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1. Introduction and Background: 
  
1.1 Cancer Statistics and Colorectal Cancer Burden  

 
 Cancer is the leading cause of death in Canada, accounting for ~30% of all deaths1. 
Nearly 1 in 2 Canadians are expected to receive a cancer diagnosis in their lifetime, with overall 
five-year net survivals across all cancers of ~60%1. Cancer transcends social, economic and 
demographic circles with more than 14 million new cancer diagnoses and 8 million cancer-
associated deaths globally each year2.  These numbers highlight both the national and global 
burden cancer has on individuals and their families.  Therefore, a more complete understanding 
of the molecular pathogenesis of cancer is required in order to provide patients with more 
effective and targeted therapies in order to decrease overall morbidity/mortality associated with 
cancer.    
 
 Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in 
Canada. In 2017, the Canadian Cancer Society estimates that ~26,800 Canadians will be newly 
diagnosed with CRC, while an additional ~9,400 will succumb to the disease3. Despite the 
availability of organized screening in Canada, almost 50% of CRCs are diagnosed at a late 
stage (III or IV), with ~20% of all CRC patients presenting with distant metastases at time of 
diagnosis1,4.   Furthermore, approximately half of all patients initially diagnosed with early stage 
(I or II) disease will inevitably progress to metastatic disease5.  Five-year survival ranges from 
about 75% to 90% for stage I disease to approximately 6% for stage IV diease6.  Over the next 
two decades, the World Health Organization indicates that CRC morbidity and mortality rates are 
predicted to increase by up to 150%, further underscoring the critical need for earlier disease 
detection and novel therapeutics that target both primary and metastatic disease7.  In order to 
achieve this, a greater understanding of the molecular origins of CRC are required.  
 
1.2 Molecular Pathogenesis of Colorectal Cancer  
 
 Identifying and characterizing the molecular pathogenesis of CRC is a crucial first step in 
the development of both diagnostic and therapeutic modalities.  Specific genetic mutations, 
inherited or acquired, are known to be responsible for the transformation from normal colonic 
epithelium to invasive cancer.  Broadly speaking, CRC is subdivided into 3 categories which 
includes familial CRC, inherited CRC and sporadic disease.  Familial CRC remains poorly 
understood and despite affected patients having a family history of CRC the pattern of 
inheritance is not consistent with one of inherited syndromes.   
 

Less than 10% of all CRC patients have a true inherited predisposition to CRC, in which 
the underlying genetic aberrations are well understood8,9.  Hereditary nonpolyposis colorectal 
cancer (HNPCC; Lynch syndrome) and familial adenomatous polyposis (FAP) are the two most 
common subtypes of hereditary forms of CRC.  HNPCC refers to patients and families with a 
germline mutation in one of the DNA mismatch repair genes (MLH1, MSH2, MSH6, and PMS2) 
or the EPCAM gene.  FAP patients have a somatic mutation in the Adenomatous Polyposis Coli 
(APC) gene and is characterized by the presence of 100 or more colorectal polyps.  Both 
HNPCC and FAP are considered autosomal dominant cancer predisposition diseases that 
require a second wild-type somatic alteration to trigger oncogenesis.   

 
Finally, sporadic CRCs are responsible for up to 80% of cases and arise de novo without 

any known familial or inherited genetic predisposition8.  Interestingly, this randomly occurring 
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disease arising from multiple somatic alterations involves many of the same molecular pathways 
and genes that drive HNPCC and FAP, including APC.  Fearon and Vogelstein describe the 
molecular bases of CRC as a multistep process initially starting with mutations in the APC 
gene10. Additionally, the biological behavior of any specific tumor is due to the accumulation of 
multiple genetic mutations rather than the sequence at which the mutations are acquired10. 
Irrespective of the CRC subtype, genome instability is responsible of oncogenic transformation 
of colonic epithelium and is defining feature of all cancer types, including CRC.   
     
 Genome instability is an abnormal state, characterized by the acquisition of mutations in 
nucleic acid sequences, chromatin modifications and/or copy number changes and is 
considered to be an enabling feature of cancer11,12.  Genome instability can arise through 
aberrations in multiple pathways which include; 1) microsatellite instability (MSI), characterized 
by aberrations in DNA mismatch repair genes leading to an increase rate of basal mutations, 2) 
CpG island methylation phenotype (CIMP), which is associated with gene expression silencing 
through promoter DNA hypermethylation, and 3) chromosome instability (CIN), which is defined 
as an increase in the rate at which whole chromosomes or large chromosomal fragments are 
gained or lost13.   

 
CIN, is the most prevalent form of genome instability and is found in up to 85% of all 

cancers14,15.  CIN promotes cancer heterogeneity by altering chromosome numbers (numerical 
CIN), and/or by inducing structural rearrangements (structural CIN) that in turn impacts 
oncogene and/or tumor suppressor gene copy numbers16–18.  It has been suggested that CIN is 
a pathogenic event that is associated with, and drives cancer development19.  Cancers 
displaying CIN are associated with both a poor prognosis as well as rapid acquisition of 
multidrug resistance20,21. Despite these associations and prevalence of CIN, the aberrant genes 
and pathways driving CIN remain poorly understood. 
 
1.3 Cohesion Complex Member Genes 
 
 A recent body of evidence has begun to emerge suggesting aberrant sister chromatid 
cohesion may be a pathogenic event that underlies CIN and drives tumor development22–24. 
Sister chromatid cohesion is an evolutionarily conserved biological process that ensures the 
faithful segregation of genetic material from mother to daughter cells. Classically, cohesion 
serves to prevent premature chromosome segregation during mitosis by tethering newly 
synthesized sister chromatids together in a ring-shaped cohesion complex until the onset of 
anaphase in mitosis25.  Additionally, cohesion is also involved in DNA replication, DNA damage 
repair, telomere maintenance and gene transcription26,27.  Thus, it is not hard to image that 
aberrations in these genes has the potential to lead to both numerical and structural CIN and 
ultimately promote oncogenesis.     
 
 The cohesion complex is comprised SMC1A, SMC3, RAD21 and one of STAG1, STAG2, 
or STAG3, and it is initially loaded onto DNA in G1 by the cohesion loaders, MAU2 and NIPBL.  
Sister chromatid cohesion (Figure 1-A) is established concurrent with DNA replication during S-
phase through acetylation of SMC3, which is regulated by ESCO1 and ESCO225. During entry 
into mitosis, cohesion is first lost along the length of the chromosome arms during the initial 
stages, prophase and metaphase, but remains intact at the centromeres due to SGO1, which 
protects specifically centromeric cohesion from being phosphorylation and eventually cleaved25. 
As cells transition into anaphase, a spindle checkpoint is reached releasing SGO1 from 
centromere cohesion facilitating cleavage through the activity of Separase, a protease that 
cleaves RAD21 to open the ring-like structure and release the sister chromatids facilitating 
faithful segregation into daughter nuclei. 
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 Recent gene re-sequencing efforts have shown that mutations in Cohesin and related 
complex member genes including, SMC1A, SMC3, RAD21, STAG1, STAG2, STAG3, MAU2, 
NIPBL, ESCO1 and ESCO2 occur in CRC22. From a total of 220 sequenced CRC patient 
samples, The Cancer Genome Atlas (TCGA) found 73% of cases to either have a deep or 
shallow deletion in at least one of the cohesion complex member genes (Figure 1-B)28,29.  Deep 
and shallow deletions are defined by the copy-number level per gene in the entire sample 
analyzed and may represent potential homozygous and heterozygous deletions respectively.  
Interestingly, mutations in cohesion genes (cohesionopathies) have also been identified in 
human diseases including Cornelia de Lange Syndrome (CdLS), characterized by a NIPBL 
mutation, and Roberts Syndrome, characterized by a ESCO2 mutation30.  CdLS is the most 
common cohesionopathy affecting 1 in 10,000 to 30,000 newborns and leads to developmental 
defects, mental retardation, growth delay and limb reduction effects30,31.  Patients affected by 
cohesinopathies do not show a predisposition to develop cancer, which may be a result of a 
shorter life expectancy and insufficient time for cancer to develop32.  Accordingly, evaluation of 
cohesion complex member genes as potential CIN genes will allow for greater insight into the 
molecular pathways that drive tumorigenesis.          
 
1.4 CIN Phenotypes  
 
 CIN is often mis-defined, in order to design experiments and extract meaningful 
conclusions from their results, an accurate understanding of CIN is crucial.  It is important to 
remember that CIN is not a stable state and is not synonymous with aneuploidy, but rather the 
rate of gain or loss of whole chromosomes or fractions of chromosomes33.  The presence of CIN 
can be reliably assessed by measuring the cell-to-cell variability or variability between cell 
populations, despite not directly measuring the rate of chromosome alterations.  Evaluation 
using nuclear areas (NAs) and micronucleus formation (MNF) analysis, which are surrogate 
markers of CIN, have been shown previously to be an effective way to screen for CIN 
phenotypes34,35.     
 
 Large-scale chromosome missegregation (faulty segregation of chromosomes during 
mitosis) or endoreduplication (replication of nuclear genome in the absence of mitosis) events 
cause NA heterogeneity and tend to cause increase rather than decreases in NAs, as nuclei that 
exhibit loss of chromosomal content are typically less suitable for viability.  In clinical practice, 
nuclear enlargement, along with unclear glandular lumens and multilayered nuclei, are important 
risk factors for submucosal invasion and worse patient outcomes in CRC36. These findings have 
also been identified in pancreatic, ovarian and lung cancers37–39.  As such, NAs can be used as 
a surrogate marker of CIN following transient gene silencing of candidate CIN genes in order to 
rapidly identify putative CIN genes. 
 
 Micronuclei are small, extra-nuclear bodies which contain whole or chromosomal 
fragments that fail to incorporate into one of the primary daughter nuclei following mitosis40. 
Multiple pathways can lead to MNF including errors in mitotic spindle assembly, kinetochore-
microtubule attachment, centrosome regulation as well as DNA replication or damage repair 
alterations inducing CIN40.  MNF is also assed clinically as a biomarker for screening potential 
cancers having both diagnostic and prognostic value.  As an example, MN frequency in 
peripheral blood lymphocytes is predictive of CRC as well as numerous other cancers41. In 
addition to NA analysis, MNF following transient silencing of genes of interest can serve as a 
surrogate marker for CIN and oncogenesis.  Complementing features of the NA and MNF 
analysis will allow for rapid screening assessment of candidate CIN genes subsequently 
facilitating a more focused evaluation of putative CIN genes using mitotic chromosomal 
enumeration and characterization.   
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1.5 Rationale, Hypothesis and Research Aims  
 
 Understanding the normal biologic pathways of cancer and identification of novel CIN 
genes is a crucial first step in decreasing overall morbidity and mortality associated with cancer.  
We hypothesize that somatic mutations and deletions of cohesion and related complex member 
genes adversely impacts sister chromatid cohesion. Furthermore, we posit that diminished sister 
chromatid cohesion causes numerical CIN and contributes to CRC pathogenesis. 
  

Aim 1: To perform a high-content screen of putative CIN genes from a subset of 10 
cohesion complex member genes  
 
Aim 2: To validate and characterize putative CIN cohesion complex member genes  

  
2. Materials and Methods: 
 
2.1 Cell Culture and Passaging:  Two karyotypically-stable human cell lines were utilized in 
this study, HCT116 and hTERT.  HCT116, a transformed epithelial CRC cell line with a 45 XY 
karyotype was cultured in McCoy’s 5A media supplemented with 10% fetal bovine serum (FBS).  
hTERT an immortalized fibroblast cell with a 46 XY karyotype was cultured in DMEM 
supplemented with 10% FBS.  HCT116 and hTERT cells were passaged in a biological safety 
cabinet every 2 - 3 days, until confluency reached ~80%.  Cells were grown and maintained on 
10 cm tissue culture dishes in a 37°C incubator with 5% CO2 humidified with Milli-Q water 
containing cupric sulfate pentahydrate to prevent microbial/fungal growth.     
 
2.2 siRNA-based Gene Silencing:  siRNA transfection using a lipid-based transfection reagent 
RNAiMAX (Life Technologies; Burlington, Ontario) was used to transiently silence genes in 
HCT116 and hTERT.  ON-TARGETplus (GE Dharmacon; Lafayette, Colorado) siRNA duplexes 
targeting distinct coding sequence regions within the genes of interest were used individually 
(siRNA-1, -2, -3 or -4), or collectively as a pool of four individual siRNAs (siRNA-P) for each 
cohesion gene as well as Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) negative 
control.  Cells were seeded, allowed to attach and grow for 24 hours prior to transfection with 
appropriate siRNAs.  To silence genes of interest siRNA and RNAiMAX solutions were made 
separately in a serum-free media.  The siRNA and RNAiMax solutions were mixed in a 1:1 ratio 
and allowed to incubate at room temperature for 20 minutes before adding to appropriate wells.  
 
2.3 Standard DNA Labeling for NAs and MNF Analysis:  Following silencing with siRNA, cells 
were fixed by adding 2 mL of 8% paraformaldehyde to 2 mL media already in wells (final 
concentration 4% paraformaldehyde) for 10 minutes at room temperature.  Cells were washed 
twice in 1 x PBS and cell membranes were permeabilized with 0.5% Triton X in 1 x PBS and 
counterstained with DAPI (DNA/nuclear marker).  Plates were stored at 4°C protected from light 
for a minimum of 24 hours before proceeding with microscopy imaging to ensure uniform DAPI 
labeling.   
 
2.4 Automated High-Content Fluorescent Microscopy Imaging:  Imaging of 96-well plates 
was performed using a Cytation3 Cell Imaging Multi-Mode Reader (BioTek, Winooski, Vermont) 
equipped with a 16-bit charge-coupled device camera and a 20x Olympus LUCPLFLN lens (0.45 
numerical aperture).  Exposure times were optimized using Gen5 software (BioTek) with the 
Hoechst channel (Semrock DAPI filter).  The Auto Focus with Optional Scan feature was utilized 
for image acquisition.  A total of 9 non-overlapping (3x3 matrix) stitched 2D images from the 
center of each well were acquired for analysis.   
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2.5 Quantification of Nuclear Areas:  Gen5 was employed to automatically identify and 
calculate NAs for the DAPI stained nuclei.  In order to optimize accurate NA calculations and 
eliminate apoptotic bodies and overlapping nuclei, minimum and maximum object size 
thresholds of 10 μm and 100 μm were utilized, respectively.  Additionally, the split touching 
objects as well as the exclusion of primary edge objects functions were selected in Gen5.     
 
2.6 Micronucleus Enumeration Assay: Micronuclei (MNi) were defined as small (1 μm - 5 μm) 
extra-nuclear DAPI-stained bodies exhibiting no visible attachment with the primary nucleus.  
Following automated enumeration by Gen 5, manual enumeration of MNi was conducted in 
order to distinguish true MNi from artifacts and bright DAPI-stained apoptotic bodies that were 
initially incorrectly called as MNi.  The total number of MNi in a given condition was normalized 
as a percentage of the number of nuclei enumerated per condition.   
     
2.7 Western Blot Analysis:  Western blot analysis were employed to validate siRNA-based 
silencing as described elsewhere42. Visualization of Western Blots was obtained using 
secondary antibodies conjugated to horseradish peroxidase imaged using myECL Imager 
(Thermo Scientific, Waltham, Massachusetts).  All primary antibodies utilized in this manuscript 
were purchased from Abcam (Cambridge, United Kingdom) and are as follows; α-Tubulin 
(ab7291, dilution = 1:20,000), Cyclophilin B (ab16045, 1:50,000), SMC1A (ab9262, 1:5,000), 
SMC3 (ab9263, 1:1,000), RAD21 (ab42478, 1:5,000), STAG1 (ab4455, 1:3,000), STAG2 
(ab4463, 1:3,000), STAG3 (ab185109, 1:1,000),  MAU2 (ab183033, 1:2,500), NIPBL (ab106768, 
1:2,000), ESCO1 (ab128312, 1:2,000), ESCO2 (ab220506, 1:2,000).  Secondary Antibodies 
were purchased from Abcam; Anti-Goat HRP (ab97110, 1:10,000) and Anti-Rat (ab97057, 
1:10,000), as well as Jackson ImmunoResearch (West Grove, Pennsylvania); Anti-Mouse HRP 
(115-035-146, 1:10,000) and Anti-Rabbit HRP (111-035-114, 1:15,000).   
 
2.8 Generation of Mitotic Chromosome Spreads:  Mitotic chromosome spreads were 
generated from a population of asynchronous cells cultured and transfected on ethanol-sterilized 
coverslips in 6-well tissue culture plates.  HCT116 and hTERT cells were transfected 24 hours 
following seeding allowing cells to attach to coverslips.  Following 96 hours of silencing, cells 
were mitotically enriched using 10 μL/mL KaryoMAX colcemid in complete media for 2 hours 
(HCT116) or 4 hours (hTERT) prior to harvesting.  Subsequently, wells were aspirated and 75 
mM KCl hypotonic solution was added to each well for 16 minutes (HCT116) or 8 minutes 
(hTERT) before cells were fixed with a 3:1 mixture of methanol:acetic acid in three 10 minute 
intervals.  Coverslips were allowed to air dry before mounting onto glass microscope slide with 
DAPI Mounting Media and stored in the dark at 4°C for a minimum of 24 hours prior to imaging. 
 
2.9 Mitotic Chromosome Imaging and Enumeration:  Mitotic chromosome spreads were 
visualized and imaged using an AxioImager Z1 microscope equipped with a 63X (1.4 numerical 
aperture) oil-immersion, plan apochromat lens and a Zeiss HRm charge-coupled device camera.  
A minimum of 100 chromosome events were imaged which were subsequently manually 
enumerated and visually assessed using FIJI software43.  Chromosome spreads were assessed 
for both numerical changes relative to negative control as well as observed cohesion defects.  
 
 Defective chromatid cohesion was subdivided into three distinct primary constriction gaps 
(PCG) as defined as a distinct separation in DAPI signal between sister chromatids at the 
centromere22.  PCG class I was defined as spreads in which 1 - 4 chromosomes exhibited gaps, 
PCG class II was defined as greater than 5 chromosomes exhibiting gaps, but the majority of 
sister chromosome associations were still maintained.  PCG class III was defined as those 
spreads in which no semblance of cohesion could be identified.  In order to accurately 
enumerate chromosomes for statistical analysis, mitotic chromosome spreads which exhibited 
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PCG II or III were omitted from quantitative analysis due to difficulty accurately counting pairs of 
sister chromatids. 
 
2.10 Experimental Reproducibility and Statistical Analysis:  All data acquired from NAs, 
MNF and mitotic chromosome spreads were exported to Prism v7 (GraphPad; La Jolla, 
California), where statistical analyses were performed and graphs generated.  Kolmogorov-
Smirnov Tests (KS test) were employed to identify statistical significance as it is a 
nonparametric goodness-of-fit test that is used to determine whether two distributions differ.  A 
p-value of <0.05 or smaller was utilized and is strongly suggestive of different distributions.  In 
order identify genes that induce a significant increase in MNF when transiently silenced, an 
operational definition was used.  Genes causing an increase beyond the 95% confidence 
interval from the negative control (siGAPDH) mean were deemed significant and identified as 
putative CIN genes.  To asses for off-target effects, each experiment was performed using the 2 
most efficient individual siRNA duplexes and pooled siRNAs in a minimum of 2 experimental 
replicates each involving 3 technical repeats.  All 10 cohesion candidate CIN genes and 
negative control (siGAPDH) were analyzed from a minimum of 1,750 HCT116 cells and 500 
hTERT cells per condition.  Figures were assembled in photoshop CS6 (Adobe; San Jose, 
California).   
 
3. Results: 
 
3.1 Diminished Cohesion Complex Member Genes Induce Changes in NA and MNF 
 

To determine whether diminished expression of 10 candidate cohesion complex genes 
(SMC1A, SMC3, RAD21, STAG1, STAG2, STAG3, MAU2, NIPBL, ESCO1 and ESCO2) induce 
CIN, siRNA based silencing was utilized and semi-quantitative imaging microscopy was 
employed to quantitatively assess changes in NAs relative to controls (Figure 2-A, Left).  In 
general, changes in NAs are associated with large scale changes in DNA content and along with 
NA heterogeneity, are surrogate markers for numerical CIN.  Of the 10 candidates screened in 
HCT116, eight induced statistically significant differences in cumulative NA frequency 
distributions (KS tests, p-value <0.01) relative to control (siGAPDH) (Figure 2-B, Left).  Further, 
of the 10 genes screened, only STAG1 induced a decrease in median NAs, while all other genes 
induced increases relative to controls.  Diminished expression of SMC1A and NIPBL, which 
encode a protein involved in the tetrameric cohesion ring like structure and a cohesion loader 
respectively, induced the greatest increases in median NAs at 1.36-fold and 1.34-fold, 
respectively, relative to control.  Three genes, SMC1A, SMC3 and NIPBL demonstrated 
dramatic shifts towards larger NAs having the bottom 25% NAs larger than the median NAs of 
controls.  Decreased cell numbers were observed following silencing of all 10 cohesion complex 
member genes, most notably in RAD21 and NIPBL which both contained 87% fewer nuclei 
relative to controls.    

 
To asses if the alterations in NAs observed above were not restricted to HCT116 cells, 

similar experiments were performed in hTERT which identified nine putative CIN genes that 
induced statistically significant differences in cumulative NA frequency distributions (KS tests, p-
value <0.01) relative to controls (Figure 2-C, Left).  Similar to HCT116, seven cohesion genes 
induced increases in median NA following silencing, while 3 genes, STAG1, MAU2, ESCO1, 
induced decreases.  Diminished expression of SMC1A and RAD21, also encodes a protein 
involved in the tetrameric cohesion ring like structure, induced the greatest increase in median 
NAs at 1.30-fold and 1.32-fold, respectively.  Similar decreases in cell numbers as seen in 
HCT116 were also observed following silencing of all 10 candidate CIN genes in hTERT.  
Transient silencing of RAD21 induced the largest decrease in cell numbers in hTERT, with 89% 
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fewer nuclei relative to controls.  Collectively, the NA assay identified nine putative CIN genes, 
with eight genes identified in both cell lines.  ESCO1 was the only gene that did not induce 
statistically significant changes in NAs following transient gene silencing in either cell line.   
 
 To detect small-scale chromosome content changes that may arise due to DNA damage 
or mitotic defects, MNF assays were performed to asses all 10 cohesion genes in both HCT116 
and hTERT (Figure 2-A, Right).   Putative CIN genes were defined as those inducing increases 
in MNF that exceeded the mean MNF plus 2 standard deviations calculated from the control 
(siGAPDH; detailed in Material and Methods [Section 2.10]).  In HCT116, six putative CIN 
genes, SMC1A, SMC3, RAD21, NIPBL, ESCO1 and ESCO2, were identified of which SMC1A 
and RAD21 induced the largest increases at 19.6-fold and 12.8-fold, respectively (Figure 2-B, 
Right), while only four genes, SMC3, RAD21, NIPBL and ESCO2, surpassed the minimum 
threshold in hTERT (Figure 2-C, Right).  Silencing of RAD21 and ESCO2 in hTERT caused 
large-scale increases in MNF, 4.9- and 9.2-fold, respectively.  Overall MNF relative to controls 
was diminished or equivalent in hTERT cells as compared to HCT116 cells, except for ESCO2 
which induced a 2.1- and 9.2-fold increase in MNF in HCT116 and hTERT, respectively.  
Collectively, the MNF enumeration assay identified 6 putative CIN genes in HCT116 and 
hTERT, with 4 genes (SMC3, RAD21, NIPBL and ESCO2) identified in both cell lines.  
        
 Collectively, NA and MNF high-content screens identified all 10 cohesion complex 
member genes as putative CIN genes in at least one of the four individual screens (Figure 2-D).  
Of these, SMC3, RAD21, NIPBL and ESCO2 were identified as putative CIN genes in both cell 
lines in both assays, while SMC1A, STAG1, STAG3 and MAU2 were identified by at least two of 
the four assays.  Cohesion genes that caused CIN phenotypes when silenced in all four 
screens, were selected to pursue for further validation.   
       
3.2 Diminished SMC3 Expression Induces Numerical CIN in HCT116 and hTERT 
 
 As SMC3 is a core member of cohesin and 24% of CRC patients tumor samples exhibit 
decreased copy numbers of SMC3, validation and characterization was pursued in more detail.  
To validate the findings of the high-content microscopy screen were a result of direct gene 
silencing and not off-target effects, the silencing efficiencies of the four individual siRNA 
(siSMC3-1, -2, -3 and -4) and pooled (siSMC3-P) duplexes were evaluated by western blots in 
HCT116 (Figure 3-A, Top).  Having established efficient gene silencing, the top 2 individual 
siRNA, siSMC3-1 and siSMC3-2, along with siSMC3-P were used to transiently transfected 
HCT116 cells and NAs were automatically determined for a total of 350 nuclei per condition and 
statistical comparisons were made.  As predicted, decreased expression of SMC3 was 
associated with quantitative increases in NAs in HCT116 similar to our preliminary screen.  More 
specifically, an increase in the total NA distribution ranges (i.e. minimum to maximum) were 
observed in siSMC3-1 (total range = 596 μm2), siSMC3-2 (595 μm2) and siSMC3-P (575 μm2) 
silenced cells relative to untreated (282 μm2) or siGAPDH (254 μm2) silenced controls (Figure 
3-B).  In addition, a 1.21-, 1.51- and 1.21-fold increase in median NA occurred with 
siSMC3-1, -2, -P, respectively, relative to siGAPDH.  KS tests (p-value <0.01) revealed 
statistically significant differences in cumulative NA frequency distributions for all 3 silenced 
SMC3 conditions.  Collectively, the above data show that SMC3 silencing is accompanied by 
increases in NAs in HCT116. 
  
 To confirm the alterations in NAs observed above were not restricted to HCT116 cells, 
similar experiments were performed in hTERT cells.  As above, western blots confirmed the 
silencing of SMC3 following transient transfection with siRNA duplexes (Figure 3-A, Bottom).  In 
agreement with the HCT116 data, an overall increase in the total distribution range of the NAs 
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was observed following SMC3 silencing, -1 (total range = 290 μm2), -2 (487 μm2), and SMC3-P 
(355 μm2) silenced cells relative to untreated (186μm2) or GAPDH (201 μm2) silenced controls 
(Figure 3-C).  SMC3 silencing was also associated with a statistically significant, greater than 
1.22-fold increase in median NAs for all 3 SMC3 silenced conditions (KS tests, p-value <0.01) 
relative to control (siGAPDH).  These data indicate that the changes in NAs following SMC3 
silencing are conserved within an hTERT cellular context.   
 
 To further address potential off-target effects associated with the pooled siRNA 
approach, the top 2 individual duplexes were evaluated for its ability to induce MNF in HCT116 
and hTERT cells.  In agreement with the high-content screen, individual siRNA as well as pooled 
siRNA induced increases in MNF (Figure 3-D).  Once again, MNF was more pronounced within 
HCT116 relative to hTERT, with fold increases relative to their respective negative control 
ranging from 6.6 - 9.0 and 1.2 - 2.3, respectively.  Additionally, similar data was obtained and 
analyzed for NAs and MNF in the remaining 9 cohesion complex member genes both in HCT116 
and hTERT cells (Data not presented).     
 
3.3 Diminished SMC3, RAD21, NIPBL and ESCO2 Expression Induce Cohesion Defects  
 
 To determine whether the CIN-associated phenotypes identified in our high-content 
microscopy screen arise due to chromosomal defects, mitotic chromosome spreads were 
generated and assessed in HCT116 cells.  Briefly, CIN-associated aberrations including 
numerical changes in chromosome numbers (Figure 4A, Top) and cohesion defects (Figure 4B, 
Top) were assessed from 100 mitotic spreads following gene silencing.  Qualitative analysis 
included classifying PCG defects (clear and distinct separation in DAPI signal between the sister 
chromatids at the centromere) into 3 categories, PCG I (mild cohesion defect), PCG II 
(moderate) and PCG III (severe), as detailed within Material and Method (Section 2.9).  
Quantitative analysis of chromosome numbers following gene silencing of cohesion complex 
member genes that induced the strongest CIN-phenotypes in our preliminary screen, SMC3, 
RAD21, NIPBL and ESOC2, induced both small and large scale numerical changes (Figure 4A, 
Bottom).  In general, all putative CIN-gene silencing induced an increase in the interquartile 
range of chromosome numbers with RAD21 and ESCO2 causing the largest increase in mean 
chromosome numbers, 51 and 48, compared to negative control, 45.  Statistically significant 
changes in cumulative chromosome number frequency distributions were detected in RAD21, 
NIPBL and ESCO2 silenced conditions relative to siGAPDH (KS tests, p-value <0.05).  Mitotic 
chromosome spreads exhibiting PCG II or PCG III defects were omitted from quantitative 
analysis, as a result cohesion gene silencing conditions had less mitotic spreads enumerated 
compared to controls with SMC3 silenced cells only having 40 countable spreads.       
 

Subsequent qualitative analysis following gene silencing of cohesion complex member 
genes identified large increases in cohesion defects following SMC3, RAD21, NIPBL and 
ESCO2 silencing (Figure 4B, Bottom-Left).  Despite not reaching statistical significance 
according to the KS test, SMC3 silenced HCT116 cells had the highest frequency of mitotic 
chromosome spreads with cohesion defects, 17.5-fold relative to controls.  All 3 PCG defects 
were observed in SMC3, RAD21, NIPBL and ESCO2 silenced cells with, 53, 38, 40 and 36 
percentage of spreads exhibiting PCG III defects respectively (Figure 4-B, Bottom-Right).  This 
data further supports the preliminary data suggesting that SMC3, RAD21, NIPBL and ESCO2 
are CIN genes.       
 
 
 
 



Leylek, Tarik 

	 9	

4. Discussion: 
 
4.1 Summary and Conclusions 
 
 In this study, we employed two karyotypically stable cell lines, HCT116 and hTERT, to 
show that diminished Cohesion complex member gene expression induce CIN-associated 
phenotypes, changes in NAs and MNF.  Our high-content microscopy screen identified all 10 
Cohesion complex member genes as putative CIN genes, of which SMC3, RAD21, NIPBL and 
ESCO2 induced the strongest CIN phenotypes.  These four genes were prioritized for validation 
by cytogenetic approaches that confirmed gene silencing induced both numerical and structural 
chromosome defects in HCT116 that are consistent with CIN.  Cohesion gene silencing induced 
reproducible increases in NAs rather than decreases, which contradicts the segregation model 
of CIN that suggests increases in nuclear content should be equally represented with reciprocal 
decreases in nuclear content.  One possibility explaining this observation is that increases in 
chromosome numbers are better tolerated than chromosome losses, especially if key genes are 
involved.  By definition, the loss of an essential gene will result in cell death and the removal of 
these cells from the population being analyzed thus cells with reduced chromosome numbers 
may have a selective growth disadvantage.  A limitation of the NA assay is that changes in NAs 
may not reflect true changes in chromosome content but simply reflect differences in cell cycle 
stage (G1 versus G2) or chromatin structure (heterochromatin versus euchromatin).  However, 
increases in NAs observed are larger than those typically seen in G2 or Histone deacetylase 
inhibited cells, additionally our findings were conserved across different cellular contexts, 
HCT116 and hTERT cell lines, and validated using cytogenetics44.  Collectively, these findings 
validated SMC3, RAD21, NIPBL, and ESCO2 as novel CIN genes, and may be a pathogenic 
event contributing to cancer development and progression. 
 
4.2 CIN-phenotypes More Pronounced in HCT116 Compared to hTERT 

In general, Cohesion gene silencing induced more pronounced phenotypes in HCT116 
relative to hTERT cells.  For example, increases MNF occurred more readily within HCT116 
cells than hTERT, 1.5-19.6-fold versus 2.0-9.2-fold, respectively.  Although the underlying 
reason accounting for this discrepancy is unknown, a few hypotheses may be formulated.  First, 
HCT116 and hTERT cells are two different cell lines with unique cellular contexts and gene 
expression patterns.  HCT116 is a transformed CRC cell line with MSI, specifically MLH1 
deficiency, and thus will accumulate background mutations, in addition to mutations accrued 
from the loss of DNA damage repair from the transient suppression of Cohesion genes, which 
may further impact tumor suppressor and/or oncogenes.  As compared to  hTERT cells which 
are a non-malignant cell line immortalized through the re-expression of the human telomerase 
reverse transcriptase gene (TERT), and have been associated with a reduction of spontaneous 
chromosome damage which may render these cells more resistant to CIN45.  A second 
explanation may be due to the respective cell lines doubling time, HCT116 (22 hours) versus 
hTERT (36 hours).  Accordingly, HCT116 will undergo additional cell cycles over the 96 hour 
time-course of the experiment and offer additional opportunities for CIN to occur, especially if 
cohesion induced defects predominate during mitosis.  Nonetheless, CIN genes were identified 
in both cellular contexts indicating they exhibit a fundamental role in maintaining chromosome 
stability under normal conditions.       
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4.3 Cohesion Complex Member Genes Biological Roles and Involvement in CIN   

 The data presented in this study identify SMC3, RAD21, NIPBL and ESCO2 as novel 
CIN genes. This information will help further shape the current clinical and molecular 
understanding of the important implications aberrant Cohesion may have in oncogenesis.  As 
CIN promotes the gain and loss of key cancer genes (e.g. DNA damage repair genes, 
oncogenes or tumor suppressor genes) and is a known driver of neoplastic transformation, 
decreased expression/function of the above genes is predicted to contribute to the development 
and progression of CRC46.  Indeed, data collected from cBioPortal indicated decreased copy 
number alterations in CRC patient samples in SMC3 (24%), RAD21 (2.7%), NIPBL (9%) and 
ESCO2 (49%)28,29.  Recent evidence has indicated a key interaction between SMC3-RAD21 in 
which mutations that destabilize this interface hinder the stable cohesion interaction, and disrupt 
sister chromatid cohesion25.  Additionally, aberrant RAD21 expression has been previously been 
identified in Hodgkin lymphoma cell lines further implicating both SMC3 and RAD21 as CIN 
genes47.  
 

 Loading the cohesion complex onto DNA and determining its location across the 
genome is facilitated by MAU2 and NIPBL.  Recent structural evidence has identified MAU2 to 
be involved in localizing cohesion loading and establishment of the molecular basis for MAU2-
NIPBL recruitment to centromeres48.  Despite this, consistent with previous reports, centromeric 
enrichment of cohesion loading is not essential for viability49,50.  These finding reflect two 
proposed modes for cohesin loading, one that depends on MAU2 and happens at centromeres, 
and a second opportunistic mode that happens everywhere on the chromosome and is sufficient 
to support viability in the absence of MAU248.  Failure of MAU2 gene silencing to induce as 
strong of a CIN phenotype lends evidence of this second proposed pathway, implicating NIPBL 
as the crucial cohesion loader in order to facilitate faithful sister chromatid segregation.  

 
 Finally, ESCO1 and ESCO2 are acetyltransferases responsible acetylating SMC3 

leading to entrapment of sister chromatids following their replication in S-phase.  Previous 
research has shown that cohesion establishment is critically dependent on ESCO2, despite the 
fact that most SMC3 acetylation is ESCO1 dependent51. It is currently hypothesized that ESCO2 
is responsible of sister chromatid cohesion, while ESCO1 is responsible for noncohesive 
activities of cohesion, which include DNA damage repair, transcriptional control and telomere 
maintenance51. These findings parallel the results found in this study, with ESCO2 silencing 
inducing strong CIN-phenotypes in both cell lines analyzed.  Additionally, decreased expression 
of ESCO1 did not induce changes in NA, which are surrogates for large scale chromosomal 
changes, but was identified to cause increases in MNF HCT116 cells which could be attributed 
to is role in DNA damage repair.  These corroborating molecular and clinical data further support 
the findings that SMC3, RAD21, NIPBL and ESCO2 represent a promising avenue to explore in 
subsequent fundamental and translational studies.    
     
4.4 Future Studies to Asses Transformational Potential of Cohesion gene Knock-Downs  
 
 As CIN is considered an early event in oncogenesis, in order to determine whether 
decreased expression of SMC3, RAD21, NIPBL or ESCO2 promotes neoplastic transformation, 
models of early disease development are needed.  Non-transformed human colonic epithelial 
cells could be employed such as an immortalized TP53/APC-deficient colonic epithelial cells in 
order to asses if alteration of the genes of interest can synergize with the aberrant genetics of 
these cell lines and induce transformation.  Classical cancer hallmarks, such as cellular 
proliferation, invasion and migration should be analyzed in vitro following homozygous and/or 
heterozygous gene knockout using CRISPR/Cas9 systems.  These experiments would enable 
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the evaluation of long term effects decreased expression has on oncogenesis and tumor 
transformation.  However, to more accurately assess the tumor-generating potential of SMC3, 
RAD21, NIPBL or ESCO2, in vivo analysis must be carried out in mouse models.  Similar 
approaches could be employed as the in vitro studies detailed above, utilizing TP53/APC-
deficient colonic epithelial cells, generating heterozygous ESCO2 (heterozygously deleted in 
44% of CRC patients) models and then injecting them into mice.  The ability of these cells to 
transform and generate tumors could be assessed with surgical dissection and analysis of tumor 
formation, invasion as well as presence/absence of metastatic spread52.  Collectively, the above 
future directions are critical for greater understanding the impact decreased expression of 
cohesion CIN genes have in a variety of cellular contexts and in the pathogenesis of cancer. 
 
4.5 Clinical Significance  

 The current standard of care for localized primary CRC involves surgical resection 
followed by postoperative (adjuvant) chemotherapy with the goal of reducing the likelihood of 
disease recurrence and increasing cure rates.  Alternatively, most patients who initially present 
with metastatic disease are not surgical candidates, however palliative chemotherapy is still 
recommended with overall median survival around 2 years53.  Systemic chemotherapy typically 
oxaliplatin-based (FOLFOX or FOLFIRI), carry significant toxicities including mucositis, febrile 
neutropenia, hair loss, hand-foot syndrome, and cardiotoxicity.  Thus, novel precision medicine 
approaches that specifically target and kill cancer cells are needed to mitigate these off-target 
toxicities and improve treatment efficacy.  Synthetic lethal (SL) approaches specifically exploit 
genetic aberrations in cancer cells to induce targeted specific killing54.  Briefly, SL occurs when 
two independently viable loss-of-function mutations induce cell death when they occur in the 
same cell55.  A clinical example of this treatment modality involves the use of Olaparib, an 
inhibitor of the DNA repair protein PARP, for treating BRCA1/2-deficient, homologous 
recombination deficient, ovarian cancers by exacerbating DNA damage ultimately leading to cell 
death56.  As CIN is considered a driver of neoplastic transformation and metastatic progression, 
CIN genes represent promising therapeutic targets for SL approaches that can target both 
primary and metastatic disease with reduced adverse side-affects. Since SMC3, and ESCO2, 
are often under expressed in CRC, they represent ideal candidates to exploit SL approaches.  
As we gain a greater understanding of the aberrant genes that underlie CIN, innovative 
treatment strategies will evolve with far reaching therapeutic potential applicable to different 
cancer types and stages.  In conclusion, we identified all 10 Cohesion and related complex 
member genes as putative CIN genes, specifically SMC3, RAD21, NIPBL, and ESCO2, were 
validated as CIN genes.  Further investigation of the identified genes has tremendous 
therapeutic potential in cancer, and may represent a critical vulnerability that can be targeted to 
treat aggressive, drug resistant cancers, with the ultimate goal of improving the quality of life and 
outcomes for individuals and their families affected by cancer.       
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6. Figures: 
Figure 1: Cohesin Complex Member Proteins and Prevalence of Deletions in CRC  

 
(A) A schematic depiction of the proposed tetrameric ‘ring-like’ structure of cohesin. Cohesin is 
loaded onto single stranded DNA during G1 through the activities of the cohesin loaders, MAU2 
and NIPBL, and cohesion is subsequently established through the activities of ESCO1 and 
ESCO2 during S-phase as DNA is being actively replication. During mitosis, cohesin (i.e. 
RAD21) is cleaved by Separase and cohesion is lost facilitating sister chromatids segregation 
into daughter cells (not shown). (B) Putative copy-number alterations of cohesion complex 
member proteins in a sample of 220 CRC patient samples.  Dark blue numbers % of total 
samples with deep deletions, as does light blue for shallow deletions with black numbers 
representing the total. 
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Figure 2: High Content Microscopy Screen of Cohesion Genes Identifies Putative CIN 
Genes   

 
(A) Representative high-resolution image demonstrating NA heterogeneity in SMC3 silenced 
cells (left) as well as a micronucleus, indicated by the arrowhead (right). (B, C) Box-and-whisker 
plot (left) displaying the minimum, 25th percentile, median, 75th percentile and maximum NA for 
each gene silenced indicated on the x-axis in HCT116 (B) and hTERT (C) cells.  KS tests reveal 
significant changes in NA distribution relative to control (siGAPDH) (ns = not significant, **** = p-
value < 0.0001). Bar graph (right) presenting the frequency of cells with MNi following silencing 
of Cohesion and related complex member genes in HCT116 (B) and hTERT (C) cells. Mean plus 
2 standard deviations in MNF of control (siGAPDH) is indicated by the red dotted line. The fold-
increase in mean MNF relative to the negative control is indicated above each column.  (D) Venn 
diagram presenting the results of the NAs and MNF assays conducted in HCT116 and hTERT 
cells. A total of 4 genes (SMC3, RAD21, NIPBL and ESCO2) of the 10 candidates CIN genes 
screened positive in all 4 assays based on the thresholds indicated see Material and Methods 
(Section 2.10). 
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Figure 3: Confirmation of Gene Silencing in SMC3 Using Individual siRNA 

 
(A) Representative Western Blots depicting SMC3 silenced HCT116 cells (top) and hTERT 
(bottom) 96 h post transfection with individual (siSMC3-1, -2, -3 and -4) or pooled (siSMC3-P) 
siRNA duplexes relative to controls (Untreated and siGAPDH). Semi-quantitative analyses were 
performed and the normalized SMC3 expression levels relative to siGAPDH are indicated. (B, C) 
Box-and-whisker plot displaying the minimum, maximum and inter-quartile range NAs for the top 
2 most efficient individual as well as pooled siSMC3 in HCT116 (B) and hTERT (C) cells.  KS 
tests revealed significant changes in NA distribution for individual as well as pooled silencing 
relative to control (siGAPDH) (ns = not significant, **** = p-value < 0.0001) (Left).  Cumulative 
distribution frequencies of NAs in HCT116 (right).  (D) Bar graph presenting the frequency of 
cells with MNi following silencing of Cohesion and related complex member genes in HCT116 
(yellow) and hTERT (red).  The fold-increase in mean MNF relative to corresponding cell lines 
negative control (siGAPDH) is indicated above each column.     
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Figure 4: Mitotic Chromosome Spreads Validate SMC3, RAD21, NIPBL and ESCO2 as CIN 
genes 

 
 (A) Representative mitotic chromosome spread for siGAPDH displaying the expected number of 
45 chromosomes, and the siSMC3 condition displaying numerical chromosome changes with 86 
chromosomes (top).  Dot plot (bottom) presenting the number of chromosomes counted from 
mitotic spreads following gene silencing indicated (x-axis).  Significant changes in chromosome 
numbers relative to siGAPDH are indicated (KS tests, ns = not significant, * = p-value < 0.05,    
** = p-value < 0.01) (bottom). (B) Representative images of mitotic spreads demonstrating 
normal cohesion as well as PCG I, PCG II and PCG III defects (top).  Each spread contains a 
white bounding box that defines the region magnified and presented on the right-hand side of 
each quadrant.  Bar graph displaying 12.8- to 17.5-fold increase in mitotic chromosome spreads 
with cohesion defects (PCG I, II or III) relative to siGAPDH (bottom, left).  Side by side Bar graph 
indicating percentages of specific cohesion defects observed following silencing of putative CIN 
genes (bottom, right).  
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