preventing its nuclear localization14,15. Consequently, 

cells with abnormal APC expression and/or function accumulate beta-catenin16. Elevated levels of 

beta-catenin subsequently translocate to the nucleus, leading to the increased transcriptional 

activation of oncogenes associated with increased proliferation, such as the proto-oncogene Basic 

Helix-loop-helix Transcription Factor (MYC)17 and Cyclin D (CCND1), providing a selective 

growth and proliferative advantage to these cells8,16. Therefore, APC alterations are hypothesized 

to be directly involved in inducing widespread epithelial hyperproliferation and are regarded as 

the initiating event in CRC development16,18. Specifically, >95% of APC mutations occur within 

a mutational hotspot including codon 1309 of the beta-catenin binding region that result in a 

truncated protein with impaired beta-catenin binding capabilities16,19,20. While germline mutations 

in APC underlie FAP (see Section 1.2.1.), inactivating mutations also occur in ~80% of sporadic 

CRC cases16,21,22. Furthermore, APC mutations have been found in adenomas as small as 0.5 

centimeters (cm) in diameter, and the frequency of such mutations remain constant as tumors 

progress from benign to malignant stages23, indicating that APC mutations occur early in colorectal 

tumorigenesis. APC alterations have also been implicated in chromosome segregation and mitotic 

spindle assembly errors through its role in stabilizing microtubules24. Cells expressing truncated 

APC exhibit chromosome segregation defects, which likely arise due to the loss of its microtubule 

binding capacity that may promote chromosome instability (CIN; detailed in Section 1.3.2.) in 

cancer cells25. 

 

1.1.1.b. KRAS 

 KRAS is a proto-oncogene encoding a membrane bound protein with guanosine 5’-

triphosphate (GTP) hydrolase activity that is a key member of the mitogen activated protein kinase 

(MAPK) pathway that regulates cell proliferation and apoptosis26,27. In the absence of growth 

factor signaling, KRAS is inactive and bound to guanosine 5’-diphosphate, while the presence of 

extracellular growth factors triggers the binding and subsequent hydrolysis of GTP by active 

KRAS, initiating a GTP-dependent phosphorylation cascade that promotes the transcription of 

growth factor-responsive genes. Accordingly, KRAS mutations in the GTP binding domain or that 
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impact hydrolase activity (i.e., codons 12 and 13) cause constitutive KRAS activation resulting in 

uncontrolled growth factor signaling independent of ligand binding7. As ~47% of such mutations 

occur in carcinomas, ~58% in large adenomas and only ~9% in adenomas under 1 cm7, KRAS 

alterations are proposed to be the second (i.e., later) key genetic mutation promoting CRC 

development. 

 

1.1.1.c. SMAD4 

 SMAD4 is a central regulator of the transforming growth factor beta (TGFβ) nuclear signaling 

pathway and is involved in cell proliferation, differentiation, migration and apoptosis28. Germline 

mutations in SMAD4 underlie familial juvenile polyposis, an autosomal dominant disorder that 

predisposes those affected to gastrointestinal malignancies, including a risk of CRC as high as 

60%29-31. SMAD4 maps to 18q21.2 and is homozygously lost or mutationally inactivated in ~30% 

of CRCs28,32. Importantly, mutations that inactivate the TGFβ pathway coincide with the transition 

from adenoma to high-grade dysplasia or carcinoma, leading to the view that SMAD4 alterations 

occur later in CRC oncogenesis29,33. Moreover, allele copy number loss of 18q occurs in ~75% of 

colorectal carcinomas, suggesting this loss generally occurs before TP53 alterations during 

colorectal oncogenesis
8,29

. 

 

1.1.1.d. TP53 

 TP53 is a tumor suppressor gene that localizes to 17p13.1 and is commonly referred to as “the 

Guardian of the Genome” due to its pivotal roles in blocking cell proliferation in the presence of 

DNA damage, repairing double-strand DNA breaks and promoting apoptosis in the case that DNA 

repair is insufficient27,29. Therefore, in cells with inactive TP53, these regulatory pathways would 

be defective, permitting uncontrolled growth and the propagation of damaged DNA to daughter 

cells. TP53 is the most frequently altered tumor suppressor gene in human cancers and germline 

TP53 inactivating mutations have been identified in patients with Li-Fraumeni syndrome, a rare 

disorder in which affected patients are at high risk for several different types of malignant lesions 

at early age, including CRC34. TP53 alterations or allele copy number loss of chromosome 17p 

have been reported in 4-26% of adenomas and 50-75% of adenocarcinomas and are associated 

with the development of aneuploid clones and the transition from benign adenoma to invasive 

carcinoma8,27,29. 
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1.2. COLORECTAL CANCER OVERVIEW 

 To address the high morbidity and mortality rates associated with sporadic (detailed above) 

and hereditary (detailed below) CRCs, screening programs have been implemented with the goal 

of detecting CRC in early stages (i.e., Stage I and II) when more treatment options are available 

and 5-year survival rates are favourable. Despite these efforts, nearly 50% of CRC patients present 

with late-stage disease (i.e., Stage III or IV) at the time of diagnosis, when prognoses are less 

favourable and treatment options are limited. Accordingly, gaining a greater understanding of the 

aberrant genetics underlying CRC is essential to develop novel therapeutic strategies to improve 

the lives and outcomes of CRC patients living with late-stage disease.  

 

1.2.1. Risk Factors and Screening 

 There are numerous risk factors associated with the development of CRC, including both 

environmental and genetic. CRC cases can be further categorized into two distinct etiological 

origins: sporadic (i.e., arise de novo) and hereditary (i.e., have a heritable, genetic component), 

which account for ~95% and ~5% of all CRC cases, respectively. In 2021, new CRC diagnoses 

and mortalities were predicted to be higher within males (13,700; 5,300) compared to females 

(11,100; 4,300), with the majority (88%) of these cases predicted to occur in individuals aged 50 

years and older35. Additional factors including obesity, sedentary lifestyle, diet  

(e.g., inadequate intake of fiber, increased alcohol, red meat and processed meat consumption), 

smoking and type II diabetes mellitus are also associated with increased risk of CRC, though the 

underlying mechanisms accounting for these associations remain to be fully characterized3,4,5. 

Additionally, a personal history of inflammatory bowel disease and/or pre-cancerous polyps, and 

a family history of CRC are associated with a higher risk of developing CRC36. 

 While the vast majority of CRCs are sporadic in origin (detailed in Section 1.1.1), ~5% are 

hereditary and derive from inherited mutations in key genes that predispose individuals to CRC. 

In Lynch Syndrome, germline defects in DNA mismatch repair genes mutL homolog 1 (MLH1), 

mutS homolog 2 (MSH2), mutS homolog 6 (MSH6) or PMS1 Homolog 2 (PMS2) confer a lifetime 

risk of cancer of up to 80% and account for 2-5% of all CRC cases29. Moreover, a hallmark of 

tumors in patients with Lynch Syndrome is microsatellite instability (MSI; Section 1.3.1.), a form 

of genome instability characterized by the expansion and/or contraction of short nucleotide repeats 

resulting in mutated proteins and accelerated carcinogenesis that is typically diagnosed by age 
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4521,37-39, decades earlier than most sporadic CRCs. Specifically, benign adenomas may develop 

into malignant carcinomas within 2 to 3 years, as opposed to the 8 to 10 years that this process 

may take in sporadic cases in the general population39,40. Therefore, annual colonoscopy is 

recommended for patients with strong clinical evidence (i.e., high rate of adenoma formation) or 

confirmed germline mutations in MLH1, MSH2, MSH6 or PMS2 starting as early as 20 years of 

age21. Conversely, FAP is a rare inherited condition caused by germline mutations in the tumor 

suppressor gene APC (detailed in Section 1.1.1.a.) and accounts for ~1% of CRCs29,4,21. FAP is 

characterized by the development of hundreds or thousands of colonic polyps, often during early 

adolescence, and which can progress to CRC as early as age 20. Without prophylactic polypectomy, 

nearly all people with FAP will develop colon cancer by age 4021,41. 

 As nearly half of CRCs are diagnosed at later stages (III and IV; discussed below) which are 

strongly associated with worse prognosis, detecting pre-cancerous polyps and CRC at early stages 

(i.e., stage I or II) is essential for improving patient outcomes. Accordingly, screening programs 

have been implemented in all 10 Canadian provinces and 1 territory with the aim of preventing the 

development of advanced cancers through the detection of localised cancers or premalignant 

adenomas, from which at least 80% of CRCs are thought to arise2,5. The first step in most 

established screening programs is aimed at detecting minute amounts of blood in a patient’s stool 

originating from a colonic growth such as a polyp, adenoma or carcinoma. The Fecal Occult Blood 

Test (FOBT) is an at-home test that is subsequently analyzed by a laboratory and is designed to 

detect heme (i.e., a blood component) within a patients stool sample. If a FOBT result is positive, 

patients are then referred for a colonoscopy, a more invasive procedure that allows direct 

visualization of the epithelial lining of the colon and enables sample biopsy or resection using a 

flexible tube with a camera and surgical probes42,43. Periodic screening is recommended for 

average-risk individuals between the ages of 50-74 who are without familial CRC history or 

personal history of CRC or inflammatory bowel disease36. In this regard, current recommendations 

by the Canadian Task Force on Preventative Health Care include either at-home FOBT every two 

years or flexible sigmoidoscopy (procedure visualizing the sigmoid colon) every 10 years5,36. 

Despite screening programs having been proven effective at detecting at CRC and improving 

disease prognosis, and that over half (~56%) of CRCs are predicted to occur in Canadians who fall 

within the ages covered by the screening programs, none of the programs in Canada are reaching 

their targeted goal of 60% population participation2,5. While screening has contributed to the 
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continued decline of CRC incidence rates since 200744,45, limited participation may be an 

additional factor accounting for the ~49% of CRCs that are still being diagnosed at late stages 

when treatment options are limited and prognosis is poor1,2,46.  

 

1.2.2. Diagnosis and Staging 

 CRC is diagnosed and staged based on the results of colonoscopy or sigmoidoscopy, where 

polyps can be visualized, assessed, and biopsied or completely resected for the purposes of 

histopathological analysis3,5. Once a diagnosis has been made, staging is performed to classify a 

cancer based on the extent of disease spread and invasion in the body. This includes characterizing 

the size of the primary tumor, whether it has extended into surrounding tissues, lymph node 

involvement and distant metastases based on the Tumor Node Metastasis (TNM) classification 

system that can be used to describe the stage of most solid tumors2,5. The pre-treatment workup of 

newly diagnosed CRC typically includes physical examination, a complete colonoscopy to rule 

out metachronous tumors (i.e., independent primary malignancies), and computerized tomography 

scan of the chest, abdomen, and pelvis to identify potential metastases47. Stage 0 disease, known 

as carcinoma in situ or intramucosal carcinoma, has not invaded beyond the mucosal layer  

(i.e., the most superficial layer of the intestinal wall), while Stages I and II are considered early-

stage disease and are defined by invasion through additional layers of the intestinal wall5. Finally, 

stage III and IV disease are characterized by the involvement of proximal lymph nodes and/or the 

presence of distant metastases (typically to the liver and lungs), respectively3,5. Importantly, 

disease stage at the time of CRC diagnosis is strongly associated with survival2,48, as the five-year 

relative survival is ~92% for CRCs diagnosed at stage I compared to 8-13% for stage IV. Currently, 

the most common stage of CRC at diagnosis is stage III (29.1%), while approximately one-fifth 

(19.9%) of patients are diagnosed at stage IV, translating to an estimated ~5,000 stage IV cases 

diagnosed annually in Canada49. Thus, acquiring greater participation in screening programs and 

developing more effective treatment options is imperative to address the high morbidity and 

mortality rates associated with late-stage CRC. 

 

1.2.3. Treatment Strategies 

 Current treatment strategies for CRC are highly dependent on the patient’s disease stage at 

diagnosis2. For example, treatment for stage 0 or I CRC usually consists of surgical excision of 

polyps that can range from conservative polypectomy performed during colonoscopy to partial 
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colectomy (i.e., removal of the diseased portion of the colon and a small portion of surrounding 

healthy tissue) to ensure that appropriate margins of healthy tissue are achieved (e.g., ≥ 5 cm)4,5. 

As disease staging progresses, neoadjuvant (employed prior to surgery to reduce tumor burden) or 

adjuvant (to reduce risk of recurrence) chemotherapy is often used in combination with partial 

colectomy for stage II CRC and is the standard of care for stage III50. At stage IV, surgery to 

remove the primary tumor and distant metastases may be possible, however, when the tumor 

burden is too high chemotherapy is often the only treatment option4,5. In this regard, there are 

currently three classes of drug treatment options available to CRC patients based on their disease 

staging and the underlying genetics contributing to their disease: 1) Chemotherapeutics;  

2) Targeted Therapies; and 3) Immune Checkpoint inhibitors51. Below are brief descriptions of 

each. 

 

1.2.3.a. Chemotherapeutics 

 FOLFOX is an intravenously injected chemotherapeutic combination comprised of folinic 

acid, 5-fluorouracil and oxaliplatin that pharmacologically targets cells undergoing rapid cellular 

proliferation and is a front-line treatment strategy for stage II, III and IV CRC patients following 

surgical resection of primary and metastatic tumors52. Briefly, the main component, 5-fluorouracil, 

is a fluoropyrimidine and anti-metabolite that works both as a DNA intercalator that inhibits 

thymidylate synthase (nucleotide biosynthesis) and is erroneously incorporated into DNA and 

RNA causing premature chain termination in both cases,53,54 promoting cellular apoptosis. Folinic 

acid (leucovorin) functions to stabilize the 5-flurouracil-thymidlyate synthase complex and 

induces greater tumor toxicity of 5-fluorouracil while reducing side-effects due to the ability to 

apply lower dosages54. Finally, oxaliplatin is an anti-neoplastic agent that inhibits DNA synthesis 

in cancer cells through the formation of crosslinks in double-stranded DNA53,54. A related 

chemotherapy regimen, FOLFIRI, substitutes oxaliplatin with irinotecan, a topoisomerase 

inhibitor that induces replication fork collapse, leading to cell death55. While clinical trials show 

that FOLFOX and FOLFIRI have similar response rates and progression-free survival in stage IV 

metastatic CRC, FOLFIRI is frequently associated with more adverse side effects56,57. Furthermore, 

additional studies have also found that only FOLFOX provided an overall survival benefit when 

used as an adjuvant therapy in the treatment of stage III metastatic CRC58. Due to the non-specific 

nature of systemic chemotherapeutics, common pitfalls of this treatment strategy include 
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myelotoxicity, neurotoxicity and gastrointestinal toxicity leading to adverse side effects including 

neutropenia, diarrhea and vomiting. Finally, despite an encouraging overall response rate of ~50%, 

almost half of all patients treated with FOLFOX develop chemoresistance at a later stage of 

treatment, leading to disease recurrence and metastasis to other organs3. 

 

1.2.3.b. Targeted Therapies 

 Second-line targeted therapies are commonly employed following the development of 

chemoresistant metastatic disease or are initially used in combination with chemotherapeutics to 

minimize the potential for chemoresistance. Endothelial Growth Factor Receptor (EGFR) and 

Vascular Endothelial Growth Factor (VEGF) are frequently overexpressed in CRC tumors and 

serve to promote the growth of the tumor and vascularization (angiogenesis), respectively. The 

drugs cetuximab and panitumumab are humanized monoclonal antibodies that inhibit the binding 

of epidermal growth factor (EGF) to its receptor and are approved for the treatment of metastatic 

CRCs overexpressing EGFR. Similarly, bevacizumab selectively binds to and neutralizes the 

biologic activity of human VEGF, reducing the vascularization of tumors and thus restricting 

tumor growth. Targeted therapies such as EGFR and VEGF inhibitors generally offers less side 

effects side  to their more specific mechanisms of actions relative to traditional systemic treatment 

options; however, the administration of targeted agents is often accompanied by undesirable side 

effects including skin toxicity associated with anti-EGFR agents and hypertension following anti-

VEGF therapy53. Furthermore, a meta-analysis of cetuximab and panitumumab indicate that they 

are only effective in patients expressing wild-type KRAS59 (Section 1.1.1.b). 

 

1.2.3.c. Immune Checkpoint Inhibitors 

 In addition to therapies aimed at directly blocking pathways that contribute to tumor growth 

and spread,  enhancing immunorecognition and the immune response against cancer cells has 

proven to be an effective strategy in treating CRC. Recent research has identified immune 

checkpoint inhibitors as effective therapeutic strategies against tumors exhibiting high levels of 

MSI (i.e., are DNA mismatch repair deficient). High-level MSI is correlated with the synthesis of 

cancer neoantigens due to an increased tumor mutation burden and is associated with the increased 

infiltration of T-cells in the tumor microenvironment60,61. Monoclonal antibodies targeting 

Programmed Death-1 (PD-1; suppresses T-cell inflammatory activity) and its ligand, Programmed 
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Death Ligand-1 (PD-L1) as well as Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4; 

negative regulator of T-cell activity) aim to enhance T-cell recognition of tumor neo-antigens 

resulting in their recognition and destruction by the immune system62. In 2017, pembrolizumab 

became the first immune checkpoint inhibitor to be approved as a first-line treatment of MSI-high 

CRC due to its significantly longer progression free survival compared to chemotherapy in treating 

metastatic CRC and is associated with fewer treatment-related adverse events63. Subsequent 

studies also determined that the combination of nivolumab (PD-1 inhibitor) with ipilimumab 

(CTLA-4 inhibitor) was effective at treating patients with chemotherapy-refractory metastatic 

CRC, achieving a 71% progression-free survival and 85% overall survival after one year64. Despite 

the initial successes of immune checkpoint inhibitors in treating MSI CRC and their reputation for 

being generally well tolerated, immune-related adverse events can occur due to an undesired 

immune response in non-cancerous cells, including autoimmune hepatitis, acute kidney injury, 

pancreatitis and thyroiditis61,63. However, the greatest limitation of immune checkpoint inhibitors 

in the treatment of CRC is the lack of objective response in microsatellite stable/DNA mismatch 

proficient tumors65, which account for ~96% of all metastatic CRCs66. Accordingly, novel 

treatment strategies targeting a larger portion of late-stage CRCs will be required to dramatically 

improve the quality of life and outcomes for a greater number of CRC patients. 

 

1.3. CHROMOSOME INSTABILITY AND COLORECTAL CANCER 

 Genome instability is an enabling hallmark of cancer characterized by an increased abundance 

of mutations, copy number alterations and epigenetic changes67,68. Collectively, these genetic and 

epigenetic alterations can underlie the aberrant regulation, abundance and function of essential 

genes (i.e., tumor suppressor genes, DNA repair genes, oncogenes, etc.) that contribute to cancer 

development and progression through the acquisition of cancer hallmarks including the evasion of 

growth suppressors, sustaining proliferative signaling and evading apoptosis68. Genome instability 

is implicated in virtually all cancer types and contributes to cancer initiation, progression and 

evolution, including the development of drug resistant disease69. CIN specifically is associated 

with ~85% of all CRCs and drives on-going karyotypic changes giving rise to dynamic and 

heterogeneous phenotypes67,68. Despite these associations, the aberrant genes driving CIN remain 

largely uncharacterized. Therefore, broadening our understanding of the genetic events driving 

CIN is crucial for our ability to combat malignant disease. 
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1.3.1. Genome Instability in Colorectal Cancer 

        Genome instability has classically been categorized into three common subtypes: 1) CpG 

island methylator phenotype (CIMP); 2) MSI; and 3) CIN. Briefly, CIMP is characterized by 

extensive DNA promotor methylation at CpG dinucleotides leading to transcriptional silencing67. 

CIMP occurs in ~10% of CRCs and contributes to disease pathogenesis though the inactivation of 

tumor suppressor genes70. In addition to the CIMP pathway, MSI is a form of genome instability 

characterized by a high frequency of mutations resulting from the expansion and/or contraction of 

short nucleotide repeats, termed microsatellites, and arises from both somatic and inherited 

mutations in DNA mismatch repair genes (see Section 1.2.1) and occurs in ~15% of CRCs71. The 

majority of microsatellites occur in noncoding regions of the genome, and so expansions or 

contractions are suggested to have little to no effect on protein function; however, they could 

potentially impact regulatory elements (e.g., upstream activator sequences) that may adversely 

impact gene expression. Nevertheless, there are a subset of genes that contain microsatellite DNA 

in their coding regions and thus MSI directly impacts the normal expression and/or function of the 

encoded proteins21. For example, the functional loss associated with MLH1 promoter 

hypermethylation (i.e., gene silencing) is the most common cause of somatic MSI, accounting for 

~10% of de novo CRCs, while germline alterations in one of four DNA mismatch repair genes 

(MLH1, MSH2, MSH6, PMS2) is causative of Lynch syndrome19 (Section 1.2.1), or, ~5% of all 

CRC cases. Finally, CIN occurs in ~85% of CRCs and is defined as the increased rate at which 

whole chromosomes or chromosome fragments are gained or lost (detailed below in  

Section 1.3.2.)67. CIN drives cell-to-cell genomic heterogeneity that contributes to disease 

evolution and drug resistance68,72-75. Traditionally, MSI and CIN were considered to be mutually 

exclusive genome instability pathways, while CIMP was suggested to occur in either pathway12,72. 

However, emerging evidence now shows that a small subset of sporadic CRCs (< 12%) exhibit 

both MSI and CIN76,77. As CIN is associated with the vast majority of CRCs67, uncovering the 

aberrant genes and cellular pathways underlying CIN is essential to our fundamental understanding 

of CRC development and is the central theme of this research thesis. Accordingly, accurately 

understanding how to define, characterize and assess CIN warrants a more detailed description.   
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1.3.2. Chromosome Instability 

 As detailed above, CIN is defined as an increase in the rate at which whole chromosomes or 

large chromosomal fragments are gained or lost67,68 is thus a driver of ongoing genetic and cell-to-

cell heterogeneity. The genetic alterations encompassed by CIN are classified into two distinct 

categories: 1) numerical CIN (N-CIN), which involves gains and/or losses of whole 

chromosomes67,78-80; and 2) structural CIN (S-CIN), which is characterized by chromosome 

deletions, amplifications, inversions, and translocations. While N- and S-CIN can occur 

independently, both may co-exist within a given cell or tumor resulting in increasingly complex 

karyotypes over time (Figure 1-2)29,72,81. CIN is proposed to be a pathogenic event in cancer as 

the cell-to-cell genomic heterogeneity imparted by CIN can confer selective growth and survival 

advantages that promote early disease events, such as intra-tumoral heterogeneity and cellular 

transformation, and late disease events, including metastasis, the acquisition of drug resistance and 

poor patient outcomes67,68,72-75,82,83. Based on these associations, it is not surprising that CIN is 

associated with ~96% of metastatic CRCs and is typically associated with worse patient 

outcomes29,66,72,78,80,81. However, in specific cancer contexts, such as breast and lung cancers, CIN 

is associated with more favourable patient outcomes84,85. In these instances, it is postulated that 

the underlying genomic instability inherent to these cancer types paired with CIN leads to extreme 

levels of genome instability that is incompatible with viability and thus these cells are lost from 

the tumor cell population86,87. Thus, this paradox suggests a therapeutic strategy that would enable 

the selective killing of cancer cells exhibiting CIN88-91. Conversely, cellular populations exhibiting 

low to intermediate CIN levels are proposed to be the predominant drivers of disease development 

and progression88-93. Accordingly, identifying and characterizing the aberrant genes and pathways 

underlying CIN is of great clinical importance as they could potentially impact treatment decisions 

and be exploited using novel therapeutic strategies. 

 Despite the implications of CIN in disease development and patient prognoses, the 

molecular determinants driving CIN still remain largely elusive. Unsurprisingly, CIN genes (i.e., 

genes that induce CIN phenotypes when aberrantly expressed) have been identified in many key 

biological pathways that are intuitively linked to cancer, including cell cycle regulation (e.g., 

Budding Unihibited by Benzamidazoles 1  [BUB1]), mitotic fidelity (e.g., Structural Maintenance 

of Chromosomes 2 [SMC2]), chromatid cohesion defects (e.g., Structural Maintenance of 

Chromosomes 1A [SMC1A]), and DNA repair and replication (e.g., Kruppel-like Factor 4 
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[KLF4])94-98. However, more recent data have identified CIN genes in pathways less intuitively 

linked with chromosome stability and cancer, such as ubiquitin regulation (e.g., Ubiquitin Specific 

Peptidase 22 [USP22]) and proteasomal degradation99-103 (detailed in Section 1.4.). In this regard, 

recent data from the McManus laboratory has identified several members of the S-phase Kinase 

associated Protein 1 (SKP1), Cullin 1 (CUL1), F-box protein (SCF) complex as novel CIN genes 

in multiple cancer contexts. More specifically, they determined that reduced expression of three 

SCF complex members, namely SKP1, CUL1 and Really Interesting New Gene (RING)-Box 

Protein 1 (RBX1) induces the accumulation of Cyclin E1 that is associated with the development 

of CIN phenotypes (detailed in Section 1.4.1.)99,100,102,103. To date, the impact abnormal expression 

and function of the SCF complex has on CIN and CRC development remains largely 

uncharacterized. This is especially true of the F-box proteins, the SCF complex components that 

determine substrate specificity (detailed in Section 1.4.2.). Thus, it is essential to assess the impact 

reduced expression of the F-box proteins has on CIN using quantitative approaches that can 

accurately assess changes in CIN phenotypes in relevant cellular populations to elucidate the 

potential implications of F-box protein dynamics in CRC development.  

 

1.3.3. Quantitative Assessment of CIN-induced Cell-to-Cell Heterogeneity 

 CIN is defined as an increased “rate” of ongoing chromosomal changes and is synonymous 

with cell-to-cell karyotypic heterogeneity rather than by a “state” of genetic alterations, such as 

aneuploidy67. Accordingly, genomic approaches that assess cellular populations (i.e., comparative 

genomic hybridization, single nucleotide polymorphism arrays, polymerase chain reaction-based 

methods, and flow cytometry) are incapable of quantifying the cell-to-cell heterogeneity that 

results from a CIN phenotype. Therefore, it is essential to employ methodologies that can 

accurately quantify CIN phenotypes at the single cell level. This can include monitoring one cell 

and its progeny over several generations to ascertain a rate of CIN; however, this is technically 

challenging and laborious as it requires experimental protocols that do not impede normal cell 

growth and proliferation. Alternatively, CIN can be evaluated by quantifying karyotypic 

heterogeneity within a given cellular population at a single time point67. This latter method is more 

versatile as it allows for a broader array of sample types (i.e., live or fixed) and enables endpoint 

analyses of CIN phenotypes, including changes in nuclear areas and increased micronucleus 

formation. Changes (increases or decreases) in nuclear areas typically correspond with large-scale 
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changes in DNA content that are suggestive of N-CIN104,105, whereas micronuclei are small, DNA-

containing extranuclear bodies that can encompass both whole chromosomes and chromosomal 

fragments (Figure 1-2)106,107. Nuclear areas and micronuclei have been established as surrogate 

CIN markers and can be evaluated using high-throughput methods including scQuantIM to enable 

the rapid evaluation of CIN genes91,94,95,99,102,103,108. Importantly, changes in nuclear areas and 

increased micronucleus formation typically arise through aberrations in distinct cellular 

mechanisms including cell cycle dysregulation and centrosome overduplication, and mitotic 

spindle dynamics and errors in double-strand break repair, respectively109,110. Therefore, 

evaluating both nuclear areas and micronucleus formation can be informative as to the underlying 

molecular pathways that are impacted following the reduced expression of putative CIN genes. 

However, these high-throughput analyses do not allow for the direct visualization of chromosomes. 

To complement nuclear areas and micronucleus formation analyses, mitotic chromosome spreads 

can be manually generated and enumerated to directly evaluate N-CIN and identify novel CIN 

genes99,102,103,108.  

  



 

 15 

 
 

Figure 1-2. Changes in Nuclear Areas and Micronuclei arise from Distinct Mechanisms that 

Drive CIN and Cell-to-Cell Heterogeneity. 

(A) Schematic depicting CIN within a single parental cell that for illustrative purposes, contains 

only two chromosome pairs. Mechanisms such as the mis-regulation of mitotic spindle dynamics 

contribute to ongoing changes in DNA content and nuclear areas. (B) Lagging (top) or acentric 

(bottom) chromosomes or chromosome fragments can form micronuclei when excluded from the 

primary nucleus. In both cases, the loss of whole chromosomes or fragments thereof contributes 

to cell-to-cell genomic heterogeneity and tumor evolution.  
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1.4. UBIQUITIN AND THE SCF COMPLEX 

Ubiquitination is the post-translational attachment of a ubiquitin moiety (76-amino acid 

globular protein) to a protein substrate that regulates several processes including DNA repair, 

chromatin remodeling, cell cycle progression and protein localization and degradation (reviewed 

in111-113). The covalent attachment of ubiquitin to a protein substrate is an organized process 

achieved through the concerted action of three proteins: an E1 activating enzyme that activates 

free ubiquitin molecules and transfers them to the active site of the E2 conjugating enzyme, which 

subsequently carries the activated ubiquitin to the E3 ligase113. Ubiquitin ligation to the substrate 

protein is a two-step process involving the E3 ligase binding to its substrate (i.e., determining 

substrate specificity) and the covalent attachment of ubiquitin molecules to the target via 

isopeptide linkage113,114, where the fate of a substrate protein is determined by the site of 

attachment of the ubiquitin moiety (i.e., at different lysine residues) and whether the protein is 

being mono- or polyubiquitinated115. For example, monoubiquitination is typically observed in 

signaling pathways that promote DNA repair and chromatin remodeling89,111,115, while proteins 

that are polyubiquitinated by chain-linked isopeptide bonds at lysine-63 are known to regulate cell 

signaling and are involved in endocytosis, apoptosis, and regulation of kinase activity113. 

Alternatively, proteins with a polyubiquitin chain linked at lysine-48 are typically targeted for 

proteolytic degradation by the 26S proteasome (i.e., the ubiquitin-proteasome system)114-116,
 . In 

this regard, ubiquitin ligation to a specific protein substrate requires recognition and binding by 

the E3 ligase, which is thus primarily responsible for conferring substrate specificity and 

subsequent proteasomal degradation, a critical biological process that regulates cell function at the 

protein level. Given that many critical biological processes (e.g., cell cycle progression, the 

inflammatory response, antigen presentation) are regulated by the timely degradation of proteins 

orchestrated by the ubiquitin-proteasome system, it is unsurprising that abnormal assembly and 

function of this system leads to pathological conditions including malignant transformation and 

cancer113,114,117. 

The SCF complex comprises the largest group of E3 ubiquitin ligases and is best characterized 

for its role in polyubiquitinating protein substrates to effectively target them for proteolytic 

degradation (detailed in Section 1.4.1.)118. In this regard, the SCF complex is involved in the 

selection and degradation of short-lived proteins including cell cycle regulators (e.g., Cyclin E1, 

P27Kip1 [P27]) and transcription factors (e.g., c-MYC)119,120. The SCF complex is comprised of 
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three invariable core subunits including RBX1, CUL1 and SKP1, and one of 69 variable F-box 

proteins that impart substrate specificity (Figure 1-3, Section 1.4.2.) including SKP2 (detailed in 

Section 1.4.3.)119. More specifically, CUL1 functions as the catalytic core and scaffold of the SCF 

complex and binds RBX1 at its carboxy-terminus, which recruits the E2 conjugating enzyme121,122, 

as well as SKP1 at its amino-terminus123,124. Importantly, SKP1 exhibits an adaptor role as it 

physically links the SCF complex with an F-box protein via the conserved F-box motif, bringing 

the F-box protein and its associated protein substrate within close spatial proximity so that the 

ubiquitin moiety can be successfully transferred to the target (Figure 1-3)123,125. Aberrant SCF 

complex regulation and protein dynamics have been implicated in the development of numerous 

cancer types99,101,102,108,126,127, therefore studies aimed at revealing the molecular mechanisms 

underlying abnormal function of F-box proteins and their roles in cancer development are needed 

to gain a greater understanding of the early etiological events driving oncogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3. The SCF Complex Targets Proteins for Degradation by the 26S Proteasome. 

Schematic presenting the polyubiquitination (lysine-48) and subsequent degradation of protein 

substrates by the SCF complex. The SCF complex is composed of three invariable core members 

(RBX1, CUL1 and SKP1) and one of 69 F-box proteins, such as SKP2. E1 = ubiquitin activating 

enzyme. E2 = ubiquitin conjugating enzyme. Ub = ubiquitin.  
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1.4.1. The SCF Complex is Implicated in CIN 

        Recent data from the McManus and Nachtigal laboratories identified SKP1, CUL1 and RBX1 

as novel CIN genes in CRC and/or ovarian cancer contexts, as reduced expression of each gene 

induced significant increases in CIN phenotypes99,100,102. Briefly, transient siRNA-based silencing 

and CRISPR/Cas9 experiments were employed to phenocopy and quantitatively assess gene copy 

number losses for their impacts on various CIN phenotypes. Short-term assays revealed that 

reduced expression of all three core SCF complex members underly CIN, while longer-term, 

temporal studies determined that the CIN phenotypes were dynamic and heterogeneous within 

heterozygous knockout clones relative to controls. Western blots also established that reduced 

expression of each core member corresponded with increases in Cyclin E1 abundance, confirming 

it as an established target of the SCF complex. Cyclin E1 (CCNE1) is an established  

oncogene128-130 that is genomically amplified in many cancer types and whose overexpression is 

associated with cell cycle mis-regulation, genome instability, cellular transformation and tumor 

formation in mice126,131-136. Accordingly, phenotypic rescue experiments were performed by co-

silencing each of the core SCF complex members with CCNE1 to determine the impact increased 

Cyclin E1 abundance has on CIN. These co-silencing experiments resulted in phenotypic rescues 

in all cases, indicating that reduced SKP1, CUL1 or RBX1 expression adversely impacts SCF 

complex function giving rise to Cyclin E1 accumulation that induces CIN. However, they noted 

that only partial phenotypic rescues were observed, which strongly suggests additional 

mechanisms (i.e., additional unidentified substrates) likely contribute to the CIN phenotypes. More 

recently, a subsequent study from the McManus laboratory also identified F-box Only Protein 7 

(FBXO7; an F-box protein) as a novel CIN gene using siRNA and CRISPR/Cas9 approaches and 

determined that its reduced expression induced increases in CIN and cellular transformation 

phenotypes in colonic epithelial cell contexts103. Collectively, these findings support the possibility 

that reduced expression and/or function of the SCF complex contributes to disease development. 

However, the global impact that aberrant F-box protein expression has on CIN, cellular 

transformation and oncogenesis remains largely unexplored. 

 

1.4.2. The F-box Proteins 

        The 69 human F-box proteins are named for the conserved ~40 amino acid F-box motif that 

facilitates their interaction with SKP1 and the core SCF complex137,138,139. The F-box proteins are 
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divided into three subfamilies based on their substrate protein binding domain, including:  

1) FBXL (leucine-rich repeats; 22 members), 2) FBXW (tryptophan-aspartic acid [WD] 40 amino 

acid repeats; 10 members) and 3) FBXO (other diverse uncharacterized domains; 37 members; 

reviewed in101,121,124,139-141). As there are 69 F-box proteins there are essentially 69 unique SCF 

complexes with distinct arrays of protein substrates specificities, however there is functional 

redundancy between F-box proteins in that multiple F-box proteins can share specific  

substrates131,142-144. Collectively, F-box proteins are proposed to regulate hundreds to thousands of 

protein substrates for ubiquitination that span an extensive array of biological processes required 

for genome stability, including cell cycle progression, centrosome biology and DNA 

repair101,102,108,127,145-147. For example, studies in mouse embryonic fibroblasts have demonstrated 

that F-box only protein 28 (FBXO28) targets and ubiquitinates the proto-oncogene c-MYC (MYC), 

leading to aberrant c-MYC-induced transcription and tumorigenesis148. Furthermore, F-box and 

WD Repeat Domain Containing 7 (FBXW7) targets several cell cycle regulating proteins for 

ubiquitination and degradation, including c-MYC, Mechanistic Target of Rapamycin Kinase 

(mTOR), Cyclin E1/E2, Notch, and Jun Proto-Oncogene, AP-1 Transcription Factor Subunit (c-

JUN)143,149,150. The accumulation of these proteins as a result of reduced FBXW7 expression is 

implicated in cell cycle, proliferation and sister chromatid cohesion defects, respectively143,149-151. 

Despite the initial characterization of a subset of F-box proteins, there remains a significant gap in 

our understanding of the majority of F-box proteins and the implications of their aberrant 

expression and/or function in CIN, cellular transformation and oncogenesis. In this regard, this 

thesis is focused on examining the impact reduced SKP2 (detailed in Section 1.4.3.) expression 

has on CIN, as preliminary data from an initial siRNA-based screen identified it as a strong 

candidate CIN gene (Figure 1-4). To date, no mouse models have been employed to investigate 

the impact of reduced SKP2 expression on colonic cells or within a CRC context. Accordingly, 

determining the impact reduced SKP2 expression has on CIN in colonic epithelial cells will 

provide novel insight into the impact SKP2 mis-regulation may have in CRC development. 
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Figure 1-4. SiRNA-based Screen of 69 F-Box Proteins. 

Box-and-whisker plots presenting the F-box genes, that when silenced, induce statistically 

significant differences (two-sample Kolmogorov-Smirnov [KS] tests) in cumulative nuclear area 

distribution frequencies relative to a non-targeting control siRNA (siControl). Genes are arranged 

by increasing median nuclear area with boxes identifying the interquartile ranges (25th, 50th, 75th 

percentiles), and the whiskers denoting the 1st and 99th percentiles. This screen identified SKP2 as 

a strong candidate CIN gene (yellow). Screen performed by Laura Thompson (McManus 

laboratory) with data analyzed by Nicole Neudorf. 

 

 

1.4.3. S-phase Kinase-Associated Protein 2 

 SKP2, also known as F-box and Leucine-Rich Repeat containing Protein 1 (FBXL1) is 

conserved in mammals (i.e., chordates) and in lower eukaryotes (i.e., Caenorhabditis elegans and 

Drosophila melanogaster), while a functional ortholog (also known as SKP2) has been identified 

in budding yeast152-154. Human SKP2 maps to chromosome 5p13.2 and is comprised of 10 exons 

and 9 introns (Figure 1-5) and in silico analyses predict there are three protein coding mRNA 

SKP2 splice variants, of which the predominant isoform is SKP2-2155,156. Relative to SKP2-2, the 

SKP2-1 isoform is 14 amino acids shorter at the carboxy terminus (3’ region), resulting in a shorter 

exon 10, while SKP2-3 differs significantly at amino terminus (5’ region), with exons 1-5 being 

missing or altered. Exons 6, 7, 8 and 9 are consistent between all isoforms.  
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Figure 1-5. SKP2 mRNA Structures. 

Schematic presenting the three putative SKP2 mRNA splice variants. Full length SKP2 (SKP2-2) 

contains 10 exons (blue rectangles) and 9 introns. Note, the isoforms SKP2-2 and SKP2-1 differ 

at the 3’ end, while isoforms SKP2-2 and SKP2-3 differ at the 5’ end. White numbers denote the 

number of nucleotides within each exon.  

 

 

 Human SKP2-2 encodes a 47.8 kilodalton (kDa) protein consisting of 424 amino acids, while 

SKP2-1 produces a 46.6 kDa protein (410 amino acids) and SKP2-3 is predicted to produce a 23.8 

kDa protein (210 amino acids)150,151 (Figure 1-6). Although the short SKP2-3 isoform is predicted 

to exist based on in silico analyses, its existence within human cells remains controversial as its 

presence remains to be demonstrated. Moreover, SKP2-3 does not contain an F-box motif and thus 

is unable to bind substrate proteins and target them for proteolytic degradation. While SKP2 is 

ubiquitously expressed in human tissues, SKP2 (i.e., SKP2-2 and SKP2-1) is enriched within 

placental tissue and primarily localizes to the nucleus155,156. 
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Figure 1-6. Protein Domains Differ Between Three SKP2 Isoforms.  

Schematic presenting the protein structure of the three SKP2 isoforms. SKP2 is a 48 kDa protein 

with two functional domains, an F-box motif (blue) and a leucine-rich repeat domain consisting of 

10 leucine-rich repeats (purple) that are essential for its interactions with the SCF complex and 

substrate proteins, respectively. 

 

 

 SKP2 is the most abundant F-box protein157, consisting of an F-box motif that facilitates its 

interaction with SKP1 while its carboxy-terminal region is a leucine-rich repeat, with a 

hydrophobic arc-shaped alpha-beta-repeat and hydrophilic cap used to complex with its substrate 

proteins124,158, as illustrated in Figure 1-7. Non-conservative amino acid substitutions within these 

regions could critically impede normal SCF complex formation and function by disrupting 

secondary structure, tertiary structure and protein–protein interactions, leading to the aberrant 

accumulation of its substrate proteins. SKP2 is thought to play a critical role in regulating cell 

cycle dynamics, DNA replication and centrosome duplication by modulating the abundance key 

proteins including P27 (CDKN1B) and Cyclin E1126,131,133,144,159. P27 is a cell cycle regulating 

protein that inhibits cyclin dependent kinase activity and whose accumulation is associated with 
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mitotic defects, polyploidy and CIN131,133,160-162. Similarly, aberrant turnover of Cyclin E1 leads to 

cell cycle and apoptotic defects that promote cancer development and progression99,102,108,128,132. 

Appropriate SKP2 regulation is therefore essential to ensure the normal function of many key 

biological processes including cell cycle progression, signal transduction, and gene expression and 

it is perhaps unsurprising that aberrant SKP2 expression and function are implicated in the 

pathogenesis of numerous cancer types121,131,163,164. However, the role reduced SKP2 expression 

has in CIN, cellular transformation and oncogenesis has yet to be explored in CRC contexts. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-7. Missense mutations encode potentially detrimental amino acid substitutions in 

SKP2.  

Partial crystal structure (missing amino acids 1-88; ribbon model) of the SKP1 (brown) SKP2 

(green) complex (Protein Data Bank ID: 1FQV125,165) presenting predicted damaging alterations. 

Indicated amino acid substitutions are predicted to impact protein–protein interactions between 

SKP1 and SKP2 or SKP2 and its target proteins166,167. Amino acids are denoted by their single 

letter code, numbers indicate amino acid position in the SKP2 protein. Colored arrows identify 

cancer type in which the underlying mutation was identified (see key)134-136. Adapted from Campos 

et al,168.  
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CHAPTER 2. RATIONALE, HYPOTHESIS AND RESEARCH AIMS 

2.1. RATIONALE 

 Despite effective early detection methods and treatment options, CRC remains one of the most 

commonly diagnosed and lethal cancer types in Canada. Therefore, gaining a greater 

understanding of the mechanisms driving CRC initiation and progression is essential before novel 

treatment strategies can be developed to address the high-morbidity and mortality rates associated 

with CRC. CIN is an enabling hallmark of virtually all cancer types and is associated with ~85% 

of CRCs. Despite its high prevalence within CRC, the aberrant genes, pathways, and cellular 

processes driving CIN remain largely unknown. In this regard, a preliminary siRNA-based screen 

identified SKP2 as a strong candidate CIN gene suggesting its reduced expression may be a 

contributing factor in CRC development. 

 Currently, the impact reduced SKP2 expression has on CIN, cellular transformation and 

oncogenesis remains unknown. Thus, establishing the impact reduced SKP2 expression has in 

clinically relevant cellular contexts will provide insight into its potential mechanistic role in CIN, 

which will be essential to develop novel strategies to better combat CRC. My Master of Science 

thesis seeks to gain novel insight into the molecular etiology of CIN and CRC by determining the 

impact diminished SKP2 expression has on CIN and cellular transformation in non-malignant and 

malignant colonic epithelial cell lines. 

 

2.2. HYPOTHESIS AND RESEARCH AIMS 

 

Hypothesis: Decreased SKP2 expression induces CIN that promotes cellular transformation that 

contributes to CRC development. This hypothesis is addressed through the execution of two 

experimental research aims: 

 

Aim 1: To determine the short-term impact reduced SKP2 expression has on CIN; 

 

Aim 2: To determine the long-term impact reduced SKP2 expression has on CIN and cellular 

transformation.  



 

 25 

CHAPTER 3. MATERIALS AND METHODS  

3.1. BIOINFORMATIC APPROACHES 

 All SKP2 copy number alteration (CNA) and mRNA expression data were acquired from The 

Cancer Genome Atlas (TCGA; Pan-Cancer Atlas data)136, while all data extraction and 

visualization were performed using cBioPortal (www.cbioportal.org)134,135. 

 

3.1.1. Copy Number Alterations and Survival Analyses 

 To determine the prevalence of SKP2 copy number losses in cancer, data from eight common 

cancer types (colorectal, ovarian, breast, bladder, pancreas, lung, glioblastoma and lymphoma) 

were extracted from TCGA Pan-Cancer Atlas136 with CNAs identified using the following 

OncoQuery Language commands in cBioPortal134,135: (1) HOMDEL, deep deletion  

(i.e., loss of both alleles); (2) HETLOSS, shallow deletion (i.e., loss of one allele); (3) GAIN 

(i.e., gain of one allele); and (4) AMP, large amplification (i.e., gain of two or more alleles). SKP2 

CNA data were imported into Prism v9 (GraphPad) and deep deletions and shallow deletions were 

plotted for eight common cancer types (Figure 3-1A). 

 To compare SKP2 CNAs and SKP2 mRNA expression levels, CRC patient sample data were 

retrieved using cBioPortal to identify the individual frequencies of CNAs (deep deletions, shallow 

deletions, diploid, gains and amplifications) which were compared with their respective mRNA 

expression z-scores (z = expression in tumor sample - mean expression in reference 

sample[diploid])/standard deviation of expression in reference sample[diploid]) (Figure 3-1B). 

SKP2 CNA and mRNA expression data were imported into Prism v9 (GraphPad) and shallow 

deletions and normal (i.e., diploid) cases were statistically compared by two sample Mann-

Whitney (MW) test (detailed in Section 3.9.1.).  

 To compare patient outcomes, namely progression free, disease free, disease-specific and 

overall survival, Kaplan-Meier (KM) curves were generated from TCGA data extracted from the 

Pan-Cancer Atlas136 and stratified based on SKP2 shallow deletions or normal (diploid) copy 

numbers. Data were imported into Prism where survival curves were generated and statistically 

compared using log-rank tests with a p-value < 0.05 considered significant (Figure 3-1C). Graphs 

presenting SKP2 survival data were generated in Prism, while figures were assembled in 

Photoshop CS6 (Adobe). 

 

http://www.cbioportal.org/
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3.2. REAGENTS 

 All reagents and solutions employed within this study are listed in Appendix A and in general, 

were purchased from Thermo Scientific, Sigma-Aldrich and Gibco (Life Technologies). 

 

3.3. CELL CULTURE 

 The characteristic features of the three colonic epithelial cell lines employed in this study are 

summarized in Table 3-1. Briefly, HCT116 cells were purchased from American Type Culture 

Collection (Rockville, MD), while the 1CT and its derivative cell line, A1309, were generously 

provided by Dr. J. Shay (University of Texas Southwestern Medical Center, USA). HCT116 cells 

were cultured in modified McCoy’s 5A medium (HyClone) supplemented with 10% fetal bovine 

serum (FBS; Sigma-Aldrich) (Appendix A), while 1CT and A1309 cells were cultured 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 grown in standard 10 cm tissue culture plates (Sarstedt) and maintained in an incubator at 37 

degrees Celsius (°C) with 5% carbon dioxide (CO2), while 1CT and A1309 cells were cultured on 

surface treated Primaria (Corning) tissue culture plates and maintained in low-oxygen (O2) 

chambers containing 2% O2, 7% CO2, and 91% nitrogen in a 37 °C incubator. All cell lines were 

authenticated on the basis of protein expression and karyotypic analyses103. A tray containing 

Milli-Q water and cupric sulfate pentahydrate (Appendix A) was placed in the bottom of the 

incubator to maintain humidity and prevent microbial and fungal growth.  
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Table 3-1. Properties Human Colonic Epithelial Cell Lines Employed in CIN and Cellular 

Transformation Assays. 

 HCT116 1CT A1309 

Transformed or 

Immortalized 
Transformed 

Immortalized 

(human telomerase 

and CDK4A) 

Immortalized 

(human telomerase 

and CDK4A) 

Sex Male Male Male 

Culture Properties Adherent Adherent Adherent 

~Doubling Time ~22 hours ~22 hours < 22 hours 

Karyotype 
Near Diploid, 

45 X, Stable 

Diploid 

46 XY, Stable 

Diploid 

46 XY, Stable 

Growth Medium 
McCoy’s 5A + 

10% FBS 

X-media + 

2% CCS 

X-media + 

2% CCS 

Source 

American Type 

Culture 

Collection 

(Rockville, MD) 

Dr. J. Shay 

(University of Texas) 

Dr. J. Shay 

(University of Texas) 

 Protein Expression Profile 

KRAS G13DB Wild-typeC G12VB 

TP53 Wild-typeC Wild-typeC Wild-typeC,  

~50% knockdownD 

APC Wild-typeC Wild-typeC 

Expression of 

truncated proteinE, 

~70% knockdownD 

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 

 To maintain subconfluent and actively growing cultures, cells were passaged in a biological 

safety cabinet every 2-4 days. Medium was aspirated from the tissue culture dish and adhered cells 

were washed with sterile phosphate buffered saline (1× PBS; Appendix A). To detach cells from 

tissue culture plates, 1 milliliter (mL) of 0.05% trypsin containing ethylenediaminetetraacetic acid 

(EDTA; Gibco; Life Technologies) was added and the cells were incubated for 2 minutes (min) 

(A1309) or 5 min (HCT116 and 1CT) at room temperature (RT). Cell detachment was monitored 

using an inverted ID03 microscope (Zeiss) equipped with a 10× objective. Once detached, trypsin 

was diluted using 4 mL 1× PBS (HCT116) or neutralized with 1 mL of trypsin neutralizer (Gibco; 

Life Technologies) and diluted with 3 mL of sterile 1× PBS (1CT and A1309). Cells were collected 
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from the plate, transferred to a 15 mL conical tube (Sarstedt) and pelleted by centrifugation at  

140 times gravitational acceleration (× g) at 21 °C for 5 min in a Legend XFR centrifuge (Thermo 

Scientific). The supernatant was aspirated from the conical tube and the cell pellet was resuspended 

in 8 mL (HCT116) or 3 mL (1CT, A1309) of sterile 1×  PBS. Approximately 1 mL of cell 

suspension was added back to the 10 cm plate containing 10 mL of fresh complete medium. 1CT 

and A1309 cells were placed in a low O2 chamber, which was subsequently filled with the gas 

mixture described above, while HCT116 cells were placed directly into a 37 °C incubator 

containing 5% CO2. 

 

3.3.2. Cell Counting and Seeding 

 In preparation for seeding CIN assays, cells were passaged, pelleted, and resuspended in 

1× PBS as described above. To minimize cell aggregates, HCT116 cells were filtered using a 40 

micrometer (μm) cell strainer (Falcon) into a 50 mL conical tube (Sarstedt). To determine cell 

counts, a 40 microliter (μL) aliquot of the cell suspension was mixed in a 1:1 ratio with 0.2% 

trypan blue dye (Gibco) and 20 μL of the cell/trypan blue mixture was dispensed into a cell counter 

slide (Cedex Smart Slide, Roche) in duplicate. Cell counts (i.e., the number of viable cells/mL in 

the cell suspension) were determined using a Cedex XS cell counter (Roche), which distinguishes 

live from dead cells based on trypan blue dye exclusion. The average viable cell count was used 

to calculate the dilution of cells needed for all subsequent experiments (Table 3-2). 
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Table 3-2. Pipetting Volumes Employed for siRNA Transfection. 

Experiment 

 

Cell 

Line 

Cell 

Seeding 

Density 

(cell/well) 

Vessel 

Volume 

siRNA 

in  

Tube 1 

Volume 

RNAiMAX 

in Tube 2 

Volume 

Medium 

in Well 

Total 

Volume 

Western 

Blots 

HCT116 30,000 

6-well 

plate 

1L in 

250 L 

CMB 

3L in 250 

L CMB 
2,000 L 

2,500 

L 
1CT 30,000 

A1309 25,000 

NA/MNFA 

Analyses 

HCT116 800 
96-

well 

plate 

0.1 L 

in 10 L 

CMB 

0.15 L in 

10L CMB 
200 L 220 L 1CT 1200 

A1309 1000 

Mitotic 

Chromosome 

Spread 

Analyses 

HCT116 12,000 

6-well 

plate 

0.5L in 

250 L 

CMB 

3 L 

in 250 L 

CMB 

2,000 L 
2,500 

L 
1CT 12,000 

A1309 10,000 

ANA/MNF (Nuclear Area/Micronucleus Formation) 
BCM (Complete Medium) 

 

3.3.3. Short Interfering RNA Transfection 

 To induce SKP2 gene silencing, sets of four individual ON-TARGETplus siRNA duplexes 

targeting unique regions of the SKP2 coding sequence (siSKP2-1, -2, -3, -4; Figure 3-1) and 

siControl were purchased from Dharmacon. Individual siRNA duplexes were resuspended in 1× 

siRNA buffer (Appendix A) to a stock concentration of 20 micromolar (M) and a working 

concentration of 10 M. The pooled siRNA mixture was prepared by combining equimolar 

volumes (10 M) of the four individual siRNA duplexes. All siRNAs were stored in 10 L aliquots 

at -80 °C and were thawed and re-frozen as needed for a maximum of 5 freeze/thaw cycles. To 

prepare for siRNA transfection, cells were seeded at the densities indicated in Table 3-2 for the 

appropriate downstream experiment. To enable attachment to the culture plates, cells were 

incubated for 24 hours (h) at 37 °C prior to transient, lipid-mediated transfection with RNAiMAX 

(Invitrogen). The volumes of transfection reagents were adjusted according to the vessel format 

and cell seeding density as listed in Table 3-2. Each siRNA was diluted in the appropriate volume 

of complete medium for each experimental condition and the total volume of RNAiMAX required 

for the experiment was prepared in a separate tube by gently mixing with complete medium. The 
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siRNA and RNAiMAX solutions were combined in a 1:1 ratio, mixed by inverting the tubes and 

incubated at RT for 20 min. Transfection mixtures were dispensed into appropriate wells and plates 

were rocked gently and returned to the incubator for 4 days, after which whole cell protein lysates 

or CIN experiments (i.e., nuclear area and micronucleus formation assays and mitotic chromosome 

spreads) were harvested (detailed in Sections 3.4.1. and 3.5.).  

 
 

Figure 3-1. Location of Each Individual siRNA Duplex Targeting the SKP2 Transcripts. 

Schematic depiction of the distinct siSKP2 siRNAs aligned with their respective consensus 

sequences in the three SKP2 isoforms. Numbers identify the nucleotide position of the consensus 

sequences.  

 

 

3.4. WESTERN BLOT ANALYSIS 

 Western blot analyses were employed to evaluate siRNA-based silencing efficiency for SKP2, 

to assess changes in Cyclin E1 and P27 protein abundance in response to diminished SKP2 

expression and to screen for CRISPR/Cas9-mediated gene editing events by identifying clones 

exhibiting diminished SKP2 protein abundance. 

 

3.4.1. Whole Cell Protein Extraction 

 In general, proteins were harvested from asynchronous cells growing in 6-well tissue culture 

plates as described above (Section 3.3.1.). Cell culture medium was aspirated and cells were rinsed 

3× with 1 mL cold PBS (4 °C) before 100 L of Radio-immunoprecipitation Assay (RIPA) buffer 

(Appendix A) was added to each well. Cell culture plates were incubated on ice for 20 min, tapping 

every 10 min. Cell scrapers were used to collect cells which were transferred to chilled, labeled 
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1.5 mL microcentrifuge tubes on ice. Lysate was sonicated twice for 3 seconds (s) with a Sonifer 

Cell Disruptor (Branson Sonic Power Co.) using a duty cycle of 50% amplitude and output control 

setting of 6. Samples were centrifuged (Biofuge Fresco; Thermo Scientific) at 15,800 × g for 2 

min at 4 °C to remove insoluble debris. Supernatant were gently removed and transferred to new, 

cooled microcentrifuge tubes and stored at -20 °C for short-term storage (< 2 weeks) or -80 °C for 

long-term storage (> 2 weeks).  

 

3.4.2. Protein Quantification via Bicinchoninic Acid Assay 

 Protein concentrations were determined using a Pierce Bicinchoninic Acid (BCA) Assay kit 

(Thermo Scientific) according to the manufacturer. Briefly, Reagent A (containing BCA) and 

Reagent B (containing 4% cupric sulfate) were combined in a 50:1 ratio and 200 μL/well was 

dispensed into a 96-well plate (Corning). A set of 9 bovine serum albumin (BSA) protein standards 

were prepared with known concentrations ranging from 0 μg/mL to 2000 μg/mL and  

25 μL of each standard was dispensed into duplicate wells of the plate. Test protein samples were 

dispensed into triplicate wells (5 μL/well), along with RIPA (20 μL/well). The plate was agitated 

on Multi-Microplate Genie (Scientific Industries) for 30 s to mix the samples prior to incubation 

in the dark at 37 °C for 30 min, after which 562 nanometer (nm) absorbance measurements were 

acquired for each well using the Cytation 3 (BioTek) plate reader function. A standard curve was 

generated from the absorbance values of the BSA standards and was used to determine protein 

concentrations of the test samples. Values from the 3 readings/sample were averaged and 

multiplied by 5 to account for the dilution factor to ultimately determine protein concentrations. 

 

3.4.3. Gel Electrophoresis and Western Blot 

 Following protein quantification, protein samples were mixed with appropriate volumes of 

6× sodium dodecyl sulfate (SDS) Sample Loading Buffer and RIPA to achieve equimolar amounts 

of protein for each condition (20 μg/well). Proteins were denatured by incubating samples at 99 °C 

in a heating block (Eppendorf) for 5 min with orbital mixing and plunged into ice to maintain a 

denatured state. A 4-20% mini-Protean TGX gel (BioRad) was assembled inside a mini-

PROTEAN electrophoresis tank (BioRad) and the apparatus was filled with 1× Running Buffer 

(Appendix A). To determine the approximate location of the proteins of interest, 8 μL of Precision 

Plus Protein Dual Color Standards (BioRad) molecular weight marker was dispensed into one well 
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and the remaining wells were each loaded with 20 μL of denatured protein sample mixture 

(containing 20 μg of protein/well). Samples were electrophoresed at 140 volts (V) for 65 min at 

4 °C using a PowerPac HC (BioRad) power supply. During this time, 3× blotting papers were 

soaked in 1× Transfer Buffer (Appendix A) for 1 hour prior to the transfer step. Next, a 0.45 μm 

polyvinylidene difluoride (PVDF) membrane (Millipore) was activated with methanol and rinsed 

3× with Milli-Q water to prepare for protein transfer. The gel and membrane were assembled in a 

TransBlot Semi-Dry Transfer Cell (Bio-Rad) with 1×  Transfer Buffer (Appendix A) and a 

constant voltage (14 V) was applied for 40 min to electrophoretically transfer the proteins to the 

PVDF membrane. To confirm efficient protein transfer, membranes were stained with 5 mL of the 

total protein stain, copper phthalocyanine 3,4’,4’’,4’’’-tetrasulfonic acid tetrasodium salt (CPTS; 

Appendix A) for 5 min at RT. Membranes were de-stained by washing with Tris-buffered saline 

solution containing 0.1% Tween 20 (TBST; Appendix A) followed by 1 h of blocking with 5% 

weight/volume (w/v) non-fat milk in 1× TBST (Appendix A) at RT with gentle rocking. The 

milk/TBST solution was discarded and the blots were cut with a razor blade to separate the regions 

of interest (i.e., separate SKP2 from the loading control, Cyclophilin B). Blots were placed in 

separate containers with appropriate primary antibodies in 5% w/v milk solution at the 

concentrations listed in Table 3-3 and incubated overnight (O/N) at 4 °C with gentle rocking. The 

next morning, the milk/primary antibody solutions were discarded and the blots were quick-rinsed 

3× with TBST and washed with TBST 3× for 10 min intervals before adding secondary antibodies 

at the concentrations listed in Table 3-3 and incubated for 1 h at RT with gentle rocking. Finally, 

milk/secondary antibody solutions were discarded and the blots were quickly rinsed with 3× with 

TBST and washed with TBST 3× for 10 min prior to semi-quantitative analysis as detailed below 

(Section 3.4.4.). 
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Table 3-3. List of Antibodies Employed for Western Blot Analysis. 

Primary Antibodies 

Antibody Source 
Catalogue 

Number 
Species Dilution 

SKP2 Invitrogen INV33-33190 Mouse 1:500 

Cyclin E1 Abcam ab33911 Rabbit 1:1000 

P27 Abcam ab32034 Rabbit 1:5000 

Cyclophilin B Abcam ab16045 Rabbit 1: 150,000 

Secondary Antibodies 

Goat 𝛼 

Rabbit HRPA 

Jackson 

ImmunoResearch 111-035-144 Goat 
1:10,000 

Goat 𝛼 

Mouse HRP 

Jackson 

ImmunoResearch 
115-035-146 Goat 

1:10,000 

AHRP (Horseradish peroxidase) 

 

 

3.4.4. Semi-Quantitative Western Blot Analysis 

 To visualize proteins of interest, the EZ-ECL kit (FroggaBio) was utilized as described by the 

manufacturer. Briefly, the stable peroxide solution and the luminol/enhancer solution were 

combined in a 1:1 ratio. Concurrently, blots were placed on a kimwipe to dry briefly following 

TBST washes and transferred to a page protector where approximately 400 μL luminol/enhancer 

solution was dispensed for each membrane which were incubated in the dark for 5 min at RT. 

Excess visualization solution was removed by gently dabbing the edge of the blot on a kimwipe 

and the membrane was placed into a clear page protector. A MyECL Imager (Thermo Scientific) 

was employed to visualize proteins of interest using standard chemiluminescence. Images were 

acquired using exposure times producing a strong signal without pixel saturation. Images were 

imported into ImageJ software (National Institutes of Health) to perform semi-quantitative analysis 

of protein expression levels. Band intensities were first normalized to a loading control 

(Cyclophilin B) and are presented relative to a control sample (i.e., siControl or Non-Targeting 

Control [NT-Control]) set to 100 to enable semi-quantitative comparisons of protein expression 

levels between samples. Figures were assembled in Photoshop. 
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3.5. CIN ASSAYS 

 ScQuantIM approaches were employed to evaluate CIN-associated phenotypes in cells with 

diminished SKP2 expression, including changes in nuclear areas and micronucleus formation. 

Additionally, mitotic chromosome spreads cells were generated using standard cytogenetic 

approaches and enumerated to evaluate the impact reduced SKP2 expression has on chromosome 

complements. 

 

3.5.1. Nuclear Area Assay  

 Nuclear area assays were performed using our established protocols82,83. Briefly, colonic 

epithelial cells were seeded into 96-well plates as described in Section 3.3.2. Four days post-

transfection, medium was aspirated and cells were fixed with 200 μL of freshly prepared 4% 

paraformaldehyde (Appendix A). Paraformaldehyde was discarded and cells were washed with 

200 μL of sterile 1× PBS. Nuclei were counterstained by adding 200 μL of 300 ng/mL Hoechst 

33342 in 1× PBS (Appendix A) to each well. Plates were stored in the dark at 4 °C O/N prior to 

imaging to allow the Hoechst to equilibrate across all nuclei. A 3×3 matrix of non-overlapping 2D 

images (i.e., 9 images total) were acquired from each well using a Cytation 3 Cell Imaging Multi-

Mode Reader (BioTek) equipped with a 16-bit, gray scale, charge-coupled device camera (Sony) 

and an Olympus 20× lens (0.45 numerical aperture). All image acquisition and analysis settings 

were adjusted using Gen5 Software (BioTek). Representative images were exported into Imaris 

(Bitplane) and Photoshop where figure panels were assembled. To determine nuclear areas, the 

primary mask function of Gen5 software was employed to automatically detect interphase 

Hoechst-counterstained nuclei, while the Subpopulation Analysis feature of Gen5 was used to 

apply an edge exclusion filter (< 30 μm) to remove partial nuclei located along the image 

periphery82. Nuclear areas from a minimum of 1000 nuclei/condition were automatically 

determined and data were imported into Prism, where descriptive statistics and two sample KS 

tests (detailed in Section 3.9.2.) were performed. Nuclear area assays were performed thrice in 

each cell line (i.e., HCT116, 1CT and A1309). The data were displayed using cumulative 

distribution frequency curves generated in Prism, while figure panels were assembled in Photoshop. 
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3.5.2. Micronucleus Formation Assay 

 Micronucleus formation assays were prepared in an identical fashion to nuclear area assays 

(Section 3.5.1.), including cell seeding, silencing, fixation, labeling, and imaging. Analyses and 

assessment of micronuclei was performed as per our established protocols82,169. Briefly, Gen5 

Image Prime and Gen5 Spot Counting image analysis software were employed for automated 

detection of micronuclei, which were operationally defined as small (< 1/3 the size of the primary 

nucleus170), extra-nuclear, Hoechst-stained bodies exhibiting no visible attachments with the 

primary nucleus. A primary mask was applied to detect interphase nuclei as described above 

(Section 3.5.1.), while a secondary mask was applied with a defined ring radius of 15 μm to roughly 

approximate the cell body boundary. The Gen5 Spot Detection option was employed to identify 

micronuclei (i.e., spots) located outside the primary nucleus, but within the cell boundary  

(i.e., secondary mask). Finally, an edge exclusion filter (< 30 μm) was applied to eliminate partial 

nuclei located along the image periphery. The total number of micronuclei in each well was 

determined and normalized to the total number of nuclei imaged169. Micronucleus data from a 

minimum of 1000 nuclei/condition were imported into Prism where descriptive statistics and 

Mann-Whitney (MW) tests (detailed below in Section 3.9.1.) were performed. Micronucleus 

formation assays were performed thrice in each cell line (i.e., HCT116, 1CT and A1309). Data 

were presented as dot plots generated in Prism, while figure panels were assembled in Photoshop. 

 

3.5.3. Mitotic Chromosome Spreads and Chromosome Enumeration 

 To generate mitotic chromosome spreads, cells were seeded (Table 3-2) onto ethanol-

sterilized coverslips and silenced as described in Sections 3.3.2. and 3.3.3. Once cells reached an 

optimal density (40-50% confluency), they were treated with a KaryoMAX colcemid (Gibco; 100 

ng/mL in complete medium; Appendix A) to enrich for mitotic cells. Following a 3.5-h (1CT, 

A1309) or 1.5-h (HCT116) incubation at 37 °C, the colcemid-containing media was discarded and 

2 mL of 75 mM KCl hypotonic solution (Appendix A) was added to each well for 20 min (1CT, 

A1309) or 16 min (HCT116). Cells were fixed with 1.5 mL of a 3:1 mixture of  

methanol: acetic acid (Appendix A) for 3× 10 min intervals. The fixative was discarded, and the 

coverslips were tilted on their sides in the wells of the culture plate to air dry. Coverslips were 

mounted onto glass slides with 10 μL 4’,6-Diamidino-2-phenylindole (DAPI) Mounting Medium 

(Appendix A) and stored at 4 °C in the dark for at least 24 h prior to imaging. A minimum of 100 
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mitotic chromosome spreads/condition were imaged using an AxioImager Z1 microscope 

equipped with a 63× (1.4 numerical aperture) oil-immersion, plan apochromat lens and a Zeiss 

HRm charge-coupled device camera. Image files (16-bit TIFFs) were imported into ImageJ 

software for manual chromosome enumeration. Chromosome spreads that deviated from the modal 

karyotypes (Table 3-1) were classified as aberrant, which included chromosome losses, small-

scale gains (< 10 chromosomes) or large-scale gains (≥ 10 chromosomes). Mitotic chromosome 

spread analyses were performed three times for each cell line. Graphs were generated in Prism and 

figures were assembled in Photoshop. 

 

3.5.4. Phenotypic Rescue 

 Individual and co-silencing of SKP2, CCNE1, P27 and siControl were performed as detailed 

in Section 3.3.3. Briefly, HCT116 cells were transfected with individual and equimolar 

combinations of siSKP2-Pool, siCCNE1-Pool, siP27-Pool and/or siControl siRNAs using 

RNAiMAX. Cells were permitted to grow for four days, at which point semi-quantitative western 

blot analyses (Section 3.4.) and nuclear area assays (Section 3.5.1.) were performed as detailed 

above. 

 

3.6. CRISPR/CAS9 

 A second generation CRISPR/Cas9 system was employed to generate SKP2 heterozygous 

(SKP2+/-) and homozygous (SKP2-/-) knockout clones in 1CT and A1309 cells using a two-step 

approach. Briefly, plasmids co-expressing a synthetic guide RNA (sgRNA) and a blue fluorescent 

protein (BFP) (Table 3-4) purchased from Sigma were packaged into lentiviral particles  

(Section 3.6.2.) and delivered to 1CT and A1309 cells by lentiviral transduction as described below 

(Section 3.6.3.). Fluorescence-activated cell sorting (FACS) was performed to enrich for a 

population of transduced (BFP+) cells (Section 3.6.3.). Next, plasmids co-expressing a Cas9 

endonuclease and a green fluorescent protein (GFP) were transiently transfected into the BFP+ 

cells using a lipid-based approach (Section 3.6.4.) and FACS was employed to enrich for a 

population of dually transduced/transfected (i.e., BFP+/GFP+) cells. Overall, this CRISPR/Cas9 

approach combines constitutive sgRNA expression and transient Cas9 expression to minimize 

potential off-target endonuclease activity associated with constitutive Cas9 nuclease expression171. 
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It should be noted that all lentiviral manipulations were performed in a Biosafety Level 2+ room 

containing a lentiviral-specific biological safety cabinet and incubator. 

 

Table 3-4. sgRNA Sequences and SKP2 Target Sites. 

sgRNA SequenceA Target Site 

sgNT 5’-CGCGAUAGCGCGAAUAUAUU’3’ None 

sgSKP2-1 5’-CCUGUCUGUGCCUCCCUGAGCUG-3’ SKP2 Exon 3 

sgSKP2-2 5’-UCUCUGGUGUUUGUAAGAGGUGG-3’ SKP2 Exon 3 

AEach sgRNA is composed of a variable 20 nucleotide sequence at its 3’ end (shown above), which 

either does not target any sequences in the human genome (sgNT) or targets a complementary 

region within SKP2 (sgSKP2-1or sgSKP2-2). A constant 82 nucleotide sequence at the 5’ end of 

each sgRNA enables ribonucleoprotein complex formation with the Cas9: 

5’UUUUUUCGUGGCUGAGCCACGGUGAAAAAGUUCAACUAUUGCCUGAUCGGAAU

AAAAUUGAACGAUAAAGAUCGAGAUUUUG3’. 

 

 

3.6.1. Escherichia Coli Transformation and Plasmid Preparation 

 To amplify sgRNA or Cas9 expression plasmids, Stellar (chemically) Competent Escherichia 

coli cells were transformed as per the manufacturers protocol (Clontech). Briefly, ~5 ng of sgRNA 

or Cas9 expression plasmids were added to 50 μL of competent cells in a 1.5 mL microcentrifuge 

tube and placed on ice for 30 min. During this time, Super Optimal broth with Catabolite repression 

(SOC) medium (Takara Bio) was pre-warmed to 37 °C. Following incubation on ice, bacteria were 

heat shocked in a 42 °C water bath for 60 s and returned to ice for 2 min. The pre-warmed SOC 

medium was added to the cells to a final volume of 500 μL and the mixture was incubated in a 

C25 Incubator Shaker (New Brunswick Scientific) at 37 °C for 1 h at 220 revolutions per minute 

(rpm). To ensure the formation of individual colonies, 1/10 and 1/100 dilutions of transformed 

cells in SOC medium were prepared and plated onto petri dishes containing Luria-Bertani (LB) 

agar and either 60 μg/mL carbenicillin or 50 μg/mL kanamycin (Appendix A) for positive selection 

of cells containing the sgRNA or Cas9 expression plasmids, respectively, and were incubated O/N 

(12-16 hours) at 37 °C. The following day, 5 mL of LB broth was inoculated with single bacterial 

colonies and either 60 μg/mL carbenicillin or 50 μg/mL kanamycin and were incubated O/N in a 

C25 Incubator Shaker (New Brunswick Scientific) at 37 °C at 220 rpm. The next morning, bacteria 

were centrifuged at 4000 rpm in a Beckman Coulter Life Sciences GH-3.8 horizontal rotor for 10 

min. The supernatant was discarded and the centrifuged tubes were placed upside-down on paper 
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towel to air-dry for 5 min. The bacterial pellet was resuspended and purified using a QiaPrep Kit 

according to the manufacturer’s instructions (Qiagen). Plasmid DNA was eluted from the spin 

column by adding 50 μL of nuclease-free water (HyClone) and incubating for 1 min at RT before 

being centrifuged for 1 min at 6,000 ×g. DNA concentration and purity were determined using a 

Nano-drop spectrophotometer (Thermo Scientific). All plasmid samples were stored at -20 °C.  

 

3.6.2. Production of Lentiviral Particles 

 Concentrated sgRNA expression plasmids were packaged into lentiviral particles using a 

Lenti-X HTX Packaging System as per manufacturer protocol (Clontech). Briefly, 4.5× 106 Lenti-

X HEK 293T lentiviral packaging cells were seeded into 10 cm collagen-coated tissue culture 

plates (Corning) with high glucose DMEM medium containing 10% tetracycline-free FBS 

(Appendix A) and grown in a 37 °C humidified incubator containing 5% CO2. Plasmids were 

complexed with Lenti-X HTX packaging components (one shot transfection kit) and transfected 

into Lenti-X HEK 293T cells 24 h post-seeding. Cells were incubated at 37 °C for 4 h, after which 

medium was replaced, and cells were incubated for an additional 48 h. To test for the presence of 

lentiviral particles, 20 μL of packaging cell supernatant was applied to a Lenti-X GoStix strip 

(Clontech), which produces a positive signal (band) when virus production is within a usable range 

for transduction (> 5 ×105 infectious units/mL). Precise lentiviral titers were not determined. After 

obtaining a positive GoStix result, the remaining supernatant was collected, passed through a low 

protein binding 0.2 μm filter, and cooled to 4 °C. Clarified supernatant was combined in a 3:1 ratio 

with Lenti-X concentrator (Clontech) and incubated O/N at 4 °C. Samples were centrifuged at 

1,500 ×g for 45 min 4 °C to obtain a lentiviral pellet, which was resuspended in 1 mL sterile 1× 

PBS at 4 °C and stored at -80 °C. 

 

3.6.3. Lentiviral Transduction and Isolation of Synthetic Guide RNA Containing Clones 

 Lentiviral transduction was employed to deliver two SKP2-targeting or a NT-Control sgRNA 

expression plasmids to 1CT and A1309 cells. Cells were seeded into 24-well cell culture plates 

(50,000 cells/well × 1 well/condition) and incubated for 24 h before being washed with sterile 1× 

PBS. Next, appropriate viral stocks were diluted in a 1:2 ratio with serum free medium. As two 

sgRNAs were employed to target SKP2 and one sgRNA was used as NT-Control, a virus to 

medium ratio of 1:4 and 1:2 was used for each of the SKP2 and NT-Control sgRNAs, respectively, 
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and 200 μL of diluted virus mixture was added to each well. Cells were incubated for 4 h at 37 °C, 

following which wells were supplemented with 500 μL with complete medium and incubated O/N. 

After ~24 h, lentivirus-containing medium was removed, safely discarded and replaced with  

500 μL of fresh complete medium. Cells were expanded by growing to confluency, passaging 

confluent wells, and dispensing cells into larger vessels until sufficient cells (~5x106 cells) were 

obtained for FACS.  

 FACS was employed to enrich for a population of 1CT or A1309 cells expressing BFP+, 

indicating a successful delivery of the sgRNA expression plasmids. All FACS was performed by 

Christine Zhang in the Flow Core facility at the University of Manitoba on a fee for service basis. 

To prepare samples for sorting, cells were trypsinized and pelleted as detailed in Section 3.3.2. 

Supernatant was removed and cells were resuspended in 300 μL Sorting Buffer (Appendix A) to 

achieve a final cell density of ~5 million cells/mL. Propidium iodide (PI), a membrane impermeant 

nuclear counterstain that only labels dead or dying cells that have lost membrane integrity172 was 

added to the sorting buffer of test samples to distinguish between viable (PI-negative) and 

nonviable (PI-positive) cells. Samples were transported to the FACS facility on ice, and all PI-

negative and BFP+ cells were collected as a bulk population in complete medium containing 1% 

penicillin-streptomycin (Gibco) in 15 mL conical tubes. Samples were centrifuged at 140 × g for 

5 min and resuspended in ~100 μL of 1× PBS and plated in appropriate vessels with conditioned 

X-Medium (Appendix A) based on the number of cells collected. For example, a single well of a  

24-well plate for < 40,000 cells, or a single well of a 6-well plate for ≥ 40,000 cells. Cells were 

expanded into larger vessels as required and cryogenically preserved after each round of FACS. 

 

3.6.4. Generation and Isolation of Cas9 Clones  

 Cas9 expression plasmids were delivered to a bulk population of BFP+ 1CT or A1309 cells 

via lipid-based transfection using Lipofectamine 2000 reagent (Thermo Scientific). Approximately 

24 h prior to transfection, 1CT or A1309 cells were seeded at 200,000 cells/well in a 6-well tissue 

culture dish. To transfect one 6-well plate, 10 μL of Lipofectamine 2000 was diluted in 1,750 μL 

complete medium and incubated at RT for 5 min, while 28 μL of Cas9 plasmid (at 1 μg/μL) was 

diluted in 1,750 μL complete medium and gently mixed with the Lipofectamine 2000 solution. 

The mixture was incubated at RT for 20 min and 500 μL was dispensed in each well before 

returning the cells to the incubator. Approximately 24 h later, cells were collected and FACS was 
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performed as detailed above (Section 3.6.3.), to enrich for a population of BFP+/GFP+ 1CT or 

A1309 cells, indicating the successful delivery of both the sgRNAs and the Cas9 endonuclease 

transcript. 

 

3.6.5. Clonal Expansion and Screening for SKP2 Gene Edits 

 To isolate individual CRISPR-edited clones from the BFP+/GFP+ bulk populations, cells 

were seeded into a 96-well plate using a limited dilution approach at an average density of 1 

cell/well. Plates were monitored regularly over the course of 10 days to identify wells containing 

single colonies (i.e., a clonal expansion of a single cell). As cells reached confluency (~3 weeks 

after seeding the 96-well plate), clones were expanded into 24-well and 6-well plates for 

downstream analyses. Proteins were harvested for each clone and western blots were performed 

to determine SKP2 protein abundance as detailed in Section 3.4. Putative SKP2+/- and SKP2-/- 

knockout clones were identified as those with reduced SKP2 expression relative to a wild-type 

control (untreated) and were subsequently subjected to DNA sequencing to identify allele-specific 

edits as detailed below in Section 3.6.9. 

 

3.6.6. Genomic DNA Extraction 

 Whole genomic DNA was extracted from putative SKP2 knockout clones using the DNeasy 

Blood & Tissue Kit as detailed by the manufacturer (Qiagen). Briefly, cells from a confluent  

35 mm tissue culture plate were treated with trypsin, collected and centrifuged as described above 

(Section 3.3.1.). Supernatant was discarded and the cell pellet was resuspended in 240 μL of  

1× PBS. Approximately 40 μL of the resuspended cells were plated back into the vessel with  

2 mL of X-Medium. The remaining ~200 μL of each sample was subsequently treated as per the 

DNeasy Blood & Tissue Kit manufacturer protocol and DNA was eluted in 100 μL molecular 

biology grade water (HyClone). DNA concentrations and purities were determined using a Nano-

Drop spectrophotometer (Thermo Scientific) and DNA samples were stored at -20 °C prior to 

polymerase chain reaction (PCR) amplification and DNA sequencing. 
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3.6.7. Polymerase Chain Reaction 

 PCR was employed to amplify exon 3 of SKP2, which is the target of both SKP2 sgRNAs  

(i.e., sgSKP2-1 and sgSKP2-2). Primer-BLAST (http://www/ncbi.nlm.nih.gov/tools/primer-blast/) 

was employed to design two PCR primer pairs flanking exon 3 that would produce a 711 bp 

amplification product (Table 3-5). To ensure high-fidelity amplification, Phusion High-Fidelity 

DNA polymerase (Thermo Scientific) was employed with reactions prepared as per the 

manufacturer’s instructions using the reagents and volumes indicated in Table 3-6. The PCR 

mixture was dispensed into 20 μL strip tubes, vortexed and PCR amplification was performed 

using the parameters indicated in Table 3-7 using a PCR thermocycler (BioRad). The resulting 

PCR products were stored at 4 °C prior to DNA sequencing. 

 

Table 3-5. Primer Sequences Used for the Polymerase Chain Reaction and DNA Sequencing. 

Primer SequenceA TmB 

Forward 5’-CGGTACCCGGGGATCCTCCGATTGGCTGGCTAGAG-3’ 64 °C 

Reverse 5’-CGACTCTAGAGGATCCTGGCCTACAGTCAGCATCC-3’ 64 °C 

APrimer sequences are comprised of a 5’ region (red text) that is complementary to a PUC19 

cloning plasmid and a 3’ region (black text) that is complementary to the genomic SKP2 sequence. 
BPrimer melting temperatures are calculated from the 3’ SKP2-targeting region only, with guanine 

(G) and cytosine (C) nucleotide bases accounting for 4 °C and Adenosine (A) and Thymine 

nucleotide bases accounting for 2 °C where the melting temperature is sum total of the nucleotide 

bases. 

 

 

Table 3-6. Reagents and Volumes Employed to PCR-Amplify Exon 3 of SKP2. 

Reagent 
Volume/50 μL 

Reaction 

Final 

Concentration 

5 × PhusionTM HF Buffer 10 μL 1 × 

10 mM dNTPs 1 μL 200 μM 

10 μM Forward Primer 2.5 μL 0.5 μM 

10 μM Reverse Primer 2.5 μL 0.5 μM 

2U/μL PhusionTM High-Fidelity DNA Polymerase 0.5 μL 0.02 U/μL 

Template DNA 100 ng 5 ng/μL 

Nuclease-Free Water to 50 μL  

 

  

http://www/ncbi.nlm.nih.gov/tools/primer-blast/
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Table 3-7. Thermocycling Conditions for SKP2 Amplification. 

Step Temperature Time Number of Cycles 

Initial Denaturation 98 °C 5 min 1 

Denaturation 98 °C 10 s 

30 Annealing 65 °C 30 s 

Extension 72 °C 30 s 

Final Extension 72 °C  5 min 1 

Hold 10 °C -  

 

 

3.6.8. Agarose Gel Electrophoresis 

 Agarose gel electrophoresis was employed to visualize PCR products and assess the 

amplification specificity of exon 3 (~711 bp) of SKP2. A 1.0% agarose gel was prepared by adding 

0.5 g of agarose (Invitrogen) to 50 mL of 1× Tris-acetate-EDTA (TAE) buffer in an Erlenmeyer 

flask (Appendix A) and heated using a microwave until the agarose was completely dissolved. To 

visualize PCR products, 5 μL of SYBR Safe DNA Gel Stain (Thermo Scientific) was added to the 

agarose prior to it polymerizing (at ~37 °C). Once polymerized, the gel was transferred to an 

electrophoresis tank containing 1× TAE buffer and 5 µL of O’GeneRuler 1 kb Plus DNA 

molecular weight marker (Thermo Scientific) was dispensed into one well. Next, the PCR products 

were mixed in a 6:1 ratio of 6× DNA loading dye (Thermo Scientific) and 5 µL was loaded per 

well. Samples were electrophoresed for ~30 min at 100 V and visualized under ultraviolet light 

using a MyECL Imager. 

 

3.6.9. DNA Sequencing and Sequence Analyses 

 DNA sequencing was employed to identify and characterize the CRISPR/Cas9-mediated gene 

edits in putative SKP2+/- and SKP2-/- 1CT and A1309 clones. DNA sequencing was performed 

using the Sanger Sequencing service provided by the Génome Québec Innovation Centre 

(Montreal, Canada) with samples being prepared according to facility sample submission 

guidelines. Bi-directional DNA sequencing (i.e., forward and reverse) was performed using the 

primers listed in Table 3-5. To predict the size and location of the CRISPR/Cas9-induced edits, 

chromatograms were assessed using CRISP-ID (http://crispid.gbiomed.kuleuven.be). Clones were 

determined to be SKP2+/- if two distinct alleles (i.e., wild-type and mutated) were detected 

http://crispid.gbiomed.kuleuven.be/
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following sequence alignment and the encoded mRNA from the mutated allele is expected to be 

degraded by nonsense mediated mRNA decay173-175 based on predictions by the bioinformatics 

tool ExPASy Translate (https://web.expasy.org/translate/). SKP2-/- clones were identified if two 

distinct alleles were detected, neither of which were wild-type, that produce mRNA products 

predicted to be degraded by non-sense mediated mRNA decay. 

 

3.7. CIN TIMECOURSE EXPERIMENTS 

 To assess the temporal dynamics of CIN within SKP2+/- and SKP2-/- A1309 clones, continually 

growing populations of these cells and the NT-Control were assessed and compared at regular time 

intervals (i.e., every 4 passages [p], or every two weeks) over ~2.5 months using the established 

CIN assays described above, namely nuclear area (Section 3.5.1), micronucleus formation (Section 

3.5.2) and mitotic chromosome spread analyses (Section 3.5.3). In general, cells were seeded into 

6-wells/condition at a seeding density of 6,000 cells/well in a 96-well plate for nuclear area and 

micronucleus formation assays, while cells were seeded onto sterile coverslips at 60,000 cells/well 

for mitotic chromosome spreads and 80,000 cells/well for protein extractions. Cells were grown 

for 72 h and CIN phenotypes were assessed as described in Section 3.5. A total of six timepoints 

(p0, p4, p8, p12, p16, p20) were acquired for each SKP2 clone and the NT-Control.  

 

3.8. CELLULAR TRANSFORMATION ASSAYS 
 Cellular transformation assays, including proliferation rate, clonogenic and colony formation 

assays were employed to determine whether reduced SKP2 expression associated with the SKP2 

knockout clones corresponded with cellular transformation phenotypes. 

 

3.8.1. Proliferation Assay 

 To evaluate cell proliferation (i.e., doubling time), SKP2 knockout clones and the NT-Control 

clone were seeded at 100 cells/well into a 96-well plate. Cells were grown for 3 and 7 days, at 

which point media was aspirated and a mixture of 75 μL of CellTitre Glo Reagent (Promega) and  

75 μL of X-Medium was added to each well. CellTitre Glo is a luminescence-based quantification 

approach where luciferase activity (i.e., lumens) is proportional to the quantity of adenosine 5’-

triphosphate (ATP; i.e., viable cells). Samples were mixed using an orbital shaker for 2 min and 

incubated at RT for 10 min. To generate a standard curve, cells were seeded at pre-defined densities 

(i.e., 0; 2,000; 4,000; 8,000; 12,000; 16,000; 20;000, 25,000 and 30,000 cells/well) on days two 

https://web.expasy.org/translate/
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and six of the proliferation assay and were treated in the same manner as the experimental samples 

on days three and seven, respectively. Following RT incubation, a standard curve was generated 

and luminescence was measured using the Cytation 3 plate reader function and compared to the 

standard curve to estimate the number of viable cells relative to the NT-Control. Doubling time 

was calculated using the following formula: doubling time = [(7-3 days) ∗ log(2)] ÷ [log(mean cell 

count Day 7) – log(mean cell count Day 3)]. Proliferation assays were performed twice using late 

(p20) passage cells. All data were imported into Prism where graphs (bar graphs and dot plots) 

were generated, while figures were compiled using Photoshop. 

 

3.8.2. Clonogenic Assay 

 To assess clonogenic growth capacity, SKP2 knockout clones and NT-Control were sparsely 

seeded (350 cells/well) into 6-well plates and permitted to grow for 7 days, at which point they 

were fixed (4% paraformaldehyde) for 10 min and stained with 0.005% crystal violet (Appendix 

A) for 15 min. Plates were scanned using a HP Officejet 4620 series scanner and images were 

imported into ImageJ for processing and image analysis. Briefly, individual wells were identified 

and colony number and size (≥ 100 μm in diameter) were automatically determined using ImageJ. 

Clonogenic assays were performed twice using late (p20) passage cells. All data were imported 

into Prism where graphs (bar graphs and dot plots) were generated, while figures were compiled 

using Photoshop.  

 

3.8.3. Soft Agar Colony Formation Assay 

 To assess anchorage independent growth, soft agar colony formation assays were performed 

using SKP2 knockout and NT-Control clones. Briefly, a 0.6% agar layer was prepared by 

combining 2× complete X-Medium (Appendix A) in a 1:1 ratio with sterile 1.2% agarose 

(Appendix A), of which 2 mL was subsequently dispensed into each well of a 6-well plate and left 

to polymerize at RT. Cells were passaged (Section 3.3.1.), counted (Section 3.3.2.) and diluted in 

2× complete X-Medium to a density of 20,000 cells/mL. The cell suspension was added in a 1:1 

ratio with 0.8% agarose (final concentration 0.4% agarose) (Appendix A) cooled to  

~40 ºC and 2 mL was dispensed into each well containing the first layer of solidified agarose. 

Plates were cooled to RT and wells were supplemented with 2 mL of complete 1× liquid X-medium. 

Medium was refreshed once/week for a total of 4 weeks, at which point cells were fixed (4% 



 

 45 

paraformaldehyde) for 20 min and stained with 0.005% crystal violet (Appendix A) for 45 min. 

Colonies were quantified using the Cytation3 microscope equipped with a 4× objective lens. 

Briefly, an 8 × 8 image matrix was acquired/well; however, to image colonies located in multiple 

focal planes each matrix was collected as a z-stack with 11 optical sections. Gen5 image analysis 

software was employed to stitch together all 704 images (8 × 8 × 11) to generate a single  

z-projection from which microscopic colonies ≥ 100 μm in diameter were automatically 

enumerated. Colony formation assays were performed twice using late (p20) passage cells. 

 

3.9. STATISTICAL ANALYSES 

 

3.9.1. Mann-Whitney Tests 

 The MW test is a non-parametric statistical test that compares the rank orders of two data sets 

(i.e., experimental vs. control), and calculates the p-value based on the difference in mean ranks 

between the two conditions; p-values < 0.05 (*) are considered statistically significant (**, p-value 

< 0.01; ***, p-value < 0.001; ****, p-value < 0.0001). 

 

3.9.2. Two-Sample Kolmogorov-Smirnov Tests 

 The two-sample KS test is a non-parametric statistical test that compares the cumulative 

frequency distributions of two data sets (i.e., experimental vs. control) and calculates the p-value 

based on the maximum difference between the two distributions; p-values < 0.05 (*) are considered 

statistically significant (**, p-value < 0.01; ***, p-value < 0.001; ****, p-value < 0.0001). 

3.9.3. Student’s T-Test 

 The Student’s t-test is a parametric test that compares the means of two unpaired groups  

(i.e., experimental vs. control), and presents the p-value based on the probability that the difference 

between the two means occurred by chance; p-values < 0.05 (*) are considered statistically 

significant (**, p-value < 0.01; ***, p-value < 0.001; ****, p-value < 0.0001). 
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CHAPTER 4. RESULTS 

4.1. Heterozygous Loss of SKP2 Occurs Frequently in Cancer and is Associated with Worse 

Progression-Free Survival in Colorectal Cancer Patients  

 To determine the prevalence of SKP2 copy number losses in cancer, TCGA data from eight 

common cancer types (colorectal, ovarian, breast, bladder, pancreatic, lung, glioblastoma and 

lymphoma) were assessed134-136. As shown in Figure 4-1A, SKP2 exhibits shallow deletions  

(i.e., heterozygous loss) in all eight cancer types, including ~11% of colorectal cancers, while 

SKP2 copy number losses correspond with significant decreases in mRNA expression in CRC 

patient samples (p-value < 0.01) relative to diploid samples (Figure 4-1B). To determine whether 

SKP2 copy number losses correspond with adverse patient outcomes, KM curves were generated 

to compare disease free survival, disease-specific survival, progression free survival and overall 

survival for CRC patients with heterozygous loss to those with diploid copy numbers 

(Figure 4-1C)134-136. Log-rank tests revealed that SKP2 copy number losses (shallow deletions) do 

not significantly impact disease-specific, disease free and overall survival (p-value > 0.05) but do 

correlate with significantly worse progression free survival in CRC patients (p-value < 0.05). 

Additionally, there is a clear separation of a cohort of patients in the progression free survival 

population that decline rapidly following SKP2 heterozygous loss compared to their diploid 

counterparts. Thus, it is critical to determine the functional impact reduced SKP2 expression has 

in early disease development, with a specific focus on CIN and cellular transformation. 

Collectively, these data support the possibility that reduced SKP2 expression contributes to CRC 

pathogenesis.  
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Figure 4-1. SKP2 Copy Number Losses are Frequent and Associated with Worse Progression 

Free Survival in Colorectal Cancer. 

(A) Bar graph presenting the frequency of SKP2 copy number losses including both deep  

(i.e., homozygous) and shallow (i.e., heterozygous) deletions in eight common cancer types134-136. 

Note that shallow deletions occur in ~11% in CRC cases. (B) Violin plots reveal SKP2 copy 

number losses correspond with significantly reduced mRNA expression in CRC patients relative 

to diploid samples (two-sample MW test)134-136. (C) KM curves reveal patients with SKP2 shallow 

deletions (blue) have significantly worse progression free survival134-136 compared to patients with 

normal (diploid) SKP2 copy numbers (black)134-136 (Log-rank test; p-value ≤ 0.05). Numbers in 

brackets indicate number of cases.  
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4.2. AIM 1: Determining the Short-Term Impact Reduced SKP2 Expression has on CIN.  

4.2.1. SKP2 can be Efficiently Silenced in HCT116, 1CT and A1309 Cells  

 To evaluate the silencing efficiencies of four individual siRNAs (siSKP2-1, -2, -3, -4) and the 

pooled siRNA condition (equimolar mixture of the four individual siRNAs; siSKP2-Pool), 

proteins were extracted from SKP2 silenced cells and semi-quantitative western blot analyses were 

performed to compare SKP2 abundance relative to siControl. As shown in Figure 4-2, siSKP2-3 

and -4 exhibit the greatest reduction of endogenous SKP2 protein abundance in the HCT116  

(2-5%) and 1CT cell lines (6-19%) relative to siControl. Note that two distinct bands representing 

the two SKP2 isoforms are visible in the western blots, with the more prominent, higher molecular 

mass band corresponding to the predominant SKP2-2 isoform. Efficient silencing by siSKP2-3 

and -4 was also determined in the A1309 cell line, which resulted in 1% of endogenous SKP2 

levels, and these conditions along with siSKP2-Pool (employed to address potential off-target 

effects) were utilized in all subsequent experiments. Collectively, western blots analysis revealed 

that silencing with siSKP2-3, -4 and -Pool reduces SKP2 abundance to ~1%-19% of endogenous 

levels in the three cell lines employed and are therefore appropriate models to determine the short-

term effect reduced SKP2 expression has on CIN.  

 

Figure 4-2. Establishing SKP2 Silencing Efficiencies in Various Colonic Epithelial Cell Lines. 

Western blots presenting decreased SKP2 expression relative to siControl in HCT116 (left), 1CT 

(middle) and A1309 (right) cells following transfection with individual (siSKP2-1, -2, -3, -4) and 

pooled (siSKP2-Pool) siRNAs; Cyclophilin B serves as the loading control. Semi-quantitative 

analyses were performed and the normalized SKP2 levels are presented relative to siControl 

(100%). Note that only siSKP2-3 and -4 were assessed in A1309 (left) and were selected along 

with siSKP2-Pool for all subsequent silencing experiments. (N = 2). 
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4.2.2. SKP2 Silencing Induces Increases in CIN Phenotypes 

 To determine the short-term impact reduced SKP2 expression has on CIN, transient siRNA-

based silencing was first performed in HCT116 cells and changes in nuclear areas were evaluated 

using scQuantIM. Qualitative assessment of nuclear areas following SKP2 silencing showed visual 

increases in nuclear areas and nuclear area heterogeneity (Figure 4-3A) relative to siControl. 

Subsequent two-sample KS tests revealed significant increases (p-value ≤ 0.0001; Table S1) in 

nuclear area distributions (i.e., rightward shifts) following SKP2 silencing relative to siControl 

(Figure 4-3B). Additionally, the nuclear area distributions (x-axis) of the SKP2 silenced 

conditions span a larger range than siControl, indicating an overall increase in nuclear area 

heterogeneity. By contrast, micronucleus formation analyses demonstrated no significant increases 

in micronuclei following SKP2 silencing relative to siControl (MW test; p-value ≥  0.05)  

(Figure 4-3C and D, Table S4). While increased nuclear areas and/or micronucleus formation are 

suggestive of CIN, neither of these assays directly assess chromosome numbers. Thus, to 

determine whether reduced SKP2 expression adversely impacts chromosome complements  

(i.e., induces increases or decreases in chromosome numbers), mitotic chromosome spreads were 

generated and enumerated to identify potential deviations in chromosome numbers. Recall the 

modal number of chromosomes for HCT116 is 45, therefore aberrant chromosome complements 

were categorized as losses ( < 45 chromosomes), small-scale ( <  10) or large-scale ( ≥ 10) 

chromosome gains including endoreduplication events (detailed below; Figure 4-4A). A total of 

100 mitotic chromosome spreads were analyzed for each silencing condition per biological 

replicate (N=3) which revealed significant differences in cumulative chromosome number 

distributions in the siSKP2-3 silencing condition relative to siControl (Figure 4-4B; Table S8). 

Furthermore, Figure 4-4C demonstrates that SKP2 silencing induces 1.6 to 2.0-fold increases in 

the frequencies of spreads with aberrant karyotypes in all three silencing conditions that were each 

determined to be statistically significant (Student’s t-tests, p-value ≤ 0.05; Figure 4-4D; Table 

S10). Briefly, endoreduplication is an aberrant cell cycle process where a cell proceeds through  

S-phase without subsequent mitosis and cytokinesis, giving rise to polyploid cells that are 

associated with chemoresistance, metastatic disease and poor patient prognosis176,177. As shown in 

Figure 4-4C, large-scale chromosome gains (≥ 55 chromosomes) occur in ~5-15% of mitotic 

chromosome spreads generated in the SKP2 silenced conditions, with endoreduplication events 

accounting for ~90% of these large-scale gains. Contrarily, endoreduplication is observed more 
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sparsely within the siControl, accounting for < 10% of large-scale gains. Thus, these suggest that 

endoreduplication could indeed be an underlying molecular mechanism by which reduced SKP2 

expression is inducing CIN. Collectively, these findings demonstrate that reduced SKP2 

expression induces CIN in HCT116 cells, which further supports the possibility that reduced SKP2 

expression may contribute to CRC pathogenesis. 
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Figure 4-3. SKP2 Silencing Corresponds with Significant Increases in Nuclear Areas in 

HCT116 Cells. 

(A) Low-resolution images of Hoechst-counterstained nuclei showing visual increases in nuclear 

areas and nuclear area heterogeneity following SKP2 silencing relative to siControl. Note that the 

scale bar is identical in each micrograph. (B) Cumulative distribution frequency graph reveals 

significant increases (i.e., rightward shifts) in nuclear areas following SKP2 silencing relative to 

siControl (two-sample KS test; na = not applicable; N = 3, n=6). (C) Low-resolution image 

presenting a DAPI counterstained nucleus and associated micronucleus (arrowhead). (D) Dot plot 

presents that SKP2 silencing does not induce increases in micronucleus formation (MW test; ns, 

not significant = p-value > 0.05); red bars identify median values (N = 3, n=6). 
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Figure 4-4. Reduced SKP2 Expression is Associated with Significant Changes in 

Chromosome Numbers in HCT116 Cells. 

(A) Representative high-resolution images of DAPI counterstained mitotic chromosome spreads 

displaying the modal number of 45 chromosomes, chromosome losses ( ≤  44), small-scale 

chromosome gains (46-54) and large-scale chromosome gains (≥ 55), including endoreduplication 

(right) in SKP2 silenced HCT116 cells. (B) Cumulative distribution frequency curve reveals 

statistically significant changes in overall distributions of chromosome number relative to 

siControl (two-sample KS test; na, not applicable; ns, not significant; (N = 3, n = 100 

spreads/condition). (C) Bar graph depicting the frequencies of chromosome spreads with aberrant 

chromosome numbers following SKP2 silencing. The fold increase in total frequencies of aberrant 

chromosome spreads is indicated above each bar and are presented relative to siControl.  

(N = 3, n = 100 spreads/condition). (D) Dot plot presenting significant increases in the frequencies 

of aberrant chromosome complements following SKP2 silencing, with fold increases relative to 

siControl displayed below statistical information (Student’s t-test; N = 3, n=100 spreads/condition); 

red bars identify mean values. 
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4.2.3. Reduced SKP2 Expression Underlies Increases in CIN-Associated Phenotypes in Non-

Malignant Colonic Epithelial Cells 

 To determine the impact reduced SKP2 expression may have on CRC development, siRNA-

based analyses were conducted in two non-malignant, non-transformed colonic epithelial cell lines, 

namely 1CT and A1309. In agreement with the HCT116 data, scQuantIM analyses revealed 

significant increases in nuclear areas following SKP2 silencing in both cell lines (Figure 4-5; 

Table S11 and S21). While micronucleus formation analyses in 1CT cells revealed trending 

increases in the frequency of micronuclei in all SKP2 silenced conditions, these increases were not 

determined to be significant (Figure 4-5; Table S14). By contrast, significant increases in 

micronucleus formation were observed in the A1309 cell line within the siSKP2-4 and  

siSKP2-Pool conditions compared to siControl (Figure 4-5; Table S24).  

 Chromosome enumeration analyses revealed statistically significant differences  

(p-value ≤ 0.05) in cumulative chromosome number distribution frequencies within the siSKP2-

Pool silencing condition relative to siControl in 1CT and the siSKP2-3 and siSKP2-4 silencing 

conditions in A1309, respectively. (Figure 4-6; Tables S19 and S29). More specifically,  

Figure 4-6 reveals 2.9- to 4.0-fold increases in the frequency of spreads with aberrant chromosome 

complements in 1CT and significant increases in the siSKP2-4 condition relative to siControl. 

Furthermore, there are 1.8 to 2.7-fold increases in aberrant karyotypes in the A1309 cell line, which 

were significant in both the siSKP2-3 and siSKP2-4 conditions. In both 1CT and A1309, 

endoreduplication events account for ~50% of large-scale chromosome gains (> 56 chromosomes) 

in the SKP2 silenced cells and there are no instances of endoreduplication within the siControl 

conditions. Collectively, these data demonstrate that reduced SKP2 expression induces CIN 

phenotypes in non-transformed cells that are enhanced in the A1309 cell line, which harbors 

additional genetic alterations often found in early disease states (detailed in Table 3-1). Thus, these 

findings along with those of the preceding section identify SKP2 as a novel CIN gene in both 

malignant (HCT116; Section 4.2.2.) and non-malignant colonic epithelial contexts and may 

contribute to CRC development.  



 

 54 

Figure 4-5. Reduced SKP2 Expression Underlies Increases in CIN Phenotypes in Non-

Malignant Cells. 

Cumulative distribution frequency curves (left) show statistically significant increases (rightward 

shifts) in nuclear areas following silencing with siSKP2-3, -4 and -Pool in 1CT (top) and A1309 

(bottom) cells relative to siControl (two-sample KS tests; na, not applicable; N = 3, n=6). Dot plots 

(right) depicting increases in the frequency of micronuclei following SKP2 silencing relative to 

siControl; red bars identify median values. Although increasing trends in micronucleus formation 

were observed within 1CT cells, they were not deemed statistically significant (MW test; ns, not 

significant; N = 3, n=6); however, increases were significant within the A1309 cell line (MW test; 

N = 3, n=6).  
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Figure 4-6. Reduced SKP2 Expression Induces Significant Changes in Chromosome Number 

Distributions in Non-Malignant Cells. 

Cumulative distribution curves (left) presenting statistically significant changes in overall 

chromosome number distributions relative to siControl in 1CT (top) and A1309 (bottom) cells  

(two-sample KS test) (N = 3, n = 100 spreads/condition). Bar graphs (middle) depicting the 

frequency of spreads with aberrant chromosome numbers following SKP2 silencing. The fold 

increases relative to siControl are indicated above each bar (N = 3, n = 100 spreads/condition). 

Dot plots (right) reveal significant increases in the frequency of aberrant chromosome 

complements following SKP2 silencing relative to siControl, with fold increases relative to 

siControl displayed below statistical information (Student’s t-test; N = 3, n=100 spreads/condition); 

red bars identify mean values. 
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4.2.4. Reduced SKP2 Abundance Induces Substrate Accumulation 

 As the preceding sections identify SKP2 as a novel CIN gene, it is now important to identify 

the mechanism(s) underlying the CIN phenotypes observed following reduced SKP2 expression. 

As mentioned in the Introduction, Cyclin E1 and P27 are established targets of SKP2 for 

ubiquitylation and degradation126,131. Thus, to determine whether the CIN phenotypes arise as a 

consequence of aberrant increases in Cyclin E1 or P27 abundance, phenotypic rescue experiments 

were conducted in which CCNE1 or P27 (CDKN1B) were silenced either independently or in 

combination with SKP2. However, it was first essential to confirm both Cyclin E1 and P27 are 

bona fide targets of SKP2 by demonstrating that SKP2 silencing corresponds with aberrant 

increases in Cyclin E1 and P27 abundance at the protein level. As shown in Figure 4-7, western 

blots analysis revealed a 60% increase in Cyclin E1 protein abundance following SKP2 silencing 

and determined that SKP2 and CCNE1 can be efficiently co-silenced (Table S31). Similarly, SKP2 

silencing induced a ~400% increase in P27 protein abundance compared to siControl and can be 

efficiently co-silenced with P27 (Figure 4-7; Table S32). Having confirmed each protein is a 

target of SKP2, we next sought to determine whether the nuclear area distributions of the co-

silenced conditions (i.e., SKP2 and CCNE1 or SKP2 and P27) are decreased relative to the SKP2 

silenced condition using scQuantIM.  

 Overall, despite establishing Cyclin E1 as a SKP2 target, co-silencing SKP2 and CCNE1 did 

not induce a visual decrease in the nuclear area distribution relative to the SKP2 silencing condition. 

Similarly, co-silencing SKP2 and P27 did not induce visual decreases in nuclear areas. Collectively, 

the results from the co-silencing experiments confirm that SKP2 targets Cyclin E1 and P27 for 

proteolytic degradation126,131, however the accumulation of these proteins alone is insufficient to 

induce the nuclear area increases observed following SKP2 silencing. These data therefore indicate 

that the aberrant accumulation of Cyclin E1 or P27 following SKP2 silencing are not, by 

themselves, the underlying mechanisms giving rise to the CIN phenotypes.  
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Figure 4-7. SKP2 Silencing Induces Cyclin E1 and P27 Accumulation but Does not Rescue 

the CIN Phenotype. 

Semi-quantitative western blots (left) presenting silencing efficiencies following individual or co-

silencing using SKP2, CCNE1 and/or siControl siRNAs (top) and SKP2, P27 and/or siControl 

siRNAs (bottom). Protein abundance is normalized to the loading control (Cyclophilin B) and 

presented relative to the siControl (100%). (N=3). Cumulative nuclear area distribution frequency 

graphs (right) reveal that co-silencing with siSKP2 + siCCNE1 (top) or siSKP2 + siP27 (bottom) 

does not induce visual decreases in nuclear areas relative to siSKP2 (green line).  



 

 58 

4.3. AIM 2: Determining the Long-term Impact Reduced SKP2 Expression has on CIN and 

Cellular Transformation. 

4.3.1. Generating SKP2+/- and SKP2-/- Knockout Clones in A1309 Cells 

 While the results of the transient siRNA-based assays presented in Aim 1 determined that 

reduced SKP2 expression induces increases in CIN phenotypes, CIN classically induces ongoing 

and heterogeneous genomic changes that contribute to disease development and progression67,68. 

Accordingly, it now becomes essential to characterize the impact reduced SKP2 expression has on 

CIN using temporal assays to evaluate dynamic changes in CIN phenotypes. Thus, to determine 

the long-term effects diminished SKP2 expression has on CIN and cellular transformation, 

CRISPR/Cas9 approaches were employed to generate SKP2+/- (SKP2 heterozygous) and SKP2-/- 

(SKP2 homozygous) knockout clones and NT-Control in A1309 cells. A1309 cells were 

purposefully selected as they are a non-transformed yet karyotypically stable colonic epithelial cell 

line. Moreover, they harbour genetic alterations frequently associated with CRC development  

(e.g., KRAS [G12V], TP53 [50% knockdown], APC [70% knockdown]) and produced the strongest 

CIN phenotypes in Aim 1. Thus, A1309 cells are a clinically relevant model in which to investigate 

the early pathogenic events contributing to CRC development. SKP2+/-, SKP2-/- and NT-Control 

models were generated as described in Materials and Methods (Section 3.6.). Briefly, FACS was 

employed to enrich for A1309 cells that were successfully transduced and transfected with sgRNA 

and Cas9 endonuclease vectors (BFP+/GFP+), respectfully. Subsequent limited dilutions were 

employed to generated clonal populations from the resulting cells. In total, 75 clones were 

expanded, proteins were extracted and semi-quantitative western blot analysis of 48 clones was 

performed to screen for SKP2 protein abundance (Figure 4-8). DNA was extracted from 22 

putative knockout clones with SKP2 protein abundance < 70% relative to Control and sent for 

DNA sequencing analysis to identify potential allele-specific edits (i.e., nucleotide insertions or 

deletions). 
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Figure 4-8. Identification of Putative SKP2+/- and SKP2-/- Knockout Clones in A1309 Cells. 

Semi-quantitative western blots display putative SKP2 knockout clones with decreased SKP2 

expression relative to an untreated control in A1309 cells. SKP2 expression is normalized to the 

loading control (Cyclophilin B) and presented relative to an untreated Control (100%). (N = 1). 

Putative SKP2 knockout clones subjected to DNA sequencing are indicated by the bounding boxes, 

with the sequence verified clones, a single heterozygous and three homozygous clones, identified 

by green and red bounding boxes, respectively. 
  



 

 60 

4.3.2. Identifying Allele-Specific SKP2 Edits 

 PCR and DNA gel electrophoresis were employed to amplify and confirm successful 

amplification of SKP2 exon 3, respectively. PCR products were subjected to bidirectional Sanger 

sequencing at Génome Québec (Montreal, Canada) with results analysed by CRISP-ID to reveal 

the size and location of CRISPR/Cas9-mediated edits. Collectively, 1 heterozygote and 3 

homozygote clones were generated and employed in long-term CIN experiments and are denoted 

as SKP2+/- 1 and SKP2-/- A, SKP2-/- B and SKP2-/- C. Western blot analysis revealed SKP2+/- 1 

retains ~29% expression, while SKP2-/- A, SKP2-/- B and SKP2-/- C do not express SKP2  

(Figure 4-9A). Briefly, SKP2+/- 1 harbours a single bp deletion, while SKP2-/- A has a 2 bp deletion 

in allele 1, and a 4 bp deletion in allele two, SKP2-/- B possesses a 14 bp deletion in allele 1 and a 

1 bp deletion in allele 2, and SKP2-/- C harbours a 1 bp deletion in allele 1 and a 2 bp deletion in 

allele 2 (Figure 4-9B). Sequences with frame-shift deletions were translated in silico to predict if 

the resulting non-synonymous amino acid substitutions resulted in a premature stop codon  

(Figure 4-9C) and induced non-sense mediated mRNA decay173-175, which corresponded to the 

results from western blot analyses. These data indicate that A1309 SKP2+/-1, SKP2-/-A, SKP2-/-B 

and SKP2-/-C are appropriate models to investigate the impact heterozygous and homozygous loss 

have on CIN and cellular transformation.  
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Figure 4-9. DNA Sequencing Analyses Identifies SKP2+/- and SKP2-/- Knockout Clones in 

A1309 Cells. 

(A) Western blots showing only A1309 clones pursued in long-term CIN assays. Decreased SKP2 

expression is presented relative to NT-Control (100%), Cyclophilin B is loading control. (B) DNA 

sequencing results for exon 3 of SKP2 in one SKP2+/- clone and three SKP2-/- clones relative to the 

reference sequence (NM_005983.4). Numbers indicate nucleotide position in the SKP2 cDNA. PAM; 

protospacer adjacent motif (purple font). (C) Encoded amino acid alterations resulting from the 

CRISPR/Cas9-mediated editing of SKP2. Numbers indicate amino acid position relative to the SKP2 

reference sequence (NP_005974.2; top sequence). Red fonts identify divergent amino acid sequences 

resulting from frameshift mutations. All frameshift mutations introduce premature stop codons (*) 

predicted to induce nonsense-mediated mRNA decay. 

https://www.ncbi.nlm.nih.gov/nuccore/NM_005983.4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=protein&cmd=Search&doptcmdl=GenPept&term=NP_005974.2
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4.3.3. SKP2+/- and SKP2-/- Cells Exhibit Dynamic CIN Phenotypes 

 To determine the impact heterozygous and homozygous loss of SKP2 has on CIN phenotypes 

over time, nuclear area, micronucleus formation and chromosome enumeration analyses were 

performed at regular intervals (i.e., every four passages [p], every two weeks) over a 10-week time 

frame. Collectively, the CIN assays revealed both dynamic and heterogenous CIN phenotypes 

relative to an NT-Control over the time-course of these experiments. 

 Interestingly, SKP2+/-1 displayed the largest range of nuclear area increases and decreases of 

all the SKP2 clones. More specifically, SKP2+/-1 exhibited significant increases in cumulative 

nuclear area distributions at p0 and p12, smaller (leftward shift) distributions at p4 and p8, and 

ultimately the same nuclear area distributions as the NT-Control at p16 and p20  

(Figure 4-10A; Table S33). Similarly, SKP2-/-A showed significant increases in nuclear area 

distributions at all time points except for p4, where nuclear areas were more similar to the control 

while remaining statistically distinct. SKP2-/- B displayed similar trends to that of SKP2-/-A but 

exhibited more dramatic increases in nuclear areas at each passage, with the exception of p16. As 

expected, while all SKP2 clones displayed dynamic increases and decreases in nuclear area 

distributions throughout the time-course experiment, homozygous clones SKP2-/- A and SKP2-/- B 

consistently exhibited the largest nuclear area increases. Finally, SKP2-/- C exhibited significant 

increases in nuclear areas at each passage except p20, where nuclear areas were significantly 

decreased. In contrast to SKP2-/-A and SKP2-/- B, clone SKP2-/- C showed the most subtle 

differences in nuclear areas relative to NT-Control throughout the duration of the experiment. 

 To determine the long-term impact reduced SKP2 expression has on micronucleus formation, 

scQuantIM approaches were used to evaluate the frequency of micronuclei in SKP2 clones relative 

to NT-Control. Micronucleus formation analyses revealed that SKP2 clones exhibit significant 

increases in the frequency of micronuclei and marked heterogeneity between clones and technical 

replicates (Figure 4-10B; Table S34). Specifically, SKP2+/-1 displayed significant increases in 

micronucleus formation at p0, p4, p8, and p16 while showing trending increases at p12 and p20. 

As expected, SKP2+/-1 showed the lowest frequency of micronucleus formation at p4 and p8 and 

intermediate frequencies in all other passages. SKP2-/-A also exhibited significant increases at p4, 

p8, p12 and p20 and trending increases at p0 and p16. Furthermore, SKP2-/-A tended to show the 

lowest overall micronucleus formation, with the lowest frequency at p0, p12, and p16. Notably,  

SKP2-/- B exhibited the largest increases in micronucleus formation at every time point which were 
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all significant, as well as the most heterogeneity between technical replicates in p0, p4, p8 and p12. 

By contrast, SKP2-/- C only exhibits significant increases in micronucleus formation at p4, p8 and 

p16 with trending increases in p12 and p20. Overall, the SKP2 clones display dynamic and 

significant changes in micronucleus formation throughout the 10-week experiment. 

 Finally, to specifically assess dynamic changes in chromosome complements, 100 mitotic 

chromosome spreads were assessed in each clone from p0 to p20 (Figure 4-11; Table S35). 

Overall, the heterogeneity in nuclear areas and micronucleus formation were reflected in the 

dynamic changes in chromosome complements throughout the 10-week experiment. Specifically, 

SKP2+/-1 exhibited the greatest range of aberrant chromosome counts, beginning with nearly  

5-fold increases relative to NT-Control in p0, which drastically decreased over time to a 0.5-fold 

decrease at p12 before increasing 3.1- and 1.5-fold at p16 and p20, respectively. The SKP2 

homozygote knockouts showed similar increases in the frequency of aberrant spreads at p0 (3.8- 

to 4.4-fold) which then decreased at p8 (0.7- to 1.9-fold increases) and p12 (1.6 to 1.8-fold 

increases). As with SKP2+/-1, the frequency of abnormal chromosome counts increased relative to  

NT-Control at p16 (1.8- to 2.9-fold). Finally, while SKP2-/- A maintained a 1.8-fold increase in 

p20, SKP2-/- B and SKP2-/- C ultimately evolved to become more similar to the NT-Control (1.0 

and 0.9). Collectively, the dynamic and significant changes in nuclear area distributions and 

frequency of micronucleus formation paired with the ongoing and heterogeneous changes in 

chromosome compliments reveal that the SKP2 clones exhibit ongoing CIN phenotypes and 

demonstrate that SKP2 is a CIN gene in a colonic epithelial context. 
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Figure 4-10. SKP2 Knockout Clones Display Dynamic Changes in CIN Phenotypes. 

(A) Cumulative distribution graphs reveal dynamic and significant changes in nuclear areas within 

SKP2+/- and SKP2-/- clones over 10 weeks (p0 to p20) relative to NT-Control (two-sample KS test; 

na, not applicable; N=1; n = > 1000 nuclei/condition). (B) Dot plots uncover significant and 

dynamic increases in the frequency of micronuclei within SKP2+/- and SKP2-/- clones from p0 to 

p20 relative to NT-Control. (MW test; N = 1; n = 6). 
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Figure 4-11. SKP2 Knockout Clones Display Dynamic Increases in Aberrant Mitotic 

Chromosome Spreads. 

Bar graph depicting the frequencies of spreads with aberrant chromosome numbers including 

chromosome losses, small-scale gains and large-scale gains in SKP2+/- and SKP2-/- clones over 10 

weeks (p0 to p20) relative to NT-Control. The fold increases in total frequencies of aberrant 

chromosome spreads are indicated above each bar and are presented relative to NT-Control.  

(N = 1, n = 100 spreads/condition).  
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4.3.4. Evaluating Cellular Transformation in SKP2+/- and SKP2+/- Clones 

 As CIN is associated with cellular transformation81,178, and SKP2 is a novel CIN gene, we 

sought to determine whether reduced SKP2 expression corresponds with cellular transformation 

phenotypes. Accordingly, SKP2+/- and SKP2-/- clones were assessed for the following three 

phenotypes: 1) cellular proliferation (i.e., doubling time); 2) clonogenicity; and 3) anchorage 

independent growth. Briefly, to assess cellular proliferation (Section 3.8.1.), cells were seeded into 

96-well plates and allowed to grow for one week. CellTitre Glo reagent was added to each well 

and luminosity was used to determine growth rates (detailed in Section 3.8.1.). As shown in  

Figure 4-12, SKP2-/- clones exhibit variable, yet similar proliferation rates. More specifically, 

SKP2-/- B exhibits a similar doubling time (16.5 h; 0.98-fold change) relative to the NT-Control 

(16.8 h), whereas SKP2-/- A is slightly slower (18.2 h; 1.08-fold increase) and SKP2-/- C is more 

rapid (15.8 h; 1.06-fold decrease). Notably, SKP2+/- 1 exhibits the shortest doubling time of 15.0 h 

(1.12-fold decrease) compared to NT-Control. 

Figure 4-12. Reduced SKP2 Expression Induces Variable Proliferation Rates. 

Dot plots presenting the cell counts for SKP2+/- and SKP2-/- clones 3 and 7 days after seeding. Data 

points show the cell count of each technical replicate and the mean cell number. (N = 2, n = 4). 
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 Next, clonogenic growth capacity was assessed in 2D colony formation assays as detailed in 

Section 3.8.2. As shown in Figure 4-13, SKP2+/- and SKP2-/- knockout models exhibit increased 

clonogenic potential relative to NT-Control as revealed by increases in colony numbers. More 

specifically, SKP2+/- 1 and SKP2-/- A display a 10- (111 colonies) and 17- (181.5 colonies) fold 

increase in the mean number of colonies relative to NT-Control (11 colonies), respectively, while 

clones SKP2-/- B and SKP2-/- C exhibit 5- (55 colonies) and 7.5- (82 colonies) fold increases, 

respectively. Despite the striking increases in the total number of colonies formed over 7-days, the 

median colony sizes of the homozygous knockout clones are smaller than those of the NT-Control 

(0.060 mm2) and range from of 0.034 mm2 (SKP2-/- B) to 0.038 mm2 (SKP2-/- A). Conversely, the 

median colony size of SKP2+/- 1 is 1.5 times larger than the NT-Control (0.073 mm2). 
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Figure 4-13. Diminished SKP2 Expression is Associated with Increases in Clonogenic Growth.  

(A) Representative low-resolution images of 2D colony formation one-week post-seeding in 

duplicate wells. Cells were stained with crystal violet for visualization. (B) Bar graph presenting 

the total number of colonies, with the standard error of the mean and mean fold increase relative 

to NT-Control presented above each bar. (C) Dot plot showing increases in colony sizes in SKP2+/- 

and SKP2-/- clones compared to the NT-Control. Fold increases in mean size are indicated at the 

top of each column, and the red bars identify median values. (N = 1, n = 2). Note that a minimum 

area (0.01 mm2) was required to define individual colonies. 
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Finally, 3D colony formation, soft agar assays (detailed in Section 3.8.3.) were employed to 

assess anchorage-independent growth in the SKP2 knockout and NT-Control clones with HCT116 

cells serving as a positive control179 (Figure 4-14). Quantitative analyses revealed a ~4.0-fold 

increase in the mean number of SKP2-/- A and SKP2-/- B colonies (58.5 and 60 colonies, 

respectively) relative to NT-Control (15 colonies), whereas SKP2-/- C generated a 2.2-fold increase 

in the mean number of colonies (32.5 colonies). As observed in the 2D colony formation assay, 

the median sizes of the 3D colonies formed by the SKP2 homozygous clones are similar, ranging 

from 0.014 mm2 (SKP2-/- C) to 0.017 mm2 (SKP2-/- A) and are ~2.6-fold smaller compared to NT-

Control (median colony size of 0.044 mm2). SKP2+/- 1 clones exhibit a nearly 90% reduction in 

mean colony numbers relative to control (1 colony) with a median size of 0.015 mm2. Collectively, 

the results of the CIN and cellular transformation assays identify progressive changes in CIN 

phenotypes in SKP2+/- and SKP2-/-
 knockout cells that correspond with cellular transformation and 

thus, may have important etiological implications in CRC development. 
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Figure 4-14. Reduced SKP2 Expression Alters Anchorage Independent Growth. 

(A) Representative image montage of microscopic colony formation in soft agar produced from a 

total of 704 (4 ×) images (8 × 8 matrix of images × 11 optical sections). Black bounding boxes 

identify the magnified regions presented in (B). (C) Bar graph presenting the mean number of 

colonies (≥ 100 µm in diameter). The fold increases in mean colony number relative to NT-Control 

are presented above each bar. (D) Dot plot presenting increases in colony sizes in SKP2+/- and 

SKP2-/- clones compared to NT-Control. Fold increases in mean size are indicated at the top of 

each column and the red bars identify the median values. (N = 1, n = 2). Note that a minimum area 

(0.01 mm2) was required to define individual colonies.   
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CHAPTER 5: SUMMARY, DISCUSSION, CONCLUSIONS & SIGNIFICANCE 

5.1. SUMMARY  

 Within this study, I employed two complementary approaches to assess the impact diminished 

SKP2 expression has on CIN and its potential implications for early CRC development. In Aim 1, 

transient siRNA-based gene silencing reduced endogenous SKP2 protein levels in three colonic 

epithelial cell lines, whereas in Aim 2, CRISPR/Cas9 approaches were employed to generate 

SKP2+/- and SKP2-/- knockout clones in A1309 cells. In transient models, reduced SKP2 expression 

corresponded with significant increases in CIN-associated phenotypes, including nuclear areas and 

aberrant chromosome complements in HCT116, 1CT and A1309 cell lines, as well as increased 

micronucleus formation in A1309. Further, reduced SKP2 expression corresponded with increased 

Cyclin E1 and P27 abundance, however, phenotypic rescue experiments revealed that the 

accumulation of these protein substrates alone did not mechanistically account for the CIN 

phenotypes observed following SKP2 silencing. As CIN induces ongoing and heterogenous 

genomic changes, CRISPR/Cas9 based temporal experiments were employed to evaluate the 

impact reduced SKP2 expression has in A1309 cells over ~10 weeks. Analyses revealed that 

SKP2+/- and SKP2-/- clones exhibited dynamic and heterogeneous changes in CIN phenotypes 

throughout the time-course experiment that were associated with cellular transformation 

phenotypes.  

 

5.2. DISCUSSION 

5.2.1. Diminished SKP2 Expression may Induce Nuclear Area Increases through DNA 

Endoreduplication 

 CIN is defined as an increased rate at which whole chromosomes and chromosome fragments 

are gained and lost67. It is therefore expected that reduced SKP2 expression would induce both 

increases and decreases in chromosome complements, which would be identified in both nuclear 

areas and chromosome complements assays. However, SKP2 silencing experiments consistently 

demonstrated only significant increases in nuclear areas across each replicate and cell line, while 

chromosome enumeration analyses revealed the most frequent category of aberrant chromosome 

complements was chromosome losses. Recall, nuclear area increases are associated with large-

scale changes in DNA content and agree with results from the initial siRNA-based screen  

(Figure 1-4, Page 20). Further, others have shown in cervical cancer and glioblastoma cell lines 
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that large-scale chromosome losses are less compatible with viability180, therefore, the tolerance 

for chromosome gains is likely greater than for chromosome losses. Thus, cells that exhibit large 

chromosome losses may be lost from the population over time, thereby contributing in part to the 

large nuclear area increases observed and accounting for the karyotypic analyses never identifying 

SKP2 silenced cells harbouring fewer than 34 chromosomes.  

 Surprisingly, it was observed that in each cell line, the large nuclear area increases were not 

reflected in the frequency of large-scale chromosome gains (i.e., ≥  10 chromosomes). 

Chromosome enumeration predominantly revealed that the majority of karyotypic abnormalities 

were chromosome losses (Figures 4-4 and 4-6, Pages 52 and 55). One possible explanation that 

could account for this disparity is the preponderance of near-tetraploid cells and endoreduplication 

events observed in cells with reduced SKP2 expression (Figure 4-4A, Page 52). Near-tetraploid 

cells are known to arise following endoreduplication with subsequent mis-segregation and 

chromosome loss, or by chromosome loss prior to endoreduplication181, consistent with karyotypes 

ranging from 75-92 in this study. A study by Nakayama et al.131 determined that SKP2 knockout 

mice exhibit increases in nuclear size, polyploidy, endoreduplication and supernumerary 

centrosomes in multiple cell types (liver, lung, kidney and testis cells and mouse embryonic 

fibroblasts). Based on the large increases in nuclear areas, the endoreduplication events captured 

by the mitotic chromosome spreads and the current literature, it is likely that the mechanism by 

which reduced SKP2 expression could be inducing CIN is through pathways linked to 

endoreduplication126,131,133,182.  

 An important technical limitation to consider when employing mitotic chromosome spreads 

to quantify chromosome complements is the necessity for the cells being studied to be physically 

capable of entering mitosis. During endoreduplication, cells can duplicate their DNA in the 

absence of mitotic entry, and are thus likely underrepresented in the mitotic spreads, but are 

captured appropriately within the nuclear area assay that images interphase cells176. An additional 

technical limitation of mitotic spreads is the short time frame in which cells entering mitosis are 

captured for analysis. Specifically, only cells that enter mitosis during the three-hour window 

following exposure to colcemid (i.e., an antimitotic agent) are represented in the analyses, 

therefore it is less likely that cells undergoing endoreduplication would enter mitosis during this 

short timeframe and thereby, would be underrepresented in the final analyses. Collectively, the 

differences observed between the nuclear area and mitotic chromosome spread analyses in SKP2 
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silenced cells highlights the importance of employing multiple, complementary approaches to not 

only identify CIN genes, but to begin to elucidate the underlying mechanisms by which reduced 

SKP2 expression induces CIN.  

   

5.2.2. Reduced SKP2 Expression Corresponds with Variable CIN Phenotypes in Colonic 

Epithelial Cells 

 Although SKP2 was identified as a novel CIN gene in CRC precursor cells, differences were 

observed in the frequencies and magnitudes of the CIN phenotypes between replicates and between 

cell lines. Although not a focus of the current study, these variances could potentially be explained 

by both technical and biological differences. SKP2 silencing diminished protein abundance to 

similar levels within all cell lines (Figure 4-2, Page 48); however, the resultant CIN phenotypes 

were heterogenous. Relative to siSKP2-4 and siSKP2-Pool, siSKP2-3 consistently exhibited the 

largest increases in nuclear area distributions in both A1309 and 1CT cell lines (Figure 4-5, Page 

54). ScQuantIM analyses of SKP2 silenced cells also revealed general increases in micronucleus 

formation in 1CT and A1309 and aberrant chromosome complements in all cell lines relative to 

siControl but showed variation between biological/technical replicates. These differences could be 

explained by cell-to-cell heterogeneity in the degree to which SKP2 is silenced within each 

replicate (i.e., not every cell receives the same amount of siRNA). Moreover, SKP2 expression is 

cell cycle regulated and enhanced at the G1/S phase transition and within S phase183,184, therefore 

within an asynchronous population not every cell expresses SKP2 to the same degree, resulting in 

a spectrum of cells with variable SKP2 abundance126,133,164. While SKP2 expression was typically 

reduced to < 5% of endogenous levels following siRNA-based silencing, quantifying SKP2 protein 

abundance in a bulk population via semi-quantitative western blot analysis is likely to mask this 

heterogeneity. Finally, as the chromosomal gains and losses synonymous with CIN were 

heterogenous between cellular progeny, the proliferative and survival advantages conferred 

through selective genomic changes may promote the clonal evolution of specific subpopulations 

that gives rise to heterogenous CIN phenotypes. 

 ScQuantIM analyses of the malignant colonic epithelial cell line HCT116 revealed consistent 

increases in CIN phenotypes relative to siControl, including aberrant chromosome complements 

that were significant in all three experimental conditions. By contrast, 1CT showed reduced 

frequencies of abnormal karyotypes which were significant in only one silencing condition 
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(siSKP2-4). The increased abundance of cells with abnormal chromosome complements in 

HCT116 relative to 1CT were likely attributed to their distinct genetic status, as HCT116 cells 

harbour a MLH1 deficiency rendering them DNA mis-match repair defective, as well as altered 

KRAS (G13D), allowing them to proliferate independent of growth factor signaling185. Recall that 

SKP2 normally regulates the abundance of cell cycle regulating proteins (e.g., Cyclin E1; P27), 

therefore reduced SKP2 expression could lead to the misregulation of cell cycle dynamics, and 

when paired with the underlying genetic alterations present in HCT116 could synergize to induce 

increased frequencies of CIN phenotypes126,131,133.   

 While increases in nuclear areas were significant in both non-malignant 1CT and A1309 cell 

lines, only A1309 cells exhibited significant increases in micronucleus formation following SKP2 

silencing. Furthermore, while there were similar proportions of small- and large-scale chromosome 

gains between both cell lines, there were marked increases in the frequency of chromosome losses 

in A1309. Importantly, there are genetic differences between these two cell lines that may explain 

these phenotypic differences. Specifically, 1CT cells have wildtype KRAS, TP53 and APC, while 

A1309 cells harbour additional genetic alterations including mutated KRAS, TP53 knockdown and 

the expression of a truncated form of APC (see Table 3-1, Page 27). Aside from its association 

with colonic polyp formation, APC also functions to stabilize microtubules and enable 

chromosome segregation25,186. Thus, the cell cycle misregulation induced by diminished SKP2 

expression paired with destabilized microtubules in A1309 cells may synergize and lead to 

increased levels of chromosome mis-segregation, giving rise to the increased micronucleus 

formation relative to 1CT cells (Figure 4-5, Page 54). Moreover, micronuclei containing whole 

chromosomes or large chromosome fragments that rupture or that do not subsequently re-enter 

mitosis may explain the observed increased frequency of chromosome losses in A1309 relative to 

1CT187,188 (Figure 4-6, Page 55). Additionally, TP53 exhibits a critical role in double-strand break 

repair and apoptotic signaling in the case of extensive DNA damage by inhibiting cyclin-dependent 

kinase activity to prevent phosphorylation of critical cyclin-dependent kinase substrates and block 

cell cycle progression187,188. Thus, cells with inactivated TP53 would permit unregulated 

proliferation in the presence of DNA damage. Therefore, the KRAS, APC and TP53 alterations in 

A1309 could be exacerbating the increases in micronucleus formation following SKP2 silencing 

through the synergy of cell cycle misregulation combined with enhanced proliferative signaling, 

the destabilization of microtubules, defective double-strand break repair and a lack of apoptotic 
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signaling that allow A1309 cells with DNA damage to persist. As 1CT is APC and TP53 proficient, 

it is possible that diminished SKP2 expression induces DNA damage and double-strand breaks 

that are subsequently repaired, or cells exhibiting extreme levels of CIN may undergo apoptosis 

and be lost from the population. Thus, the synergy between reduced SKP2 expression and the 

underlying genetic alterations in A1309 likely contributes to the exacerbated CIN phenotypes 

observed in these cells. Importantly, it should be noted that the APC and TP53 alterations, by 

themselves, do not induce micronucleus formation, as the baseline frequency of micronuclei in 

both 1CT and A1309 is ~1%. Collectively, these data suggest that in addition to large-scale 

chromosome gains arising from whole-genome duplication events (detailed in Section 5.1.1.), 

SKP2 silencing may also be inducing CIN in A1309 cells through increases in micronucleus 

formation resulting in frequent chromosome losses. 

 

5.2.3. SKP2 Clones Exhibit CIN and are Phenotypically Distinct 

 The SKP2 silencing experiments (Section 4.2., Pages 48-57) provide novel insight into the 

impact diminished SKP2 expression has on CIN and early CRC development; however, CIN is 

characterized by ongoing and heterogenous genomic alterations. Accordingly, temporal assays 

employing SKP2 knockout models were required to investigate the long-term impact diminished 

SKP2 expression has on CIN cellular transformation. Although SKP2-/- A, SKP2-/- B and  

SKP2-/- C exhibited similar SKP2 expression levels (i.e., ~0%; Figure 4-9, Page 61), the 

scQuantIM analyses revealed heterogeneous CIN phenotypes between each clone. In this regard, 

it is essential to understand that CIN drives cell-to-cell genomic heterogeneity and is therefore 

expected to induce diverse outcomes as continuous karyotypic evolution influences the various 

pathways contributing to CIN and CIN phenotypes over time189. 

 The SKP2-/- knockout clones exhibited significantly larger nuclear areas compared to NT-

Control, with SKP2-/- B consistently showing the largest nuclear areas in all timepoints.  Further, 

SKP2-/- B also had the highest average frequency of micronucleus formation and most 

heterogeneity between technical replicates, thereby exhibiting the most extreme CIN phenotypes 

of all the SKP2 clones. Similarly, SKP2-/- A is also characterized by significant nuclear area 

increases, but a low rate of micronucleus formation. Contrastingly, SKP2-/- C and SKP2+/- 1 

demonstrated significant increases and decreases in nuclear areas relative to NT-Control and 

generally showed low frequencies of micronuclei throughout the time-course experiment. 
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Karyotypic analyses revealed that all SKP2 clones generally displayed ~20-65% aberrant 

chromosome complements throughout the ~10-week experiment (Figure 4-11, Page 65). Recall, 

that these low and intermediate levels of CIN are those most strongly associated with disease 

development88-93.  

 The disparate CIN phenotypes observed between SKP2-/- clones suggests they underwent 

distinct karyotypic evolutions throughout the clonal expansion process. These clones arose from a 

single cell deficient of a suspected CIN gene (i.e., homozygous loss of SKP2), therefore, an 

increased rate of chromosome gains and losses is expected to occur during clonal expansion, 

leading to karyotypic differences within and between each clone. Thus, it is likely that the three 

clonal populations (SKP2-/- A, SKP2-/- B and SKP2-/- C) evolved differently depending on the 

chromosome complements present during the early stages of clonal expansion and whether certain 

karyotypes conferred selective growth and survival advantages. The heterogeneity observed 

between the homozygous knockout clones employed within this study is in agreement with that 

observed in other studies that have also assessed CIN genes over time103,190. For example, a similar 

study investigating the impact of reduced FBXO7 expression on CIN found that although two 

distinct homozygous clones exhibited a similar reduction in protein abundance (i.e., ~0%), the CIN 

phenotypes associated with each individual clone were notably distinct despite arising from 

syngeneic backgrounds104. Notably, as SKP2+/- 1 exhibits similar CIN phenotypes to the SKP2 

knockout clones, these findings suggest that SKP2 expression is tightly regulated and SKP2 could 

be characterized as a haploinsufficient gene. 

 

5.2.4. SKP2 Clones Exhibit Cellular Transformation Phenotypes 

 Temporal analyses determined that SKP2+/- and SKP2-/- clones exhibited CIN that enabled the 

acquisition of genetic changes (i.e., karyotype variation) required for cellular transformation. 

Cellular proliferation assays (i.e., doubling-time) revealed that SKP2+/-, SKP2-/- B and SKP2-/- C 

clones had slightly more rapid doubling times (15.0-16.5 h; Figure 4-12, Page 66) relative to NT-

Control (16.8 h), while SKP2-/- A had a slower doubling time (18.2 h). These findings were 

surprising, as previous studies by Nakayama et al.136,138 established that SKP2-/- and SKP2+/- mice 

have decreased body weight compared to their wild-type counterparts, suggesting a potentially 

slower doubling time. Moreover, a similar study by Yamauchi et al.196 determined that mouse 

embryonic fibroblasts derived from SKP2-/- and SKP2+/- mice proliferate more slowly than those 
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derived from their wild-type littermates. Consistent with the above studies, SKP2+/- 1 proliferated 

more quickly than the SKP2-/- clones. As none of the previous studies examined the cellular 

proliferation of colonic epithelial cells, these seemingly opposing observations may simply be due 

to tissue-specific differences in SKP2 expression patterns and/or function (i.e., protein 

targets)162,163,184. Alternatively, the protocol described in Section 3.8.1. (Page 43) may require 

further optimization to generate more extensive datasets from which proliferation rates can be 

determined. In the McManus laboratory, proliferation rates have previously been measured using 

Real-Time Cell Analysis in which cells are seeded in a microplate and the electrical impedance of 

the entire well (i.e., the number of cells attached) is measured every 15 min for multiple days. 

Real-Time Cell Analysis thus enables data collection from numerous timepoints that are used to 

determine proliferation rates from a continuously growing population of cells. However, due to 

the specialized growth conditions of the A1309 cells (~7% CO2, ~2% O2), proliferation rates could 

not be assessed using Real-Time Cell Analysis. The protocol described in Section 3.8.1. indicates 

that two plates of cells are seeded on day 0, followed by the addition of CellTitre Glo to cells in 

one plate on days 3 and day 7 and a luminescent signal proportional to the quantity of viable cells 

is measured. Compared to Real-Time Cell Analysis, there are fewer data points from which to 

calculate doubling times and results are subject to variability in seeding densities. Accordingly, 

protocols that enable the continuous measurement of live cells under the specific growth conditions 

required by the A1309 cells may provide better insight into the impacts diminished SKP2 

expression has on proliferation rates in these cells.  

 Subsequent clonogenic colony formation assays determined that while all SKP2 clones 

exhibited increased colony numbers relative to NT-Control, only SKP2+/- 1 showed increases in 

colony size (Figure 4-13, Page 68), which agrees with its more rapid doubling time (discussed 

above). Importantly, these findings suggest that decreased SKP2 expression may promote tumor 

initiation191,192. Additionally, the soft-agar colony formation assays revealed increases in mean 

colony numbers of SKP2-/- clones, while SKP2+/- 1 exhibited decreased colony numbers and size 

(Figure 4-14, Page 70). Taken together, these data suggest that clones SKP2-/- B and C possess 

higher replicative potential, increased survival and anchorage-independent growth compared to 

NT-Control, indicating that these cells may have increased metastatic potential193. Conversely, 

SKP2+/- 1 does not appear to possess anchorage-independent growth characteristics despite having 

the fastest doubling time and greatest survival in 2D assays. It is worth noting that this study only 
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provides a short snapshot (~10 weeks) into CRC development, which typically requires 15-20 

years to occur4,5. Accordingly, if later passage SKP2+/- and SKP2-/- clones were assessed, they may 

all evolve to acquire increased replicative potential, survival and anchorage-independent growth, 

which are critical phenotypes for CRC development and progression4,5,193. 

 

5.2.5. SKP2 Exhibits both Oncogenic and Tumor-Suppressive Roles in Cancer 

 SKP2 is amplified and overexpressed in numerous cancer types including breast, T-cell 

lymphoma, melanoma and Kaposi’s sarcoma and is associated with disease progression, worse 

survival outcomes and poor response to therapy162-164,194-198. Previous studies have postulated that 

these associations are linked to decreased P27 abundance160-162,197,199,200. Recall, P27 is a cell cycle 

regulating protein that inhibits cyclin-dependent kinase activity and opposes cell-cycle progression 

at the G1/S phase transition162. A 2005 study examining the abundance of SKP2 in 80 CRC patient 

samples revealed that elevated SKP2 correlated with decreased P27 abundance, loss of tumor 

differentiation and decreased overall survival201. Thus, it is unsurprising that SKP2 has 

traditionally been classified as an oncogene. Interestingly however, multiple studies have shown 

that aberrant P27 accumulation is associated with CIN and mitotic defects131,160,161. These 

conflicting findings support that proper cell cycle regulation by P27 requires that P27 abundance 

remains within an optimal range, rather than existing above a critical threshold.  

 In addition to P27, SKP2 also regulates Cyclin E1, an established oncoprotein whose aberrant 

accumulation leads to cell cycle defects that promote cancer development and 

progression102,108,128,132,145,202. CCNE1 is genomically amplified in many cancer types including 

CRC and its corresponding overexpression induces CIN that is associated with cell cycle mis-

regulation, genome instability, cellular transformation and tumor formation in mice134-136,132. More 

specifically, Cyclin E1 promotes cell cycle progression by activating Cyclin Dependent Kinase 2 

(CDK2) at the G1/S-phase transition but also functions in histone biosynthesis, centrosome 

duplication, apoptotic inhibition and DNA replication203,204. Interestingly, constitutive Cyclin E1 

overexpression impairs S-phase progression, suggesting that aberrant Cyclin E1 regulation may 

also contribute to genetic defects and CIN205-207. Moreover, the McManus laboratory recently 

determined that reduced expression of SKP1, CUL1 and RBX1 prevents Cyclin E1 degradation 

leading to its accumulation, which corresponds with CIN and cellular transformation in colorectal 

and ovarian cancer contexts102,108,145. Additional studies have demonstrated that SKP2 knockout 
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mice exhibit increases in Cyclin E1 and P27 abundance, polyploidy, endoreduplication, 

supernumerary centrosomes, proliferation defects and increases in apoptosis126,131,133,182. Briefly, 

the centrosome serves as a microtubule organizing centre for the mitotic spindle that duplicates 

during S phase, which is tightly controlled by the core S-phase kinases, including CDK2/Cyclin 

E1. Mis-regulation of centrosome duplication or segregation contributes to CIN and tumor 

progression through the formation of multipolar spindles and segregation defects where 

chromosomes are segregated into more than two daughter cells208,209. Importantly, none of the 

above studies investigated the histology of the mouse colon, therefore the status of Cyclin E1 

abundance, endoreduplication and supernumerary centrosomes remain unclear in that 

tissue/cellular context.  

 Within the current study, scQuantIM analyses revealed that reduced SKP2 expression induced 

significant increases in CIN phenotypes in colonic epithelial cells, including dynamic and 

heterogenous changes in chromosome numbers over time that corresponded with cellular 

transformation, an early etiological event in CRC. CCNE1 and P27 rescue experiments in SKP2 

silenced cells demonstrated that while silencing SKP2 corresponded with increases in Cyclin E1 

(~160%) and P27 (~400%) protein abundance (Figure 4-7, Page 57), dual silencing with either 

CCNE1 or P27 alone did not rescue the CIN phenotypes. These results were unexpected based on 

previous findings, as CIN studies investigating core SCF complex members (i.e., SKP1, CUL1, 

RBX1) demonstrated successful phenotypic rescues in cells with reduced CCNE1 expression102,108. 

However, it is important to note that reducing the expression of any of the core SCF complex 

members effectively impacts the formation and function of all 69 SCF complexes, including those 

that target Cyclin E1 for degradation. As both SKP2 and FBXW7 (and possibly other F-box 

proteins) target Cyclin E1126,131,139,207,210,211, it is possible that additional F-box proteins may 

functionally compensate for the loss of SKP2 expression. Furthermore, Nakayama et al.133 

demonstrated that the centrosome overduplication, giant nuclei and endoreduplication events that 

are prevalent in SKP2 null mice are abrogated in mice that are also depleted of P27. As this study 

only investigated liver, kidney and lung cells, it therefore remains possible that differences may 

have occurred in the colonic epithelial cells of these mice that were not previously studied. 

  In addition to possible functional compensation by additional F-box proteins, the molecular 

interactions and inter-regulation of Cyclin E1 and P27 and the presence of additional SKP2 

substrates that contribute to CIN may also account for the absence of a phenotypic rescue. Recall 
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that Cyclin E1 and P27 are both upregulated at the G1/S phase transition and exhibit opposing 

roles, where Cyclin E1 promotes cell cycle progression and P27 opposes  

it132-136,161,212,213. These proteins are further entwined by their protein-protein interactions enabling 

the phosphorylation of P27 at threonine 187 by Cyclin E1/CDK2 complex, a requirement of SKP2 

recognition and degradation, and P27 binding and inhibiting Cyclin E1/CDK2 kinase activity214,215 

(Figure 5-1, Page 81). Thus, CDK2/Cyclin E1 indirectly regulates the degradation of P27 by SKP2, 

and P27 binding CDK2/Cyclin E1 may prevent the release and subsequent phosphorylation of free 

Cyclin E1 at threonine 380 and its subsequent recognition and polyubiquitination by SKP2, leading 

to its accumulation214,216. Therefore, this pathway may artificially increase the degree to which 

reduced SKP2 expression directly induces the accumulation of both P27 and Cyclin E1. Consistent 

with the findings of this study, Hu et al.159 found that reducing the expression of both CCNE1 and 

P27 in models with reduced SKP2 expression did not abrogate the typical phenotypes associated 

with diminished SKP2, providing experimental evidence that supports that the mis-regulation of 

additional SKP2 substrates may be contributing to CIN phenotypes.  
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Figure 5-1. Phosphorylation of P27 and Cyclin E1 is Required for SKP2-mediated 

Proteolytic Degradation. Illustration depicting that Cyclin E1/CDK2 phosphorylates P27 at 

threonine 187, allowing it to be recognized and polyubiquitinated by SKP2, leading to its 

degradation by the 26S proteasome. Concurrently, P27 can inhibit Cyclin E1/CDK2 kinase activity, 

preventing the auto phosphorylation of Cyclin E1 at threonine 380 and subsequent recognition and 

polyubiquitination by SKP2, leading to its accumulation. Ub = ubiquitin. P = phosphate (PO4). 
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5.3. CONCLUSIONS & SIGNIFICANCE 

 The work presented in this thesis sheds novel insight into our understanding of reduced SKP2 

expression and its impact on CIN, cellular transformation and its potential implications for CRC 

development. The results of this study have identified SKP2 as a novel CIN gene in malignant and 

non-malignant colonic epithelial cell contexts by determining that reduced SKP2 expression 

induces dynamic and heterogenous changes in CIN phenotypes that correspond with cellular 

transformation. These data, along with the current body of literature, suggest that SKP2 expression 

and function is tightly regulated to maintain accurate cell cycle progression, ensure genome 

stability and prevent cancer development, such that SKP2 can be classified as an oncogene or a 

tumor suppressor gene in a context-dependent manner101. Collectively, this sheds novel insight 

into the underlying origins of CIN in CRC and provides a foundation on which to continue 

investigating the early events contributing to CRC pathogenesis. Furthermore, these findings 

highlight the need for additional experiments to gain mechanistic insight into the accumulation of 

novel SKP2 targets and their implications for CIN and CRC development. In 2021, ~24,800 

Canadians were diagnosed with CRC, while ~9,600 succumbed to their disease1. Expanding our 

fundamental understanding of the etiological events driving CRC development is essential for 

developing precision medicine strategies that exploit CIN genes, like SKP2, to ultimately improve 

the lives and outcomes of those living with CRC. Finally, as SKP2 exhibits copy number losses in 

many cancer types, these findings may have potential relevance beyond the CRC contexts 

employed in this thesis. 
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CHAPTER 6: FUTURE DIRECTIONS  

 The results of this study identify SKP2 as a novel CIN gene and further show that reduced 

expression corresponds with cellular transformation supporting a potential pathogenic role in CRC. 

While these findings expand our understanding of the role of specific F-box proteins in CIN and 

CRC development, studies aimed at determining the specific molecular mechanisms by which 

reduced SKP2 expression underlies CIN and the tumorigenic potential of SKP2 models are now 

highly warranted. Moreover, as a potential pathogenic event, future work could endeavor to 

develop novel precision medicine strategies to target the ~11% of CRCs exhibiting heterozygous 

loss of SKP2 to ultimately improve the lives and outcomes of CRC patients. 

 

6.1. Determining the Underlying Mechanisms by which Reduced SKP2 Expression Induces 

CIN 

 Normal SKP2 expression and function is essential for genome stability through the timely 

degradation of the substrate proteins involved in regulating key cellular processes including cell 

cycle regulation, centrosome duplication and signal transduction126,131,133,144,164,182,217,218  

(as detailed in Section 1.4.3., Pages 16 and 17). Previous studies have determined that diminished 

expression of the SCF complex members SKP1, CUL1 and RBX1 induce the accumulation of 

Cyclin E1 that contributes to CIN99,102,108. Similarly, this study sought to determine whether the 

accumulation of established SKP2 targets, namely Cyclin E1 and P27, are the molecular 

mechanism(s) by which reduced SKP2 expression induces CIN. Surprisingly, phenotypic rescue 

experiments revealed that neither target alone accounts for the CIN phenotypes. Accordingly, 

future work aimed at identifying additional abnormal phenotypes associated with reduced SKP2 

expression such as centrosome overduplication and endoreduplication, and identifying the 

underlying targets that are mis-regulated following reduced SKP2 expression will be critical to 

gain mechanistic insight into how reduced SKP2 expression induces CIN and cellular 

transformation that may contribute to CRC development. 

 Cyclin E1 and P27 are established targets of SKP2 for proteolytic degradation and accumulate 

in cells with reduced SKP2 expression (Figure 4-7, Page 57). As discussed in Section 5.1.3., 

studies employing SKP2+/- and SKP2-/- mouse models have found that the accumulation of Cyclin 

E1 and P27 is associated with enlarged polyploid nuclei, endoreduplication and centrosome 

overduplication, or mechanisms associated with CIN. Importantly, cells undergoing 
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endoreduplication can duplicate their DNA without entering mitosis176,219,220, which may account 

for the low frequency of large-scale chromosome gains observed in the mitotic chromosome 

spreads relative to the large increases in nuclear areas observed following reduced SKP2 

expression. Recall, mitotic chromosome spread analyses identified evidence for endoreduplication, 

as seen in Figure 4-4A (Page 52). Accordingly, future studies investigating the presence of and 

endoreduplication and centrosome overduplication are highly warranted to determine whether 

these phenotypes present within the mouse models occur within the cell lines employed in the 

current study and account for the CIN phenotypes observed in the cell line models harboring 

reduced SKP2 expression. In this regard, centrin (a protein component of the centrosome) labeling 

can identify cells with supernumerary centrosomes (i.e., > 2 centrosomes). Similarly, centromere 

enumeration probes can be employed to investigate the mechanisms underling CIN in SKP2 clones 

by evaluating the status of polyploid and potentially endoreduplicated cells within interphase 

populations. More specifically, fluorescence in situ hybridization centromeric probes for several 

specific chromosomes can be used to determine whether chromosomes exist in diploid or tetraploid 

states following SKP2 silencing, suggestive of endoreduplication. However, a technical limitation 

of this approach is that multiplexing is limited to ≤ 4 probes due to the limited number of distinct 

fluorophores that can be individually imaged without spectral overlap on most conventional 

fluorescent microscopes221,222. Thus, this approach can only assess up to 4 chromosomes 

simultaneously and therefore may be influenced by the specific chromosomes assessed. 

Collectively, centrin and centromere labeling of SKP2 clones will shed novel insight into the 

aberrant underlying molecular mechanisms by which reduced SKP2 expression induces CIN and 

contributes to cellular transformation. 

 The identification of supernumerary centrosomes and frequent endoreduplication would 

support the premise that Cyclin E1 and P27 overabundance and aberrant dynamics contribute to 

the CIN phenotypes observed following reduced SKP2 expression. However, as seen with the 

absence of a phenotypic rescue following dual silencing of SKP2 with CCNE1 or P27  

(Figure 4-7, Page 57), there are likely to be additional SKP2 targets contributing to the CIN 

phenotypes. There are postulated to be dozens of proteins targeted by SKP2 for proteolytic 

degradation163,209, however, very few functional studies have validated these proteins as bona fide 

SKP2 substrates. In this regard, siRNA-based phenotypic rescue experiments should be executed 

to functionally validate the putative SKP2 targets. Moreover, biochemical studies aimed at 
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identifying novel SKP2 binding partners could be of clinical interest as they may identify 

actionable therapeutic targets. Co-immunoprecipitation coupled with mass spectrometry has 

traditionally been employed to elucidate novel protein-protein interactions by identifying targets 

that complex with the bait protein. However, these methods are not necessarily suitable to elucidate 

targets for polyubiquitylation due to the transient nature of these interactions. Moreover, the rapid 

proteolytic degradation of SKP2 targets by the 26S proteasome further complicates their detection 

by mass spectrometry. Thus, employing approaches capable of capturing transient interactions will 

be essential to gain a biologically relevant understanding of the SKP2 interactome. In this regard, 

biotin-identification (BioID) is a proximity-dependent labeling assay that employs a mutated form 

of the promiscuous Escherichia coli biotin protein ligase (BirA) to covalently attach biotin 

molecules to proteins within close spatial proximity (10 nm radius)223. Biotinylated proteins can 

be isolated with streptavidin beads for downstream analyses including mass spectrometry or 

western blots. The fusion of BioID to SKP2 would allow for the promiscuous biotinylation of 

proteins interacting with or proximate to SKP2, including weak and/or transient interactions223. 

BioID is also a simple and non-toxic assay, only requiring normal tissue culture to be supplemented 

with biotin. However, a major disadvantage of BioID is its slow kinetics, which necessitates 

labeling with biotin for 18-24 hours to produce sufficient biotinylated material for proteomic 

analysis224. It is important to note that the polyubiquitylation of protein substrates by SKP2 leads 

to their rapid degradation, which may prevent them from being identified using this approach. To 

circumvent this issue, a more rapid version of BioID called TurboID has been developed that 

typically labels protein interactors using a 10- to 15- min incubation period. Thus, TurboID appears 

most suitable to identify novel SKP2 interacting partners that may be important for genome 

stability. Importantly, putative SKP2 interactors identified by TurboID must be validated using 

complementary approaches including western blots, proximity ligation assays and/or phenotypic 

rescue experiments to confirm they are SKP2 targets and that their aberrant regulation does 

mechanistically contribute to the CIN phenotypes.  

 

6.2. Evaluating the Tumorigenic Potential of SKP2+/- Knockout Clones 

 This study employed immortalized colonic cell lines cultured in a 2D in vitro environment to 

evaluate the impact reduced SKP2 expression and identify phenotypic changes associated with 

cancer development. The results of this study identify SKP2 as a novel CIN gene that imparts 
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karyotypic changes enabling cellular transformation in vitro (Section 5.1.4, Pages 76-78). 

Therefore, the next logical step forward in evaluating the potential role of SKP2 in CRC 

development is to determine whether the SKP2 clones form tumors in vivo. 

 To date, no mouse models investigating reduced SKP2 expression have been established in 

colonic epithelial cells, therefore, in vivo studies modeling reduced SKP2 expression in clinically 

relevant model organisms are required to gain novel insight into how reduced SKP2 expression 

may contribute to tumorigenesis and CRC development. In this regard, SKP2+/- and SKP2+/- clones 

may be introduced to immunodeficient heterotopic or orthotopic mouse models. Heterotopic flank 

injections in mice are widely considered the gold standard in tumorigenic studies and are employed 

ubiquitously in cancer research, likely due to the ease of cell implantation and accuracy of 

monitoring tumor growth225. However, fundamental limitations of this approach for studying CRC 

tumorigenesis are the differences in cellular environments and the difference in oxygen levels, 

where muscle has ~4% O2, while the colon is ~2%226,227. To better model the colonic environment, 

SKP2+/- and SKP2-/- clones could be orthotopically implanted into the mouse colon. The most 

common orthotopic model is created by using open surgical techniques where the cecum is 

exteriorized by laparotomy, and cells are injected into the colorectal wall228. Drawbacks of this 

method are that it is technically challenging and time-consuming, requiring advanced surgical 

skills, it induces trauma caused by laparotomies, and the inability to evaluate tumorigenesis 

without sacrificing the animal225,228. By contrast, mouse models generated by implanting cells 

using a minimally invasive endoscopic cell implantation technique developed by Chen et al.228 

closely resemble human CRC, featuring local tumor growth with colorectal wall infiltration, 

luminal ulceration, and lymph node, peritoneal and hepatic metastases. Their technique also allows 

for follow-up endoscopy and consecutive biopsies from the same animal229. In any case, an 

overarching limitation to both heterotopic and orthotopic mouse models is that they require that 

the mice be immunocompromised to successfully inject human cells without immune rejection, 

broadening the gap between these models and their relevance for most human diseases. In the 

context of CRC however, the immune status of these mice more closely models that of the human 

colon, which is considered to be an immune-privileged site that is required to maintain its 

microflora230,231. Thus, in the context of the SKP2 clones, tumorigenic studies should be performed 

by endoscopically implanting early- and late-stage passage clones into immunodeficient mice to 

determine whether clonal selection may be a critical aspect of disease development. Nevertheless, 
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p0 and p20 cells (i.e., 0 and 10 weeks) should both be considered early passage cellular populations 

within the 15- to 20-year timeline that is typically required for sporadic CRCs to develop4,5. 

Regardless, the development of in vivo mouse models will be an essential step to determine the 

impacts heterozygous and homozygous SKP2 loss has in CRC tumorigenesis.  

 Despite the clear association between SKP2 copy number losses and reduced SKP2 mRNA 

expression in CRC patients, there is a lack of empirical evidence demonstrating that these 

alterations correlate with diminished SKP2 abundance at the protein level134-136. To determine 

whether reduced SKP2 expression corresponds with tumor formation in CRC patients, 

immunohistochemical analyses evaluating SKP2 abundance should be performed on CRC patient 

specimens for which SKP2 copy number status (i.e., homozygous/heterozygous loss; diploid; 

gain/amplification) is known. Evaluating SKP2 abundance may also reveal variation between 

patient samples, which may be important in determining why a subset of CRC patients with SKP2 

copy number losses (see Figure 4-1, Page 47) decline rapidly (within 2 years), while others are 

less impacted with little disease progression. It would also be beneficial to employ 

immunohistochemistry to evaluate Cyclin E1 levels, as upregulation of CCNE1 is a negative 

prognostic marker in many cancer types and may be clinically relevant in CRC cases with reduced 

SKP2 abundance132,199,200,232-234. Similarly, any newly validated SKP2 targets (see Section 6.1., 

Pages 83-85) should also be assessed to further establish the underlying mechanism(s) contributing 

to disease pathogenesis.  

 

6.3. Development of Novel Therapeutic Strategies to Exploit SKP2 Deficiencies 

 The association between SKP2 copy number losses, decreased mRNA expression and worse-

progression free survival in CRC patients suggests that reduced SKP2 expression may be an 

etiological event driving CRC development. Additionally, temporal experiments identified 

moderate levels of CIN following reduced SKP2 expression (Figure 4-11, Page 65), suggesting 

that SKP2 depletion may be an actionable target for CIN-inducing therapies. Synthetical lethal 

strategies (discussed below) should also be explored to evaluate if novel drug interactions in SKP2 

deficient cells can selectively kill these cells. Finally, therapies employing Proteolysis Targeting 

Chimeras (PROTACs, detailed below) may offer a leading-edge technique to reduce the 

accumulation of target proteins in SKP2 deficient cells that may contribute to cancer development. 

Therefore, SKP2+/-, SKP2-/- and NT-Control clones will be valuable tools in which to identify and 
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develop novel precision medicine strategies that selectively target cells with reduced SKP2 

expression. 

 As described in Section 1.3.2. (Pages 12 and 13), a subset of cancers exhibiting extreme levels 

of CIN are associated with improved patient prognosis, which may be due, at least in part, to the 

reduced fitness/survival of cells exhibiting these extreme levels. Thus, research aimed at 

employing CIN-inducing therapies to exploit this observation may offer a promising strategy to 

combat drug resistant disease imparted by CIN88,90,91,97. Drugs targeting molecular pathways 

associated with CIN (e.g., mitosis, chromosome segregation or the spindle-assembly checkpoint) 

could exacerbate the underlying levels of CIN in SKP2 deficient cells beyond a critical threshold 

required to induce lethality90,97. In this regard, tumors with reduced SKP2 expression may be 

excellent candidates for this therapeutic strategy, as cells with reduced SKP2 expression exhibit 

low to moderate of CIN as seen in karyotypic analyses (Figure 4-11, Page 65). To identify possible 

drug candidates that exacerbate CIN within SKP2-deficient cells, SKP2 clones and NT-Control 

clones can be employed in large-scale scQuantIM drug screens to evaluate cell death. Drugs that 

selectively induce death within the SKP2 clones but not in NT-Control cells are by definition, 

candidate therapeutic targets warranting further study (i.e., mechanism of death and in vivo 

efficacy studies). 

 Another promising therapeutic strategy to selectively kill tumor cells with diminished SKP2 

expression is the use of synthetic genetic targeting paradigms. For example, synthetic lethality is 

defined as a rare and lethal genetic combination of two independently viable gene mutations or 

deletions and specifically exploits the aberrant genetics and epigenetics associated with aberrant 

expression and/or function of tumor suppressor genes91,235. An established synthetic lethal 

interaction that has already been translated into the clinic is the interaction between BRCA1/2 

(Breast Cancer Genes 1 and 2) and the poly ADP-ribose polymerase (PARP) inhibitor, Olaparib, 

which is effective in treating BRCA1/2-deficient breast and ovarian cancers236,237. Thus, SKP2 and 

NT-Control clones can be employed in large-scale genetic screens (e.g., siRNA- or CRISPR-based) 

to identify potential synthetic lethal interactors that may ultimately prove beneficial in the 

treatment of SKP2-deficient CRCs. Synthetic lethal interactors are often found within the same 

cellular pathway (e.g., BRCA genes and PARP are both involved in DNA repair), therefore the 

genetic screens could be purposefully focused on pathways intuitively linked to SKP2, such as cell 

cycle regulation. This possibility is supported by a recent study by Brough et al.238 that identified 
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SKP2 and Retinoblastoma Protein 1 as synthetic lethal interactors in a cell line modeling triple 

negative breast cancer. Like SKP2, Retinoblastoma Protein 1 exhibits a tumor suppressive role 

through the repression of proteins that promote the premature transition of cells through the G1 

cell cycle checkpoint238. Following siRNA-based screens, synthetic lethal interactors of SKP2 

must be validated to confirm cell killing and determine whether small molecule inhibitors against 

the synthetic lethal targets are effective in various cellular and in vivo contexts. 

 A third emerging therapeutic strategy could employ a PROTACs-based approach to degrade 

the substrates that have aberrantly accumulated due to the abnormal expression and/or function of 

SKP2. Briefly, PROTACs (reviewed in239-242) are chimeric molecules that link an F-box protein 

(i.e., substrate targeting moiety) to a protein of interest, enabling targets to be proteolytically 

degraded via the 26S proteasome241. PROTACs have several benefits compared to small molecule 

inhibitors. For example, PROTACS have high selectivity because they require specific 3D 

interactions between the F-box protein and target substrate. Further, PROTACS can achieve more 

efficient target coverage because they act through transient binding interactions, such that once 

one protein target has been degraded they are free to interact with more target protein moieties, 

rather than traditional small molecule inhibitors that act through 1:1 ratio of target occupancy. 

Thus, a single PROTAC molecule can degrade multiple copies of a target protein, enabling for 

lower effective dosages of the PROTAC molecules. Moreover, the smaller dosage requirements 

enable them to be less susceptible to increases in target protein abundance and resistance243. 

Another advantage is that PROTACs are able to target key oncoproteins and transcription factors 

that have previously been described as “undruggable”, including c-MYC, another proposed target 

of SKP2144,244. Moreover, because some ubiquitin ligases exhibit restricted patterns of expression, 

it even may be possible to develop PROTACs whose effects are limited to specific tissue types, 

like the colon241. In this regard, SKP2 is ubiquitously expressed throughout human tissues and 

therefore would not provide tissue-specific targeting. However, PROTACs targeting SKP2 

substrates such as P27, Cyclin E1 and c-MYC for proteolytic degradation by an F-box protein that 

is uniquely/highly expressed within colonic tissue (e.g., FBXL22) could be efficacious in the 

context of a SKP2-deficient CRC245. Collectively, gaining a greater understanding of the 

susceptibilities of cells with diminished SKP2 abundance is essential to improve the morbidity and 

mortality rates associated with SKP2 depleted CRCs.  
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APPENDIX A: SOLUTIONS 

 

CELL CULTURE 

 

1× McCoy’s 5A Complete Cell Culture Medium + 10% FBS 

Name Amount 

McCoy’s 5A Medium (HyClone) 

FBS (Sigma-Aldrich) 

450.0mL 

50.0mL 

Total Volume 500.0mL 

 

 

1× X-Medium + 2% CCS 

Name Amount 

DMEM/High Glucose Media (Hyclone) 800 mL 

Medium 199 (Hyclone) 200.0 mL 

CCS (Hyclone)  20.0 mL 

Insulin (Sigma; 10 μg/mL) 5.0 mL 

Hydrocortisone (Sigma; 1 μg/mL) 50.0 μL 

Apotransferin (Sigma; 2 μg/mL) 40.0 μL 

EGF (PeproTech; 20 ng/mL)  20.0 μL 

Sodium Selenite (Sigma; 5nM) 1.0 μL 

CCS (Hyclone)  20.0 mL 

Total Volume 1.0 L 

- Combine first seven ingredients 

- Remove 20 mL prior to adding CCS 

 

 

1× Conditioned X-Medium  

Name Amount 

1× X-Medium + 2% CCS 65.0 mL 

X-Media Harvested from confluent tissue culture plates 33.0 mL 
1× Penicillin-Streptomycin  1.0 mL 

Total Volume 1.0 L 

-Filter Harvested X-media through a 0.2 μm sieve to sterilize 

 

 

1× Conditioned X-Medium  

Name Amount 

DMEM High Glucose Medium (HyClone) 450.0 mL 

Tetracycline-Free FBS (Clontech) 50.0 mL 

Total Volume 500.0 mL 
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Cupric Sulfate Pentahydrate 

Name Amount 

Cupric Sulfate Pentahydrate 

Milli-Q Water 

26.0 g 

up to 1.0 L 

Total Volume 1.0 L 

 

 

10× PBS (Stock Solution) 

Name Amount 

NaCl 80.0 g 

KCl 2.0 g 

Na2PO4 14.4 g 

KH2PO4 2.4 g 

Milli-Q Water up to 1.0 L 

Total Volume 1.0 L 

- Titrate to pH 7.4  

 

 

1× PBS 

Name Amount 

10× PBS (Stock Solution) 

Milli-Q Water 

100.0 mL 

900.0 mL 

Total Volume 1.0 L 

 

 

GENE SILENCING 

 

1× siRNA Buffer  

Name Amount 

5 × siRNA Buffer (Dharmacon) 

DEPC-treated Water 

100.0 μL 

400.0 μL 

Total Volume 500.0 mL 
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WESTERN BLOT 

 

Modified RIPA Buffer 

Name Amount 

50 mM Tris -pH 8.0 5.0 mL 

150 mM NaCl 7.5 mL 

SDS (0.1% [w/v]) 500.0 μL 

Sodium Deoxycholate (0.5% [w/v]) 0.5 g 

NP40 (1% [w/v]) 1.0 mL 

Milli-Q Water up to 100 mL 

Total Volume 100.0mL 

- Protect from light and store at 4 °C 

 

 

25× Protease Inhibitor 

Name Amount 

Protease Inhibitor Complete EDTA-free (Roche) 

Milli-Q Water 

1 tablet 

2.0 μL 

Total Volume 2.0 mL 

- Vortex until dissolved  

- Store at -20 °C in 50 μL aliquots 

 

 

Protein Extraction Buffer 

Name Amount 

Modified RIPA Buffer 

25× Protease Inhibitor 

950.0 μL 

40.0 μL 

Total Volume 1.0 mL 

 

 

4× Tris-HCl/SDS, pH 6.8 (0.5M Tris-HCl Containing 0.4% SDS) 

Name Amount 

Tris 

SDS 

6.05 g 

2.0 g 

Milli-Q Water up to 100 mL 

Total Volume 2.0 mL 

- Titrate to pH 6.8 with 1N HCl  

- Store at 4 °C 
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6× SDS Sample Loading Buffer 

Name Amount 

4× Tris-HCl/SDS 6.5 mL 

Glycerol 3.0 mL 

SDS 1.0 g 

𝛽-mercaptoethanol 600.0 μL 

Bromophenol Blue 1.2 mg 

Total Volume ~10.0 mL 

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

 

 

10× Running Buffer 

Name Amount 

Tris Base 

Glycine 

30.0 g 

144.0 g 

SDS 10.0 g 

Milli-Q Water up to 1.0 L 

Total Volume 1.0 L 

 

 

1× Running Buffer 

Name Amount 

10× Running Buffer 100.0 mL 

Milli-Q Water 900.0 mL 

Total Volume 1.0 L 

 

 

1× Transfer Buffer 

Name Amount 

10× Running Buffer  

Methanol 

50.0 mL 

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 

HCl 

50.0 mg 

1.0 mL 

Milli-Q Water up to 1.0 L 

Total Volume 1.0 L 
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10× Tris Buffered Saline (TBS) 

Name Amount 

NaCl 

KCl 

80.0 g 

2.0 g 

1 M Tris – pH 7.5 250.0 mL 

Milli-Q Water up to 1.0 L 

Total Volume 1.0 L 

 

 

1× TBS-Tween20 (TBST) 

Name Amount 

10 × TBS  

Tween-20 

100.0 mL 

1.0 mL 

Milli-Q Water up to 1.0 L 

Total Volume 1.0 L 

 

 

Non-fat Milk Blocking Solution (5% [w/v]) 

Name Amount 

Non-fat Milk Powder (Carnation) 

TBST 

5.0 g 

up to 100.0 L 

Total Volume 100.0 mL 

 

 

CHROMOSOME INSTABILITY ASSAYS 

 

Paraformaldehyde Fixative (4% [w/v]) 

Name Amount 

Paraformaldehyde (VWR Canlab) 

1× PBS 

0.44 g 

11.0 mL 

Total Volume 11.0 mL 

- 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) 

1× PBS 

10.0 mg 

up to 10.0 mL 

Total Volume 10.0 mL 

- Protect from light and store at -20 °C 
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Hoechst 33342 (300 ng/mL Working Dilution) 

Name Amount 

Hoechst 33342 Stock Solution 

1× PBS 

7.0 μL 

up to 25.0 mL 

Total Volume 25.0 mL 

 

 

Colcemid (100 ng/mL Working Dilution) 

Name Amount 

KaryoMAX Colcemid (Gibco; 10 µg/mL) 

Complete Cell Culture Medium 

10.0 μL 

990.0 μL 

Total Volume 1.0 mL 

 

 

KCl (1 M Stock Solution) 

Name Amount 

KCl 

Milli-Q Water 

7.5 g 

up to 100.0 mL 

Total Volume 100.0 mL 

 

 

KCl (75 mM Working Dilution) 

Name Amount 

KCl (1 M Stock Solution) 

Milli-Q Water 

7.5 mL 

92.5 mL 

Total Volume 100.0 mL 

 

 

3:1 Methanol: Acetic Acid (Fixative) 

Name Amount 

Methanol 

Acetic Acid 

12.0 mL 

4.0 mL 

Total Volume 16.0 mL 
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4’,6-Diamidino-2-phenylindole (DAPI; 50 µg/mL Stock Solution) 

Name Amount 

DAPI (Sigma-Aldrich; 5 mg/mL) 

1× PBS 

10.0 μL 

990.0 μL 

Total Volume 1.0 mL 

- Protect from light and store at 4 °C 

 

 

DAPI Mounting Medium 

Name Amount 

DAPI (50 μg/mL Stock Solution) 

Vectashield Mounting Medium (Vector Laboratories) 

10.0 μL 

990.0 μL 

Total Volume 1.0 mL 

- Protect from light and store at 4 °C 

 

 

CRISPR/CAS9 

 

Carbenicillin (50 mg/mL) 

Name Amount 

Carbenicillin (VMR Canlab) 

Milli-Q Water 

0.5 g 

10.0 mL 

Total Volume 10.0 mL 

- Store at -20 °C 

 

 

Luria-Bertani (LB) Agar Plates + 60 µg/mL Carbenicillin 

Name Amount 

Tryptone 5.0 g 

Yeast Extract 2.5 g 

NaCl 5.0 g 

LB Agar 7.5 g 

Milli-Q Water up to 500 mL 

Carbenicillin (50 mg/mL) 600.0 μL 

Total Volume ~500.0 mL or 25 plates 

- Combine top 5 ingredients and pour into bottle(s) for autoclaving 

- Autoclave to dissolve agar and sterilize 

- While still warm (~40 °C), add carbenicillin and mix 

- Pour into 10 cm plates (~20 mL/plate); allow agar to cool and solidify 

- Store at 4 °C 
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Kanamycin (50 mg/mL) 

Name Amount 

Kanamycin Sulfate (Fisher Scientific) 

Milli-Q Water 

0.5 g 

10.0 mL 

Total Volume 10.0 mL 

- Store at -20 °C 

 

 

LB Agar Plates + 50 µg/mL Kanamycin 

Name Amount 

Tryptone 5.0 g 

Yeast Extract 2.5 g 

NaCl 5.0 g 

LB Agar 7.5 g 

Milli-Q Water up to 500 mL 

Kanamycin (50 mg/mL) 500.0 μL 

Total Volume ~500.0 mL or 25 plates 

- Combine top 5 ingredients and pour into bottle(s) for autoclaving 

- Autoclave to dissolve agar and sterilize 

- While still warm (~40 °C), add kanamycin and mix 

- Pour into 10 cm plates (~20 mL/plate); allow agar to cool and solidify 

- Store at 4 °C 

 

 

LB Broth Plates + 60 µg/mL Carbenicillin 

Name Amount 

Tryptone 5.0 g 

Yeast Extract 2.5 g 

NaCl 5.0 g 

LB  7.5 g 

Milli-Q Water up to 500 mL 

Carbenicillin (50 mg/mL) 600.0 μL 

Total Volume ~500.0 mL  

- Combine top 5 ingredients  

- Autoclave to sterilize 

- Allow to cool and add carbenicillin 
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LB Broth Plates + 50 µg/mL Kanamycin 

Name Amount 

Tryptone 5.0 g 

Yeast Extract 2.5 g 

NaCl 5.0 g 

LB  7.5 g 

Milli-Q Water up to 500 mL 

Kanamycin (50 mg/mL) 500.0 μL 

Total Volume ~500.0 mL  

- Combine top 5 ingredients  

- Autoclave to sterilize 

- Allow to cool and add kanamycin 

 

 

Sort Buffer 

Name Amount 

1× PBS 

1M HEPES 

EDTA (500 μM) 

CCS  

5.0 mL 

125.0 μL 

10.0 μL 

50.1 μL 

Total Volume 5.0 mL 

- Combine top 3 ingredients and filter through a 0.2 μm sieve before adding CCS 

 

 

PI (1 mg/mL Stock Solution) 

Name Amount 

Propidium Iodide (Sigma) 

Milli-Q Water 

1.0 mg 

1.0 mL 

Total Volume 4.4 mL 

- Protect from light and store at -20 °C 

 

 

Sort Buffer + 1 μg/mL Propidium Iodide 

Name Amount 

1× PBS  

1M HEPES 

EDTA (500 μM) 

CCS 

Propidium Iodide 

5.0 mL 

125.0 μL 

10.0 μL 

50.1 μL 

5.0 μL 

Total Volume 5.0 mL 
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Collection Buffer 

Name Amount 

1× Penicillin-Streptomycin 

X-Media 
40.0 μL 

up to 4.0 mL 

Total Volume 4.0 mL 

 

 
50× Tris-Acetate-EDTA (TAE) Buffer 

Name Amount 

Tris 

Acetic Acid 

Disodium ETDA 

Milli-Q Water  

242.0 g 

57.1 mL 

18.61 g  

up to 1.0 L 

Total Volume 1.0 L 

 

 

1× TAE Buffer 

Name Amount 

50× TAE Buffer 

Milli-Q Water  

20.0 mL 

980.0 mL 

Total Volume 1.0 L 

 

 

SOFT AGAR COLONY FORMATION ASSAYS 

 

2× Dulbecco’s Modified Eagle Medium with High Glucose 

Name Amount 

2× Dulbecco’s Modified Eagle Medium with High 

Glucose Powder (Hyclone) 

Milli-Q Water  

113.5 g 

 

500.0 mL 

Total Volume 100.0 mL 

- Adjust to pH 7.4  

- Pass through 0.22 μm filter to sterilize  
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2× Medium 199 

Name Amount 

Medium 199 powder (Hyclone) 

Milli-Q Water  

9.5 g 

500.0 mL 

Total Volume 100.0 mL 

- Adjust to pH 7.4  

- Pass through 0.22 μm filter to sterilize  

 

 

2× X-Medium + 4% CCS 

Name Amount 

2× Dulbecco’s Modified Eagle Medium with High 

Glucose  

2× Medium 199 

Cosmic Calf Serum (Hyclone)  

Insulin (Sigma; 10 μg/mL) 

Hydrocortisone (Sigma; 1 μg/mL) 

Apotransferin (Sigma; 2 μg/mL) 

EGF (PeproTech; 20 ng/mL) 

Sodium Selenite (Sigma; 5nM) 

 

400.0 mL 

100.0 mL 

20.0 mL 

5.0 mL 

50.0 µL 

40.0 µL 

20.0 µL 

1.0 µL 

Total Volume 500.0 mL 

 

 

2× McCoy’s 5A Cell Culture Medium 

Name Amount 

McCoy’s 5A powder (Sigma-Aldrich) 

Sodium Bicarbonate 

Milli-Q Water  

11.9 g 

2.2 

Up to 500.0 mL 

Total Volume 100.0 mL 

- Adjust to pH 7.4  

- Pass through 0.22 μm filter to sterilize  

 

 

2× McCoy’s 5A Cell Culture Medium + 20% FBS 

Name Amount 

2× McCoy’s 5A Cell Culture Medium 

FBS 

40.0 mL 

10.0 mL 

Total Volume 50.0 mL 
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Agarose (1.2% [w/v]) 

Name Amount 

Agarose (Invitrogen) 

Milli-Q Water  

1.2 g 

100.0 mL 

Total Volume 100.0 mL 

- Autoclave to dissolve agarose and sterilize 

- Warm in microwave prior to use 

 

 

Agarose (0.8% [w/v]) 

Name Amount 

Agarose (Invitrogen) 

Milli-Q Water  

0.8 g 

100.0 mL 

Total Volume 100.0 mL 

- Autoclave to dissolve agarose and sterilize 

- Warm in microwave prior to use 

 

 

Crystal Violet (0.1% [w/v] Stock Solution) 

Name Amount 

Crystal Violet (Sigma Aldrich) 

Methanol  

0.1 g 

10.0 mL 

Milli-Q Water 90.0mL 

Total Volume 100.0 mL 

- Pass through a filter to sterilize 

 

 

Crystal Violet (0.005% [w/v] Working Dilution) 

Name Amount 

Crystal Violet (0.1% Stock Solution) 2.5 mL 

Milli-Q Water 47.5 mL 

Total Volume 50.0 mL 
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APPENDIX B: SUPPLEMENTARY TABLES 

 

Table S1. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in HCT116 Replicate 1.  

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S2. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in HCT116 Replicate 2. 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S3. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in HCT116 Replicate 3. 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.2429 

siSKP2-4 > 1000 <0.0001 **** 0.2804 

siSKP2-Pool > 1000 <0.0001 **** 0.2385 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.1925 

siSKP2-4 > 1000 <0.0001 **** 0.2239 

siSKP2-Pool > 1000 <0.0001 **** 0.1126 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.2398 

siSKP2-4 > 1000 <0.0001 **** 0.2377 

siSKP2-Pool > 1000 <0.0001 **** 0.2929 
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Table S4. MW Tests Identify No Significant Increases in Micronucleus Formation Following 

SKP2 Silencing in HCT116 Replicate 1.  

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 928 20.3 2.2 - - - 

siSKP2-3 6 742 23.5 2.8 0.8 0.9372 ns 

siSKP2-4 6 786 27.8 3.4 1.2 0.4848 ns 

siSKP2-Pool 6 878 32.3 2.6 1.4 0.9372 ns 

ANumber of nuclei analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control. 
Fp-values calculated from two-sample MW tests for the listed condition relative to non-targeting 

control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05) 

 

 

Table S5. MW Tests Identify No Significant Increases in Micronucleus Formation Following 

SKP2 Silencing in HCT116 Replicate 2.  

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 404 8.7 1.9 - - - 

siSKP2-3 6 468 5.5 1.0 0.5 0.1797 ns 

siSKP2-4 6 293 3.0 0.8 0.5 0.0628 ns 

siSKP2-Pool 6 475 7.2 1.4 0.9 0.5887 ns 

ANumber of nuclei analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control.  
Fp-values calculated from two-sample MW tests for the listed condition relative to non-targeting 

control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05) 
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Table S6. MW Tests Identify Increases in Micronucleus Formation Following SKP2 Silencing in 

HCT116 Replicate 3. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 571 3.3 0.6 - - - 

siSKP2-3 6 527 5.3 1.1 1.4 0.0931 ns 

siSKP2-4 6 461 7.2 1.6 2.3 0.0043 ** 

siSKP2-Pool 6 414 2.5 1.3 3.0 0.3095 ns 

ANumber of nuclei analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control. 
Fp-values calculated from two-sample M-W tests for the listed condition relative to non-targeting 

control at the corresponding timepoint 
GSignificance level (ns, p-value > 0.05; **, p-value < 0.01) 

 

 

Table S7. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions Following SKP2 Silencing in HCT116 Replicate 1. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl 100 - - - 

siSKP2-3 100 <0.0001 **** 0.3300 

siSKP2-4 100 0.1545 ns 0.1600 

siSKP2-Pool 100 0.1545 ns 0.1600 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05; ****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 
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Table S8. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions Following SKP2 Silencing in HCT116 Replicate 2. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl 100 - - - 

siSKP2-3 100 0.0063 ** 0.2400 

siSKP2-4 100 0.0783 ns 0.1800 

siSKP2-Pool 100 0.0783 ns 0.1800 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05; **, p-value < 0.01). 
DD-statistic (maximum deviation between the two distribution curves). 
 

 

Table S9. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions Following SKP2 Silencing in HCT116 Replicate 3. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl 100 - - - 

siSKP2-3 100 <0.0001 **** 0.3600 

siSKP2-4 100 <0.0001 **** 0.4400 

siSKP2-Pool 100 0.0063 ** 0.2400 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (**, p-value < 0.01; ****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S10. Student’s T- Tests Identify Significant Increases in the Frequency of Aberrant 

Chromosome Numbers in SKP2 silenced HCT116 cells 

Condition nA p-valueB SignificanceC 

siControl 300 - - 

siSKP2-3 300 0.0041 ** 

siSKP2-4 300 0.0048 ** 

siSKP2-Pool 300 0.0112 * 

ANumber of nuclei analyzed. 
Bp-values calculated from unpaired Student’s T-Tests for the listed condition relative to non-

targeting control. 

CSignificance level (*, p-value < 0.05; **, p-value < 0.01) 
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Table S11. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in 1CT Cell Replicate 1.  

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.2880 

siSKP2-4 > 1000 <0.0001 **** 0.3659 

siSKP2-Pool > 1000 <0.0001 **** 0.2013 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S12. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in 1CT Cells Replicate 2. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.2235 

siSKP2-4 > 1000 <0.0001 **** 0.3084 

siSKP2-Pool > 1000 <0.0001 **** 0.2385 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S13. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in 1CT Cells Replicate 3. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.1756 

siSKP2-4 > 1000 <0.0001 **** 0.1959 

siSKP2-Pool > 1000 0.0010 *** 0.0575 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (***, p-value < 0.001; ****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 
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Table S14. MW Tests Identify Trending Increases in Micronucleus Formation Following SKP2 

Silencing in 1CT Cells Replicate 1. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 521 4.2 0.8 - - - 

siSKP2-3 6 399 4.7 1.2 1.9 0.3095 ns 

siSKP2-4 6 324 4.5 1.4 2.5 0.2403 ns 

siSKP2-Pool 6 322 4.3 1.3 2.3 0.1797 ns 

ANumber of wells analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control at the corresponding timepoint. 
Fp-values calculated from two-sample MW tests for the listed condition relative to non-targeting 

control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05) 

 

 

Table S15. MW Tests Identify Trending Increases in Micronucleus Formation Following SKP2 

Silencing in 1CT Cells Replicate 2. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 480 6.0 1.23 - - - 

siSKP2-3 6 314 6.0 2.03 1.6 0.3095 ns 

siSKP2-4 6 273 3.8 1.38 0.8 0.6691 ns 

siSKP2-Pool 6 355 6.3 1.66 1.6 0.3095 ns 

ANumber of wells analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control at the corresponding timepoint. 
Fp-values calculated from two-sample MW tests for the listed condition relative to non-targeting 

control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05) 
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Table S16. MW Tests Identify Trending Increases in Micronucleus Formation Following SKP2 

Silencing in 1CT Cells Replicate 3. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 177 3.0 1.6 - - - 

siSKP2-3 6 159 1.8 1.1 1.5 0.2900 ns 

siSKP2-4 6 159 2.0 1.5 1.8 0.9999 ns 

siSKP2-Pool 6 228 1.8 3.7 2.3 0.6991 ns 

ANumber of wells analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control at the corresponding timepoint. 
Fp-values calculated from two-sample MW tests for the listed condition relative to non-targeting 

control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05) 

 

 

Table S17. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions in SKP2 Silenced 1CT Cells Replicate 1. 

Condition nA p-valueB SignificanceC D-statisticD 

 siControl 100 - - - 

siSKP2-3 100 0.003 *** 0.2998 

siSKP2-4 100 <0.0001 **** 0.3198 

siSKP2-Pool 100 0.0802 ns 0.1798 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample M-W tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05; ***, p-value < 0.001; ****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 
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Table S18. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions in SKP2 Silenced 1CT Cells Replicate 2. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl 100 - - - 

siSKP2-3 100 0.9996 ns 0.0500 

siSKP2-4 100 0.9671 ns 0.0700 

siSKP2-Pool 100 0.1545 ns 0.1600 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample M-W tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S19. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions in SKP2 Silenced 1CT Cells Replicate 3. 

Condition nA p-valueB SignificanceC D-statisticD 

 siControl 100 - - - 

siSKP2-3 100 0.4676 ns 0.1200 

siSKP2-4 100 0.1545 ns 0.1600 

siSKP2-Pool 100 0.0091 ** 0.2328 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample M-W tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05; **, p-value < 0.01);  
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S20. Student’s T- Tests Identify Significant Increases in the Frequency of Aberrant 

Chromosome Numbers in SKP2 silenced 1CT cells 

Condition nA p-valueB SignificanceC 

 siControl 300 - - 

siSKP2-3 300 0.1028 ns 

siSKP2-4 300 0.0374 * 

siSKP2-Pool 300 0.1123 ns 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05.*, p-value < 0.05) 
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Table S21. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in A1309 Cells Replicate 1. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.7318 

siSKP2-4 > 1000 <0.0001 **** 0.3913 

siSKP2-Pool > 1000 <0.0001 **** 0.4706 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S22. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in A1309 Cells Replicate 2. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.5396 

siSKP2-4 > 1000 <0.0001 **** 0.3979 

siSKP2-Pool > 1000 <0.0001 **** 0.4625 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S23. Two-sample KS Tests Identify Significant Increases in Nuclear Area Distributions 

Following SKP2 Silencing in A1309 Cells Replicate 3. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2-3 > 1000 <0.0001 **** 0.6951 

siSKP2-4 > 1000 <0.0001 **** 0.3760 

siSKP2-Pool > 1000 <0.0001 **** 0.4590 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 
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Table S24. MW Tests Identify Significant Increases in Micronucleus Formation Following SKP2 

Silencing in A1309 Cells Replicate 1. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 904 10.1 1.1 -  - 

siSKP2-3 6 231 8.0 3.5 1.7 0.1797 ns 

siSKP2-4 6 595 19.5 3.4 2.2 < 0.0001 **** 

siSKP2-Pool 6 484 18.3 3.9 2.6 0.0043 ** 

ANumber of wells analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control at the corresponding timepoint. 
Fp-values calculated from two-sample M-W tests for the listed condition relative to non-targeting 

silencing control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05; **, p-value <0.01; ****, p-value <0.0001) 

 

 

Table S25. MW Tests Identify Significant Increases in Micronucleus Formation Following SKP2 

Silencing in A1309 Cells Replicate 2. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 591 16.0 2.7 -  - 

siSKP2-3 6 201 9.5 4.8 0.7 0.1320 ns 

siSKP2-4 6 319 14.8 4.9 0.9 0.0411 * 

siSKP2-Pool 6 263 9.7 3.6 0.7 0.0931 ns 

ANumber of wells analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control at the corresponding timepoint. 
Fp-values calculated from two-sample M-W tests for the listed condition relative to non-targeting 

silencing control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05; *, p-value<0.05) 
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Table S26. MW Tests Identify Significant Increases in Micronucleus Formation Following SKP2 

Silencing in A1309 Cells Replicate 3. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median Fold 

Change in 

MNFE 

p-valueF Sig.G 

siControl 6 904 10.1 1.1 -  - 

siSKP2-3 6 231 8.0 3.5 3.0 0.0022 ** 

siSKP2-4 6 595 19.5 3.41 3.2 0.0022 ** 

siSKP2-Pool 6 484 18.3 3.9 3.2 0.0022 ** 

ANumber of wells analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control at the corresponding timepoint. 
Fp-values calculated from two-sample MW tests for the listed condition relative to non-targeting 

silencing control at the corresponding timepoint. 
GSignificance level (**, p-value > 0.01) 

 

 

Table S27. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions in SKP2 Silenced A1309 Cells Replicate 1. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl 100 - - - 

siSKP2-3 100 0.0023 ** 0.2600 

siSKP2-4 100 0.0002 *** 0.3000 

siSKP2-Pool 100 0.0091 ** 0.2339 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (**, p-value < 0.01); (***, p-value < 0.001) 
DD-statistic (maximum deviation between the two distribution curves). 
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Table S28. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions in SKP2 Silenced A1309 Cells Replicate 2. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl 100 - - - 

siSKP2-3 100 0.0243 * 0.2100 

siSKP2-4 100 0.9062 ns 0.0800 

siSKP2-Pool 100 0.9996 ns 0.0500 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05; *, p-value < 0.05) 
DD-statistic (maximum deviation between the two distribution curves 

 

 

Table S29. Two-sample KS Tests Identify Significant Changes in Cumulative Chromosome 

Number Distributions in SKP2 Silenced A1309 Cells Replicate 3. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl 100 - - - 

siSKP2-3 100 <0.0001 **** 0.4200 

siSKP2-4 100 0.0039 ** 0.2500 

siSKP2-Pool 100 0.2809 ns 0.1400 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05; **, p-value < 0.01); (***, p-value < 0.001) 
DD-statistic (maximum deviation between the two distribution curves 

 

 

Table S30. Student’s T- Tests Identify Significant Increases in the Frequency of Aberrant 

Chromosome Numbers in SKP2 silenced A1309 cells. 

Condition nA p-valueB SignificanceC 

siControl 300 - - 

siSKP2-3 300 <0.0001 *** 

siSKP2-4 300 0.0293 * 

siSKP2-Pool 300 0.0646 ns 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (ns, p-value > 0.05; *, p-value < 0.05; ***, p-value < 0.001) 
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Table S31. Two-sample KS Tests Identify No Significant Decreases in Nuclear Area Distributions 

Following Co-silencing with SKP2 and CCNE1 in HCT116 Cells. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl > 1000 - - - 

siSKP2 > 1000 <0.0001 **** 0.1732 

siCCNE1 > 1000 <0.05 * 0.0289 

siSKP2+ siCCNE1 > 1000 <0.0001 **** 0.1558 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

 

 

Table S32. Two-sample KS Tests Identify No Significant Decreases in Nuclear Area Distributions 

Following Co-silencing with SKP2 and P27 in HCT116 Cells. 

Condition nA p-valueB SignificanceC D-statisticD 

siControl  > 1000 - - - 

siSKP2 > 1000 <0.0001 **** 0.0932 

SiP27 > 1000 <0.0001 **** 0.1079 

siSKP2+ siP27 > 1000 0.0218 * 0.0338 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

silencing control. 
CSignificance level (****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 
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Table S33. Two-sample KS Tests Show Significant Increases in Nuclear Area Distributions in 

A1309 SKP2+/- and SKP2-/- Models Over Time. 

ANumber of nuclei analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

control. 
CSignificance level (ns, p-value > 0.05; ***, p-value < 0.001; ****, p-value < 0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 

Condition nA p-valueB SignificanceC D-statisticD 

p0     

NT-Control > 1000 - - - 

SKP2+/- 1 > 1000 <0.0001 **** 0.1536 

SKP2-/- A > 1000 <0.0001 **** 0.1660 

SKP2-/- B > 1000 <0.0001 **** 0.2786 

SKP2-/- C > 1000 <0.0001 **** 0.1762 

p4     

NT-Control > 1000 - - - 

SKP2+/- 1 > 1000 <0.0001 **** 0.1462 

SKP2-/- A > 1000 <0.0004 *** 0.0465 

SKP2-/- B > 1000 <0.0001 **** 0.1187 

SKP2-/- C > 1000 <0.0001 **** 0.0518 

p8     

NT-Control > 1000 - - - 

SKP2+/- 1 > 1000 <0.0001 **** 0.0513 

SKP2-/- A > 1000 <0.0001 **** 0.1129 

SKP2-/- B > 1000 <0.0001 **** 0.2564 

SKP2-/- C > 1000 <0.0001 **** 0.0731 

p12     

NT-Control > 1000 - - - 

SKP2+/- 1 > 1000 <0.0001 **** 0.1109 

SKP2-/- A > 1000 <0.0001 **** 0.0913 

SKP2-/- B > 1000 <0.0001 **** 0.2440 

SKP2-/- C > 1000 0.0009 *** 0.0416 

p16     

NT-Control > 1000 - - - 

SKP2+/- 1 > 1000 <0.0001 **** 0.1040 

SKP2-/- A > 1000 <0.0001 **** 0.2082 

SKP2-/- B > 1000 <0.0001 **** 0.1698 

SKP2-/- C > 1000 <0.0001 **** 0.0629 

p20     

NT-Control > 1000 - - - 

SKP2+/- 1 > 1000 0.2934 ns 0.0212 

SKP2-/- A > 1000 <0.0001 **** 0.1545 

SKP2-/- B > 1000 <0.0001 **** 0.2029 

SKP2-/- C > 1000 <0.0001 **** 0.1217 



 

 130 

Table S34. Statistical Assessment of Micronuclei within SKP2+/- and  

SKP2-/- Models Over Time. 

Condition nA 

Mean 

Nucleus 

CountB 

Mean 

MN 

CountC 

Mean% 

MNFD 

Median 

Fold 

Change 

in MNFE 

p-valueF Sig.G 

p0        

NT-Control 6 624 17.0 2.7 - - - 

SKP2+/- 1 6 603 30.2 5.0 1.6 0.0087 ** 

SKP2-/- A 6 530 19.7 3.7 1.1 0.3939 ns 

SKP2-/- B 6 464 37.2 8.0 3.0 0.0087 ** 

SKP2-/- C 6 506 20.5 4.1 1.2 0.2403 ns 

p4        

NT-Control 6 647 1.3 0.2 - - - 

SKP2+/- 1 6 474 5.8 1.1 6.8 0.0043 ** 

SKP2-/- A 6 681 23.0 3.4 26.0 0.0022 ** 

SKP2-/- B 6 680 36.2 5.3 25.8 0.0022 ** 

SKP2-/- C 6 714 14.7 2.1 13.9 0.0022 ** 

p8        

NT-Control 6 714 6.3 0.9 - - - 

SKP2+/- 1 6 713 17.0 2.5 2.2 0.0022 ** 

SKP2-/- A 6 622 13 2.1 2.4 0.0043 ** 

SKP2-/- B 6 569 22.5 4.4 5.3 0.0022 ** 

SKP2-/- C 6 610 19 3.1 3.4 0.0043 ** 

p12        

NT-Control 6 761 3.7 0.5 - - - 

SKP2+/- 1 6 591 6.7 1.1 2.3 0.0411 * 

SKP2-/- A 6 473 3.5 0.8 1.0 0.8182 ns 

SKP2-/- B 6 535 12.7 2.5 4.4 0.0022 ** 

SKP2-/- C 6 720 9.8 1.3 2.5 0.0649 ns 

p16        

NT-Control 6 806 7.7 1.0 - - - 

SKP2+/- 1 6 748 18.0 2.4 2.8 0.0022 ** 

SKP2-/- A 6 516 10.7 2.1 2.0 0.0931 ns 

SKP2-/- B 6 766 22.0 2.9 3.3 0.0022 ** 

SKP2-/- C 6 786 15.7 2.0 2.2 0.0022 ** 

p20        

NT-Control 6 727 8.0 1.1 - - - 

SKP2+/- 1 6 720 12.2 1.7 1.6 0.0931 ns 

SKP2-/- A 6 533 12.5 2.4 2.1 0.0260 * 

SKP2-/- B 6 627 19.2 3.1 3.0 0.0022 ** 

SKP2-/- C 6 689 10.2 1.5 1.3 0.0931 ns 
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ANumber of wells analyzed. 
BMean number of nuclei analyzed per well. 
CMean number of micronuclei counted per well. 
DMean percent MNF (calculated for each well as the MN count / nucleus count × 100). 
EMedian fold change in MNF relative to non-targeting control at the corresponding timepoint. 
Fp-values calculated from two-sample MW tests for the listed condition relative to non-targeting 

control at the corresponding timepoint. 
GSignificance level (ns, p-value > 0.05; *, p-value < 0.05; **, p-value < 0.01) 
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Table S35. Statistical Assessment of Chromosome Numbers Within SKP2+/- and 

SKP2-/- Models Over Time. 

Condition nA 

Fold Change 

in Aberrant 

Spreads 

p-valueB SignificanceC D-statisticD 

p0      

NT-Control 100 - - - - 

SKP2+/- 1 100 4.9 0.0023 ** 0.2600 

SKP2-/- A 100 3.8 0.0541 ns 0.1900 

SKP2-/- B 100 4.0 0.0243 * 0.2100 

SKP2-/- C 100 4.4 <0.0001 **** 0.3500 

p4      

NT-Control 100 - - - - 

SKP2+/- 1 100 2.7 0.2106 ns 0.1500 

SKP2-/- A 100 2.3 0.0541 ns 0.1900 

SKP2-/- B 100 2.3 0.0783 ns 0.1800 

SKP2-/- C 100 2.9 0.0366 * 0.2000 

p8      

NT-Control 100 - - - - 

SKP2+/- 1 100 1.4 0.9671 ns 0.0700 

SKP2-/- A 100 0.7 > 0.9999 ns 0.0300 

SKP2-/- B 100 1.9 0.9996 ns 0.0500 

SKP2-/- C 100 1.5 0.9996 ns 0.0500 

p12      

NT-Control 100 - - - - 

SKP2+/- 1 100 0.5 0.9938 ns 0.0600 

SKP2-/- A 100 1.8 0.9671 ns 0.0700 

SKP2-/- B 100 1.6 0.6994 ns 0.1000 

SKP2-/- C 100 1.6 0.5806 ns 0.1100 

p16      

NT-Control 100 - - - - 

SKP2+/- 1 100 3.1 0.0158 * 0.2200 

SKP2-/- A 100 1.8 0.6994 ns 0.1000 

SKP2-/- B 100 2.4 0.0783 ns 0.1800 

SKP2-/- C 100 2.9 0.0541 ns 0.1900 

p20      

NT-Control 100 - - -  

SKP2+/- 1 100 1.5 0.9938 ns 0.0600 

SKP2-/- A 100 1.8 0.0541 ns 0.1900 

SKP2-/- B 100 1.0 > 0.9999 ns 0.0300 

SKP2-/- C 100 0.9 > 0.9999 ns 0.0400 
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ANumber of MCS analyzed. 
Bp-values calculated from two-sample KS tests for the listed condition relative to non-targeting 

control. 
CSignificance level (ns, p-value > 0.05; *, p-value < 0.05; **, p-value < 0.01; ****, p-value < 

0.0001). 
DD-statistic (maximum deviation between the two distribution curves). 


