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Abstract  
 
Some of the most aggressive endometrial cancer cases display extensive heterogeneity 

within the same tumor in the form of mixed undifferentiated and well-differentiated 

phenotypes.  The emergence of dedifferentiation in higher grade endometrial carcinomas 

presents an obstacle for both timely and accurate diagnosis and specific and effective 

treatment.  Even though endometrial cancers of this nature are less common, we used a 

collection of patient tissue and developed cell line-based models of disease using gene 

editing technology to discover and interrogate many features of dedifferentiated 

endometrial cancer or DDEC.  Firstly, utilizing targeted sequencing and gene expression 

profiling paired with immunohistochemistry, I discovered loss of chromatin remodellers 

and markers of epithelial differentiation to be a defining feature of the undifferentiated 

portions of DDEC neoplasms. By comparing the profiles of the undifferentiated regions to 

their well-differentiated predecessors within the same tumor, I also demonstrated the 

emergence of a population of undifferentiated cells within DDEC acquires cancer stem 

cell-like features.  Secondly, three models of DDEC with absent SWI/SNF chromatin 

remodelling complex subunit SMARCA4 expression, were generated and extensively 

characterized.  I thoroughly documented how in vitro, SMARCA4 loss results in 

endometrial cancer cells exhibiting senescence but in vivo, SMARCA4 deficiency leads 

to the formation of tumors that recapitulate clinical DDEC neoplasms.  I propose 

dysregulation of transcription factors governing epithelial cell-related gene expression as 

a major driver of dedifferentiation in the context of DDEC.  Finally, screening of one of the 

isogenic pairs of gene edited endometrial cancer cells, revealed several synthetic lethal 

vulnerabilities specific to cells with absent SMARCA4 expression. In vitro, I extensively 

validated many of the hits and found chemical inhibition of CDK4 and EGFR both alone 

and in combination to be potentially effective in targeting DDEC-like cells. Preclinical 

animal studies demonstrated the efficacy of targeting CDK4 and EGFR may be 

counteracted by in vivo transformation of the model and stromal contribution.  In its 

totality, the work in this thesis provides one of the first comprehensive examinations of 

DDEC and my development of and findings with the cell line models of this malignancy 

constitute a noteworthy contribution to our overall understanding of SWI/SNF deficient 

cancers of the gynecological tract. 
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Preface 
 
Each chapter represents either a conglomeration of published manuscripts or 
manuscripts in preparation for submission. Author contributions are described below:  
 
Chapter 1: Introduction  
 
This chapter consists of an extended version of my contributions to the following review 
article and book chapter.  
 
1) Epithelial-to-Mesenchymal Transition in the Female Reproductive Tract: 
From Normal Fuctioning to Disease Pathology. 

 
Olena Bilyk, Mackenzie Coatham, Michael Jewer, Lynne Postovit. Front. Oncol. July 
2017. doi: 10.3389/fonc.2017.00145. 
 

2) Chapter 6: Preventing phenotypic plasticity in cancer to mitigate therapy 
resistance. 

Mackenzie Coatham, Michael Jewer, Lynne Postovit. Biological Mechanisms and the 
Advancing Approaches to Overcoming Drug Resistance.  November 2020. doi: 
10.1016/C2019-0-02626-X 
 
As a co-first author on this review and book chapter, I contributed equally to reviewing the 
appropriate literature, deciding on the final content and flow of the papers, designing, and 
making figures and finally writing and editing the manuscripts. 
 
Chapter 2:  Examination of clinical cases of dedifferentiated endometrial cancer 
reveals absence of chromatin remodelling proteins and loss of gynecological 
differentiation markers  
 
This chapter consists of an extended version of my contributions to the following three  
published papers: 
 
3) Loss of switch/sucrose non-fermenting complex protein expression is 
associated with dedifferentiation in endometrial carcinomas.  

 
Anthony Karnezis, Lien Hoang, Mackenzie Coatham, Sarah Ravn, Norrah Almadani, 
Basile Cloutier, Julie Irving, Bo Meng, Xiaodong Li, Christine Chow, Jessica McAlpine, 
Kuan-Ting Kuo, Tsui-Lien Mao, Bojana Djordjevic, Robert Soslow, David Huntsman, 
Blake Gilks, Martin Kobel, Cheng-Han Lee. Mod. Pathol. January 2016. doi: 
10.1038/modpathol.2015.155. 
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4) Concurrent ARID1A and ARID1B inactivation in endometrial and ovarian 
dedifferentiated carcinomas 
 

Mackenzie Coatham, Xiaodong Li, Anthony Karnezis, Lien Hoang, Basile Tessier-
Cloutier, Bo Meng, Robert Soslow, Blake Gilks, David Huntsman, Colin Stewart, Lynne 
Postovit, Martin Kobel, Cheng-Han Lee.  Mod. Pathol. August 2016. doi: 
10.1038/modpathol.2016.156. 
 
5) Immunophenotypic features of dedifferentiated endometrial carcinoma: 
Insights from BRG1/INI-deficient tumors 

 
Lien Hoang, Yow-Shan Lee, Anthony Karnezis, Basile Tessier-Cloutier, Noorah 
Almadani, Mackenzie Coatham, Blake Gilks, Robert Soslow, Colin Steward, Martin 
Kobel, Cheng-Han Lee. Histopathology. April 2016.  doi: 10.1111/his.12989. 
 
As an author on these papers, I mainly aided in in the writing process and assisting Dr. 
Lee in formulating the layout of the paper content. I also was involved in the targeted 
sequencing process, aiding in the identification of mutations to SMARCA4 and ARID1B 
in dedifferentiated endometrial carcinomas. 
 
Chapter 3:  Characterization of cell-line based models with chromatin remodeling 
protein deficiencies that recapitulate dedifferentiated endometrial cancer 
 
This chapter is comprised of a manuscript being prepared for submission with the 
following authors:  
   
Mackenzie Coatham, Zhihua Xu, Xiaodong Li, Guihua Zhang, Jiahui Liu, Tyler Cooper, 
Dylan Dieters-Castator, Joaquin Lopez-Orozco, Alan Underhill, Gilles Lajoie, Cheng-Han 
Lee, Lynne Marie Postovit 
 
As the first author, I conducted most experiments and a substantial portion of the data 
analysis.  I prepared all figures and wrote the manuscript. Xiaodong Li performed the 
targeted sequencing on the commercial endometrial cancer cell lines.  Zhihua Xu, with 
my oversight aided in several of the immunoblots in addition to the β-galactosidase 
staining experiments.  Guihua Zhang and Jiahui Liu performed in vivo animal experiments 
with my assistance and protocols were approved by the Animal Use Subcommittee at the 
University of Alberta (AUP00002496).  Dr. Dylan Dieters-Castator and Dr. Tyler Cooper 
performed the mass spectrometry analysis on conditioned media in the lab of Dr. Gilles 
Lajoie.  Dr. Alan Underhill’s laboratory performed the histone mark immunofluorescence.  
Dr. Joaquin Lopez-Orozco as coordinator of the High Content Analysis Core at the 
University of Alberta performed the 10X Genomics single cell sequencing experiments.   
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Chapter 4: Treatment of cell line models of DDEC with a synthetic lethality based 
approach 
  
This chapter is comprised of a manuscript being prepared for submission with the 
following authors:  
   
Mackenzie Coatham, Zhihua Xu, Guihua Zhang, Jiahui Liu, Michael Jewer, Gabrielle 
Siegers, Franco Vizeacoumar, Edmund Su, Martin Hirst, Cheng-Han Lee, Lynne Marie 
Postovit 
 
As the first author, I performed or directed most experiments and completed much of the 
data analysis.  I prepared all figures and wrote the manuscript.  Zhihua Xu, contributed 
substantially to both cell viability experiments with single drugs or inhibitors in combination 
as well as clonogenic growth assays. In addition, she also aided with several 
immunoblots. Guihua Zhang and Jiahui Liu performed in vivo animal experiments with 
my assistance and protocols were approved by the Animal Use Subcommittee at the 
University of Alberta (AUP00002496).  Dr. Michael Jewer and Dr. Gabrielle Siegers 
performed flow-cytometry experiments. Dr. Franco Vizeacoumar’s laboratory performed 
the shRNA-based synthetic lethality screen.  Dr. Martin Hirst’s laboratory performed RNA 
and ChIP-Sequencing experiments and assisted in bioinformatics analysis. 
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1 Introduction  

 
1.1 .  Tumor Heterogeneity as a Driver of Therapy Resistance and Metastasis  
 

Developments in cancer treatment strategies have improved outcomes for most 

cancer patients, and ongoing research continues to build on this foundation to create 

safer and more effective treatments. Currently, many patients still experience disease 

recurrence and progression, which are ultimately fatal. In patients that succumb to their 

disease, there is often an initial partial or apparent full response to treatment, but regrowth 

at the primary or secondary sites suggests the existence of heterogeneity, which results 

from tumors harboring numerous distinct populations of cells with divergent therapeutic 

vulnerabilities. With the advent of high-throughput sequencing, intertumoral 

heterogeneities, such as differences in mutational landscapes, have been documented 

between patients with the same types of tumor (1, 2). Intratumoral heterogeneity, on the 

other hand, is defined by the difference between cancer cells from a tumor that have 

undergone phenotypic or functional changes that are a result of genetic variation and 

alterations to gene expression (1, 3). Most cancer patients die from metastases that are 

a direct result of tumors acquiring protumorigenic phenotypes driven by genetic and 

phenotypic changes that prevent the complete eradication of cells (4). Moreover, growing 

evidence suggests that heterogeneity may also drive evasion of the immune system (4). 

Hence, more effective cancer treatment needs to factor in such intratumoral 

heterogeneity.  

Many mechanisms have been proposed to explain the origin of tumor 

heterogeneity, such as epigenetic alterations, and deregulated signaling (5, 6). In the 

past, two theories emerged to explain intratumoral heterogeneity: clonal evolution and 
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cellular hierarchies sustained by cancer stem cells (CSCs) [Figure 1.1] (7). The model of 

clonal evolution arose from the observation that any single cancer cell can acquire genetic 

alterations stochastically over time [Figure 1.1A] (6). Those clones that acquire genetic 

mutations that provide a growth advantage persist within the tumor [Figure 1.1A]  (1, 4, 

8-12). The accumulated alterations result in both tumor progression and growing 

heterogeneity concomitant with metastatic potential and therapy resistance [Figure 1.1A]  

(2, 13, 14). This theory suggests that every cell within a tumor has an equal chance of 

generating a neoplasm and these transformed cells continue to possess the potential to 

keep changing their phenotype in response to stimuli by tolerating sustained genetic 

mutations [Figure 1.1A]  (2, 15, 16). 

In contrast, the hierarchical CSC-driven model was developed from the idea that 

only a subset of CSCs within a tumor are capable of long-term growth by altering their 

differentiation programs to foster self-renewal [Figure 1.1B] (1, 3, 13, 14). These 

subpopulations of tumor-initiating cancer cells possess the ability to both self-renew and 

differentiate into phenotypically distinct progeny, similar to the hierarchical organization 

of healthy tissues generated from normal stem cells [Figure 1.1B] (4, 16-19). Evidence 

suggests that CSCs are highly tumorigenic and responsible for giving rise to tumor 

heterogeneity, metastatic potential, and therapy resistance [Figure 1.1B]  (2, 14). 

While CSC-driven hierarchies are a source of phenotypic heterogeneity, one must 

also reconcile that tumors harbor numerous genetically distinct clones. To unite this 

hierarchical model one must also incorporate stochastic mutational events that enable 

dedifferentiation to a more CSC-like state that then generate new hierarchies (20). In this 

hybrid model [Figure 1.1C], plasticity is acquired like any other phenotype is, through the 
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combination of mutational and signaling changes, however, phenotypic plasticity is 

unique in that it provides the means of altering the cellular-identity of the cell to adapt to 

new microenvironments or to therapy. This ability to ‘switch fate’ – moving between 

differentiated and undifferentiated phenotypes – and the concurrent alterations in the 

epigenome are referred to as cellular plasticity [Figure 1.1C]. While plasticity has been 

noted in neoplasia, it also occurs in healthy cells such as fibroblasts, driven by cues such 

as wound healing and hypoxia (1, 2, 14, 16, 21). However, unlike healthy systems, 

wherein normal phenotypes are reacquired upon a return to homeostasis, tumors appear 

to accumulate and maintain plasticity during progression. This unconstrained plasticity 

likely arises from persistent microenvironmental stresses and epigenome dysregulating 

mutations. Newer evidence shows the fluidity of phenotypes generated by acquired 

plasticity, having demonstrated that cancer cells can switch between non-CSC and CSC-

like states in response to intrinsic and extrinsic signals [Figure 1.1C] (1, 2, 5, 16, 22). The 

acquisition of plasticity and the adaptability that it confers provides a means by which 

cancers cells can evade treatment or habituate to new environments during growth and 

metastasis.  
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Figure 1.1. Three models that have been proposed to explain intra-tumoral 
heterogeneity.  A) Clonal evolution B) Cellular hierarchies sustained by CSCs and C) A 
hybrid plasticity model incorporating CSC-driven hierarchies with stochastic mutational 
events.  
 
1.2 .  Epigenetic Mechanisms of Gene Regulation  

Through accumulated mutations and hierarchical development of phenotypic 

diversity, the derivation of cancer cells with distinct properties requires that unique and 

heritable gene expression patterns be established for each subset of cells. There is an 

intrinsic connection between the concepts of plasticity, cell fate, differentiation, 

dedifferentiation, and epigenetics. Alterations to the epigenome are how gene expression 
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signatures specify cell types, and thus, the epigenome is the mechanism by which 

plasticity is maintained, and differentiation coordinated. The epigenetic mechanisms that 

regulate plasticity and differentiation – activating or silencing genes through covalent 

modifications of deoxyribonucleic acid (DNA) and histones – drive different phenotypic 

results depending on cellular context [Figure 1.2]. 

DNA methylation, the enzymatic addition of methyl groups to the cytosines of CpG 

dinucleotides, was first observed as an essential developmental phenomenon important 

in the silencing of the X chromosome which, soon after, was considered as a broader 

means of epigenetic silencing (23-26). DNA methylation is catalyzed by DNA 

methyltransferases (DNMTs), which are recruited to protein complexes by transcription 

factors, chromatin modifiers, and non-coding ribonucleic acids (RNA) (reviewed in (27)). 

Likewise, demethylases such as Ten-Eleven Translocation (TET) enzymes reverse this 

reaction. Low methylation is associated with the accessible DNA of euchromatin. 

The second major form of epigenetic regulation occurs at the level of histone 

modifications. Based on the X-ray structure, it was discovered that histones within the 

nucleosome complex possess basic histone amino (N)-terminal tails that could facilitate 

interactions between adjacent nucleosomes (28). Numerous histone modifications have 

been discovered, including methylation, acetylation, and phosphorylation, among others 

(a more extensive list is reviewed in (29)). Chromatin is a dynamic structure in which 

histones are constantly remodeling through processes of nucleosome dissociation, 

reassociation, movement, and histone dimer exchange (30).  

Briefly, the process of histone acetylation is catalyzed by histone 

acetyltransferases (HATs), and the removal of these marks is governed by histone 
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deacetylases (HDAC). The acetylation of histones decreases the strength of the 

interactions between nucleosomes, and between nucleosomes and DNA by neutralizing 

the positive charge of lysine (31, 32). Acetylation is a significant factor in maintaining an 

open chromatin structure that is transcriptionally permissive. In stem cells, that are poised 

to undergo dramatic epigenetic changes, the coordination of HATs and HDACs is 

fundamental to either the maintenance of pluripotency and epigenetic plasticity or fate 

commitment (33-35). In one experiment, an epigenetic signature of fate commitment was 

discernible even before changes were detected at the RNA or protein level (35).  

Unlike acetylation, methylation does not alter the charge of the histone; thus, it is 

unlikely to elicit effects through electrostatic interactions (36). Since the initial discovery 

of histone methylation, many proteins that can recognize and bind methylated histones 

have been identified, and it is the binding and activity of these proteins that determines 

the subsequent expression of genes by regulating chromatin structure and DNA 

accessibility (37-39). Methylation occurs at both lysine and arginine, with each lysine 

receiving up to three methyl groups, referred to as mono-, di- and trimethylation. The 

methylation of different residues also produces different effects on gene expression (40-

50). Marks generally associated with activation include H3K4, H3K36, and H3K79, 

whereas H3K9, H3K27, and H4K20 show a higher association with silenced genes (40-

49). Writers of activating marks include Su(var)3-9, Enhancer of Zeste, Trithorax (SET) 

and mixed-lineage leukemia (MLL) (51). Histone lysine demethylase (KDMs) family 

members remove these marks (51). Complexes like the polycomb repressive complex 2 

(PRC2), methylate histones at lysine 27, and Jumonji C (JmjC) catalytic domain 

containing proteins like JMJD3/KDM6B, remove said marks (51). 
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Figure 1.2.  Broad overview of the epigenetic regulation of gene expression.  
 
1.3 .  Acquisition of Phenotypic Plasticity through Mutations to Epigenomic   

Regulators  

Since plasticity is associated with alterations to the epigenomic landscape, it is 

logical to posit that mutations in key epigenomic regulators may drive plasticity and cancer 

progression. To ensure tissue and cell-state-appropriate gene activity, the chromatin 

landscape must exist in a state of homeostasis that is tightly regulated by the combined 

action of PRC-family repressors, SET-family activators, and nucleosome remodelers (52, 

53). In cancer, mutations observed in these genes disrupt this homeostasis. Accordingly, 

a growing number of studies have shown that mutations in genes governing epigenomic 
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phenomena such as DNA methylation, histone modifications, and nucleosome 

occupancy commonly occur in cancers (54). Moreover, mutations in epigenetic regulators 

commonly result in uncontrolled self-renewal and formation of CSCs (55, 56).  

1.3.1. Mutations Affecting DNA Methylation Writer and Erasers 

DNA methylation is catalyzed by DNMTs to promote the formation of 

heterochromatin. This family of proteins is indispensable in mammalian development (57, 

58). As techniques for testing the effects of DNA methylation on gene expression have 

become more sophisticated, researchers have demonstrated that methylated DNA 

silences genes through reducing affinity of transcription factors for promoters, and by 

complexing with heterochromatin remodelers to alter chromatin structure, the effects of 

which are most potent in areas of dense CpG dinucleotides like CpG islands (59-64). 

Though evidence of these processes is accumulating rapidly, much of the mechanism 

remains unknown. It is also worth noting that there are some known exceptions to 

methylation being a negative regulator of gene expression (65-69). With the advent of 

bisulfate genome sequencing, it is possible to assess the epigenetic state of the whole 

genome in cells of different lineages. DNA methylation signatures for pluripotent stem 

cells, progenitor cells, and somatic stem cells have been identified (70). These signatures 

adhere to the paradigm that predicts stage-dependent hypomethylation of developmental 

and tissue-specific genes coordinating expression and hypermethylation and subsequent 

silencing of genes associated with precursors and other cell lineages (71). 

DNA methylation contributes substantially to global chromatin restriction in cancer 

as methylation patterns are highly distorted from those found in healthy cells (53) [Figure 

1.3]. Cytosines in CpG islands become hyper-methylated, while hypo-methylation exists 
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in GC-poor regions (53). Many tumors with diverse phenotypes have been demonstrated 

to possess CpG island hypermethylation, which leads to the silencing of both tumor 

suppressor and DNA repair genes (72, 73). Loss of the DNA methyltransferases 

DNMT3A, and DNMT3B have been shown, especially in leukemia, to contribute to CSC 

formation and maintenance (74, 75) [Figure 1.3]. Evidence from gastric, colon, and 

breast cancers has demonstrated that dysregulation of the DNA methylation patterns on 

tumor suppressors and oncogenes is a critical step in the formation of CSCs. The 

activation of stem cell and epithelial-to-mesenchymal transition (EMT)-related genes can 

be achieved through compromised DNA methylation patterning, as well (76). Disrupting 

DNA methylation at multiple levels seems to lead to the expansion of CSCs, a 

phenomenon witnessed in leukemia and solid tumors (77, 78). For example, isocitrate 

dehydrogenases (IDH) gain of function (GOF) mutations are incredibly common in glioma 

and leukemia. The mutated proteins produce metabolites that inhibit hydroxylases like 

TET that demethylate DNA (53, 79-81) [Figure 1.3]. Hypermethylation of tumors as a 

consequence of IDH mutations will also result in perturbed binding of CCCTC-Binding 

Factor (CTCF), a DNA-binding protein that is critical for higher-order chromatin structure 

and partitioning of the genome into functional domains or chromosomal loops that are 

regulated by specific enhancers (53) [Figure 1.3]. In IDH mutant tumors, large numbers 

of these chromosomal loops are perturbed, allowing for proximal gene expression and 

eventual loss of differentiation and emergence of CSCs (53) [Figure 1.3]. Dysregulation 

of DNA methylation coordinates the transcriptional repression of tumor suppressors and 

the activation of disease-promoting gene signatures like those associated with EMT and 

stem cells (53).  
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1.3.2. Mutations Affecting Histone Modifications 

Histone modifications are the most complex means of regulating the epigenome. 

The number and variety of combinations makes histone modifications a source of 

versatile regulatory control, but also means that expression is the result of the sum of all 

post-translational modifications. Numerous positional variables also affect what role 

histone methylations have on gene expression. In embryonic stem cells, H3K4me3 found 

near a gene’s promoter facilitates transcription; however, in the presence of H3K27me3, 

forming what is called a bivalent promoter, the combination forms a low expressing 

promoter that is poised for higher expression in response to environmental cues. Other 

post-translational modifications like H2B ubiquitylation act synergistically and facilitate 

increased writing of other marks like H3K4 methylation (82-85). Histone methylation 

comprises a complex code responsible for the regulation of many genes; however, the 

combinatorial effects of multiple modifications in addition to the requirement for the 

recruitment of protein complexes means that the mechanism by which any one gene is 

regulated in a specific cell will require precise investigation. 

Enhancer of zeste homolog 2 (EZH2), the catalytic subunit of the PRC2 and writer 

of H3K27 methylation, is vital in a variety of malignancies to preserve the potential for 

self-renewal in a subset of cancer cells (86). EZH2 GOF mutations are commonly 

observed in lymphoma and melanoma, where expansive H3K27 tri-methylation takes 

place, resulting in a cellular state with restricted expression of differentiation genes  (53, 

87) [Figure 1.3]. In breast cancer and B cell lymphomas, hyperactivation of EZH2 is 

sufficient for malignant transformation and depletion of active chromatin at loci encoding 

for terminal differentiation genes (88, 89). Loss of EZH2 in myeloid malignancies results 
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in stemness-related transcriptional programs (89, 90). Demethylases or modifying 

enzymes that oppose the activity of PRC2 – KDM6A/B, p300, MLL, and AT-rich 

interactive domain-containing protein 1A/B (ARID1A/B) – demethylate H3K27, acetylate 

H3K27 or methylate H3K4, respectively (52, 91) [Figure 1.3]. In numerous cancers, the 

abovementioned proteins are inactivated, leading to a shift in the balance of chromatin 

towards an overall more repressive state, impeding the appropriate engagement of 

promoters or enhancers needed for differentiation (92-95).  

Malignant cells can also possess chromatin that is in a more plastic state, capable 

of switching between gene expression programs to facilitate adaptation (53). KMT2A/MLL 

is a histone methyltransferase that in several forms of leukemia such as acute myeloid 

leukemia and acute lymphoid leukemia, undergoes a translocation event forming an 

oncogenic fusion protein (96, 97). The ability of KMT2A/MLL to modify chromatin, allowing 

access to enhancer regions, is hijacked in MLL fusion proteins to allow already committed 

hematopoietic stem cells to reprogram themselves (98-100) [Figure 1.3]. The large 

number of KDMs within cells have been implicated in cancer as deregulation of their 

activity can bestow plasticity and facilitate reprogramming (101-103) [Figure 1.3]. High 

levels of KDM6 in glioblastoma stem cells aids in their survival post drug treatment 

through the acquisition of a more embryonic-like developmental state (104). The 

deregulation of histone methylation alters the expression patterns of cancer cell 

sufficiently to cause differentiation and the acquisition of plasticity. Mutations to regulators 

of the epigenome are not the only manner in which widespread changes at the epigenetic 

level can be induced, and differentiation programs in cancer cells can be altered. The 

linker histone H1.0 is not only expressed at different levels in numerous cancer types but 
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also within tumors, with differentiated cells possessing higher levels of histone H1.0 than 

cancer cells expressing stem cell markers (105). Histone H1.0 expression induces 

differentiation of non-tumorigenic cells through the silencing of self-renewal genes (105). 

In pediatric cases of glioblastoma, histone H3 is frequently mutated (106). Deep 

sequencing efforts revealed a K27M GOF substitution is most commonly observed (107). 

The presence of this mutation on Histone H3 impairs the action of the PRC2 from laying 

down the repressive histone H3 lysine 27 trimethylation mark across the genome (108). 

This blockade of repressive writing, in turn, leads to the establishment of an oncogenic 

self-renewal pathway reviving precursor cells from earlier in neural development (109). 

Whether the dysregulation of the epigenome is the result of the altered abundance of 

individual marks at specific loci or compositional changes to nucleosomes, the 

consequences are disruptions to differentiation and ultimately self-renewal. 
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Figure 1.3. Mutations in genes governing epigenomic phenomena such as DNA 
methylation, histone modifications, and nucleosome occupancy commonly occur 
in cancers, resulting in disruptions to tissue and cell-state appropriate gene 
activity.  Some factors associated with the acquisition of restrictive repressed chromatin 
wherein differentiation is suppressed include EZH2 GOF mutants which methylate 
H3K27, IDH mutants that impede CTCF binding and the loss of demethylases and 
chromatin modifying enzymes that oppose PRC2.  Activation of stem cell and EMT-
related gene expression through permissive active chromatin is achieved through loss of 
DNMT3A/B, GOF IDH mutants which influence TET activity and increased lysine 
demethylase activity.  
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1.3.3.  Mutations in Chromatin Remodeling Genes 

The SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin remodeling 

complexes are vital to the differentiation process of many cell types (110). These 

complexes consist of approximately 9 to 12 proteins, with some subunits 

(SMARCA4/BRG1 and SMARCA2/BRM) possessing adenosine triphosphate (ATP)-

dependent nucleosome remodelling activity (111-114). The complex normally exists in a 

few variations in mammalian cells including the BRG1/BRM-associated factor (BAF) and 

polybromo-associated BAF (PBAF) (113, 115, 116) [Figure 1.4].  The core subunits 

SMARCB1, SMARCC1, SMARCC2 and SMARCD proteins bind the more variable 

subunits to target assembly and define the regulatory roles of the complex (113, 114) 

[Figure 1.4].  The targets of SWI/SNF complexes are highly dependent on cell types, 

where they coordinate with transcription factors to activate lineage-specific genes (117, 

118). The ATP-dependent chromatin remodeling complexes regulate chromatin packing 

by restructuring the nucleosome through sliding and ejecting actions, creating 

nucleosome depleted regions that are essential for the regulation of transcription (113, 

119-121).  Although SWI/SNF complexes were discovered based on their role in 

transcriptional activation, SWI/SNF complexes in mammalian cells also contribute 

substantially to transcriptional repression (122). Their ability to shift nucleosomes allows 

them to regulate transcription dynamically (123). In embryonic stem (ES) cells, the 

composition of SWI/SNF complexes is unique, allowing for the sustainment of properties 

of pluripotency (122). Inactivation of core subunits, SMARCA4 and ARID1A in ES cells 

results in their differentiation and substantial defects in self-renewal (124). 

Overexpression of SMARCA4 in fibroblasts results in their reprogramming into induced 
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pluripotent stem cells (iPSCs), most likely through enhanced binding of Oct4 to target 

genes (125).  SMARCA4 has also been implicated in the repression of neuronal-specific 

genes in human neuronal stem cells due to its synergistic interaction and regulation of 

RE1 Silencing Transcription Factor (REST), a zinc finger transcription factor (126). 

 These studies in the context of developmental biology established the SWI/SNF 

complex as a vital regulator of self-renewal and plasticity and hinted at how mutations to 

SWI/SNF complex proteins may result in disruption of the balance between self-renewal 

and differentiation in cancer (122).  Key targets of SWI/SNF complexes that have 

emerged include p16, which influences the phosphorylation status of Retinoblastoma 

protein (Rb), thereby affecting cell cycle progression and cellular differentiation (122). 

SWI/SNF complexes are also capable of interacting directly with Rb and repressing E2F 

and other genes downstream of Rb (127). The transcription factor c-Myc also associates 

with the SWI/SNF complex, heavily influencing gene expression programs, especially 

during differentiation (122, 128). Numerous nuclear hormone receptors (NHR) are also 

capable of interacting with SWI/SNF complexes (129). NHRs regulate gene expression 

that is induced in the presence of hormones and, in turn, affect cell proliferation and 

differentiation status (122). SWI/SNF complexes act as important facilitators of epigenetic 

reprogramming by inducing the tumorigenic signalling of plasticity factors, oncogenes, 

and cell cycle regulators. 

Inactivating mutations in subunits of the SWI/SNF chromatin remodeling complex 

occur at a high frequency, approximately 20% in numerous cancers (122, 130).  Across 

the numerous mammalian SWI/SNF genes, a wide range of mutations have been 

observed, most likely due to the fact that expression levels and even function of the 
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subunits changes across cancer types due to cell types (93).  Presently, at least nine 

subunits of the SWI/SNF chromatin remodeling complex are recurrently mutated with 

specific subunits mutated in different malignancies across the body (131).    In pediatric 

rhabdoid tumors, SMARCB1 loss has been implicated in the induction of CSCs through 

altered Hedgehog signalling (132). GLI Family Zinc Finger 1 (GLI1), a member of the 

Hedgehog pathway, is vital to differentiation, and many subunits within the SWI/SNF 

complex have been shown to interact with GLI1 and promotor regions to which it binds 

(132, 133). SMARCB1 loss in pediatric rhabdoid tumors reprograms cells at the 

transcriptional level and promotes pro-tumorigenic signalling, while blocking 

differentiation (133, 134). The SWI/SNF complex keeps c-Myc levels elevated through 

regulation of enhancer regions and, as a result, maintains the self-renewing CSC 

population in mixed lineage leukemia (135). Long non-coding RNAs (lncRNAs) capable 

of associating with SMARCA2 activate transcription and lead to tumorigenesis and CSC 

self-renewal in the liver (136). ARID1A/BAF250, an accessory subunit, plays a role in liver 

tumorigenesis but has also been identified as a driver of CSC generation in bladder 

cancer (137).  Interestingly, mutations in SWI/SNF complexes have been discovered in 

numerous types of gynecologic cancers [Figure 1.5] (131).  Not only do these mutations 

arise at various stages of tumor development and impact different subunits with the 

complex, it appears as if they possess distinct roles in each tumor type (131).  In small 

cell cancer carcinoma of the ovary, hypercalcemic type (SCCOHT), inactivation of 

SMARCA4, is considered to be a driving event whereas inactivating mutations to 

SMARCA4, SMARCB1 and ARID1A in endometrial cancer appear to occur later and 

potentially serve to promote cancer progression (131).  A more in-depth investigation is 
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still required to fully understand the variety of mechanisms employed by SWI/SNF 

chromatin remodelling complexes to facilitate the gene expression needed for oncogenic 

reprogramming. What is becoming clear, is that these complexes that exchange 

nucleosomes are dysregulated and act to direct CSC promoting gene expression.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.4. Cartoon representation of the BAF complex SWI/SNF chromatin 
remodeling complex. Based on the crystal structure published by He et al. (121) the 
nucleosome is sandwiched by SMARCA4/2 and SMARCB1.  The canonical BAF complex 
also contains a mutually exclusive ARID1A or ARID1B which contrasts with the PBAF 
complex which incorporates ARID2, PBRM1 and BRD7 instead.  
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Figure 1.5.  SWI/SNF mutations that lead to protein loss in gynecological cancers.  
Adapted from Wang et al (131).  
 
1.4. Stress Induced Acquisition of Plasticity  

Increasing evidence indicates that the presence of mutant clones alone may be 

insufficient for cancer development (7). For most cancers to progress, it is necessary for 

alterations to the epigenome to occur, many of which are mediated by the tumor 

microenvironment, leading to the acquisition of cellular plasticity. These factors include 

aspects of the microenvironment like hypoxia, secreted factors and extracellular matrix 

(ECM), as well as therapies like radiation and chemotherapy [Figure 1.6]. Each of these 

features has been shown to promote the acquisition of CSC-like phenotypes [Figure 1.6]. 

In this section, we shall review mechanisms of stress-induced plasticity with an emphasis 

on genotoxic and therapy-induced plasticity [Figure 1.6]. We will also discuss how the 

senescence-associated secretory phenotype (SASP) may mediate stress-induced 

plasticity [Figure 1.6]. 
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1.4.1. Plasticity Driven by the Tumor Microenvironment 

Interactions with the tumor microenvironment are becoming increasingly important 

players in the acquisition of stemness by tumor cells. Carcinogenesis requires reciprocal 

interactions between cancer cells and microenvironmental components such as the 

extracellular matrix, fibroblasts, vasculature-associated endothelial cells, immune cells, 

and in specific contexts, adipose cells (138). While not fully understood, the epigenetic 

landscape of these cells may play a vital role in the maintenance of abnormal 

microenvironments suitable for cancer development. Tumors from the brain were the first 

to be documented to have their CSC stimulated by surrounding endothelial cells (139). 

The nitric oxide produced by the tumor endothelium can activate the Notch signalling 

pathway resulting in the emergence of stem-like characteristics (140). Many cancers 

exhibit CSC-like phenotypes in response to surrounding stromal cells secreting EMT or 

Nodal/Activin signalling factors (138, 141, 142). Cancer-associated fibroblasts can also 

induce CSCs in colorectal cancer through secretions, which, in turn, stimulate Wnt (143). 

In breast cancer cell lines, the bivalent marks at the promoter of EMT transcription factor 

ZEB1 primed ZEB1 for expression (144). When the cells were exposed to TGFβ produced 

by cancer-associated fibroblasts the repressive H3K27me3 was lost (144). The increase 

in expression that resulted induced CSC formation and EMT (144). In breast cancer, 

TNFα and IL-6 from surrounding immune cells can also upregulate mesenchymal gene 

signatures (142, 145). The microenvironment has a profound capacity to enhance 

phenotypic plasticity through signalling cascades that culminate in epigenetic alterations 

to gene expression [Figure 1.6]. 
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1.4.2. The Senescence Associated Secretory Phenotype and Plasticity 

The protein composition of the microenvironment including but not limited to ECM, 

growth factors, proteases, and inflammatory cytokines exert profound effects on cancer 

cells. A subset of cancer cells, senescent cells possess a profound ability to alter the 

contents of the tumour microenvironment. Senescence is defined as a cellular state in 

which irreversible cell cycle arrest and apoptosis resistance occur. Senescence results 

from a variety of external stimuli (146). In cancer, senescence can be induced by 

mutation-causing genotoxic insult and microenvironmental stresses such as hypoxia and 

therapy. The presence of SASP has been demonstrated to contribute to tumor recurrence 

and metastasis (146-149). At the epigenetic level, senescence requires substantial global 

genome reorganization, wherein Rb-E2F complexes recruit H3K39 methyltransferases to 

form repressive heterochromatin at E2F target genes to prevent entry into the S-phase 

[Figure 1.6] (150, 151). Since senescent cells undergo such extensive changes to their 

chromatin landscape, many of their cellular functions are reprogrammed epigenetically  

[Figure 1.6] (146). Maintaining a long-term senescent state can foster cancer 

development, particularly in the presence of chemotherapy. Cells that possess the SASP 

are capable of inducing cellular reprograming in adjacent cells through secreting high 

levels of IL-6 (148, 152-154). In mice, it has been demonstrated that transient exposure 

to the SASP causes the dedifferentiation of keratinocytes into stem cells (155). Sustained 

exposure to the SASP will eventually activate senescence in surrounding cells after 

increasing the expression of markers of stemness (146). It appears that senescence is 

most influential in establishing plasticity through eliciting functional changes in 

neighboring cells (146). Senescent cells can enhance reprogramming in neighboring cells 
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by secreting Yamanaka factors (Oct4, Sox2, c-Myc, KLF4) through their SASP (151). Wnt 

signalling is significantly enhanced through H3K4me3 and H3K27ac and remains 

constitutively on in CSCs after their exit from a senescent state, contributing to their role 

as tumor-reinitiating cells [Figure 1.6] (151, 153). Interestingly, in pluripotent stem cells, 

the senescent phenotype and its regulators block reprogramming from taking place (151, 

156). It is hypothesized though that the stem-like nature achieved by senescent cancer 

cells could actually be a result of an epigenetically induced bivalent condition in which 

both terminal arrest and latent stemness are capable of existing simultaneously (151). 

The highly remodelled state of chromatin evident in senescent cancer cells is most likely 

capable of controlling both senescence and stemness, eventually reducing senescence-

related gene expression until the barrier towards existence in a stem cell state is 

overcome (153, 157).  

1.4.3. Genotoxic Stress and Plasticity 

Genotoxic stress from reactive radicals, radiation, and toxins can inflict DNA 

damage (158). Cells have evolved conserved mechanisms of prevention and response 

to DNA damage such as checkpoints, cell cycle arrest and programmed cell death in 

order to protect cells from mutations and the eventual onset of malignancy (159). Cells 

possess multiple DNA repair mechanisms, including base excision repair (BER), 

mismatch repair (MMR), nucleotide excision repair (NER), and cross-link repair (ICL) 

(160). Double-stranded breaks (DSBs), depending on the phase of the cell cycle, are 

either repaired by homologous recombination (HR) or non-homologous end-joining 

(NHEJ) (160). If the damage to DNA is irreparable, then senescence is induced to prevent 
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cell division while allowing the cell to survive, or, if the damage is too severe, apoptosis 

is induced to kill the cell and prevent transformation (160).  

CSCs are often resistant to chemo- and radiotherapies, and this avoidance of 

cytotoxicity can be attributed to various mechanisms (160). In breast cancer cells, the 

CSC populations are more radioresistant and have been shown to produce less reactive 

oxygen species (ROS) and upregulate DNA damage checkpoint responses [Figure 1.6] 

(161, 162). A distinct feature of CSCs is their highly effective DNA repair systems (163, 

164). Gastrointestinal and breast carcinomas contain abundant CSCs that upregulate 

genes associated with ROS scavenging such as superoxide dismutase and catalase that 

lower their levels of ROS (160, 165). A link has also been made between markers of 

stemness and ROS metabolism, with CD44 in gastrointestinal stem-like cancer cells 

being capable of regulating glutathione levels through interactions with glutathione 

cysteine transporters (160). Whether the source of free radicals is intrinsic or extrinsic 

CSCs are uniquely poised to survive such insults. 

Adaptations to DNA damage and replication stress can lead CSCs to be overly 

dependent on some DNA damage response (DDR) proteins such as ATR and RAD51, 

making them potential targets for therapy (166). Similarly, targeting CHK1 and CHK2 can 

increase the sensitivity of CSCs to radiation in glioblastoma and improve the efficacy of 

chemotherapy treatment in pancreatic and lung cancer (162, 167, 168). Leukemic CSCs 

appear to be sensitive to combination treatments of HDAC inhibitors and agents that 

target DDR (169). Combined inhibition of poly-(ADP-ribose) polymerase (PARP) and ATR 

also has been demonstrated to radiosensitize glioblastoma CSCs (170-172). CSCs 

possess multiple mechanisms to resist conventional therapy, therefore inhibiting their 
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ability to resist and recover from DNA damage may sensitize CSCs to conventional 

treatment modalities. 

It should be noted that an improved DNA damage response is not universally 

observed across all CSCs (173). In breast cancer stem cells, EZH2 epigenetically 

represses DNA repair via H3K27 methylation, leading to genomic instability and 

increasing CSC frequency (170, 174). In mammary tumors, NHEJ activity is more 

prevalent in the CSC population relative to the non-CSC population (175). It will be 

valuable to understand how frequent these exceptions are and if they represent a 

targetable phenotype or will expression rebound in times of stress. 

The DDR has been extensively studied in CSCs at the molecular level (159, 176). 

The interplay between chromatin, DNA damage signalling and DNA repair machinery is 

under-developed (177-180). The packaging of DNA into nucleosomes and higher-order 

chromatin structures limits the accessibility of DNA (181). Upon DNA damage, chromatin 

becomes disorganized and must be restored for the maintenance of cell identity (181). 

The specific remodeling events and epigenomic requirements in response to DNA 

damage have yet to be discovered in the context of cancer and CSCs (182). In human 

cells, it is known that all major families of chromatin remodelers participate in DNA repair 

(183, 184). Evidence exists indicating that epigenetic silencing occurs near DSBs, with 

the accumulation of silencing factors such as polycomb group proteins, HDACs, histone 

methyltransferases, and DNA methyltransferases (185-189). Formation of gamma H2A.X 

foci, as a result of phosphorylation of the histone variant H2A.X, not only recruits DNA 

repair proteins but also ensures that the larger chromatin domains impacted by the DNA 

damage are marked for repair and that cells arrest until the repair is completed (190). It 
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remains to be determined if parental histones are recycled post-DNA repair, and cellular 

identity is restored, or whether new information, in the form of post-translational 

modifications, is deposited as an indication of previous DNA damage to facilitate DNA 

repair in the future (181, 182). As DNA damage and epigenetic alterations are essential 

aspects transformation and loss of cellular identity, it will also be of interest to study 

whether chromatin scars, in the form of changes to DNA methylation, histone variants, 

histone post translational modifications (PTMs), and histone density upon genotoxic 

insults, contribute substantially to transcriptional reprogramming and loss of cell identity 

observed in some cancers (182). 

1.4.4. Therapeutic Stress and Plasticity 

Several studies have shown that therapies, such as radiation therapy and 

chemotherapy, can induce plasticity and stem cell-like phenotypes in cancer. For 

example, paclitaxel induces CSC populations in breast cancer, and radiotherapy 

increases CSC numbers in lung, prostate, colon, and breast cancer, amongst others. 

Mechanistically, it is unclear how therapy induces CSCs; however, NF-κB, NOTCH, 

NODAL, and EMT associated transcription factors have been implicated. 

While therapies likely induce CSCs, alterations to the epigenetic landscape, such 

as aberrations to DNA methylation and histone modifications, also facilitate the 

development of resistance to chemotherapeutics [Figure 1.6] (191). Slow cycling cell 

populations can be generated by epigenetic factors and serve as reservoirs for the 

emergence of heterogeneous cells possessing even further epigenetic rearrangements 

that can lead to drug resistance (192). Chemoresistance in breast cancer is often a 

product of global hypomethylation, promoter hyper-methylation at specific locations, and 
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post-translational histone modifications (193-195).  Aberrant HDAC, HAT, or p300 

expression and overexpression of DNMTs lead to deregulation of histone modifications 

and DNA methylation, respectively, which in turn, gives rise to the expression of EMT and 

CSC-related genes [Figure 1.6] (194-196). These epigenetic mechanisms modulate the 

levels of the following genes, which also provide a survival advantage against cytotoxic 

threats: ESR1, p16, p53, Survivin, Bcl2, MLH1, and MSH2 (195, 197-199). These genes 

among others have been found to provide drug tolerance to CSCs by acting through a 

variety of distinct mechanisms (196, 200).  

Approximately half of the genome consists of repetitive elements which are tightly 

regulated to protect the host from the consequences of inappropriate activation.  

Recently, repetitive transposable elements have been discovered to be inappropriately 

activated in cancer cells due to global DNA demethylation (201). Chemoresistant CSCs 

are capable of maintaining repression at the repetitive elements within their genome by 

increasing H3K9 and H3K27 methylation during exposure to drugs (202).   Targeted drugs 

are particularly potent activators of this repeat element misexpression response in cancer 

cells resulting in cell death (202). Derepression of these genomic repeat elements may 

increase the immunogenicity of cancer cells allowing for improved patient responses to 

immunotherapy and thus is being further investigated (201).  

KDM 2/3/5/6/7 contribute to a drug-resistant state by generating slow-dividing 

stem-like cells (104, 202-209). Members of the KDM family of histone demethylases are 

overexpressed in several cancers and have been shown to confer resistance to tyrosine 

kinase inhibitors such as gefitinib, erlotinib, and imatinib (210-213). While KDMs are not 

fully understood, they do play a critical role in embryonic development and differentiation 
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(214, 215). In particular, they have been implicated in interacting with hormone receptors 

that modulate proliferation (210). Knockdown of KDM1A and KDM5B in non-small cell 

lung cancer prevents hypoxia-mediated resistance to gefitinib, as well as inhibiting EMT 

(216, 217). In ovarian cancer, resistance to platinum-based therapies has been linked to 

epigenetic modulators HDAC and DNMT1, and its association with regulator of G protein 

signalling 10 (RGS10) (218). The knockdown of either of these epigenetic proteins in 

chemoresistant ovarian cancer cells increases RGS10 levels permitting cell death (218). 

Targeting HDAC in murine xenograft models of ovarian cancer sensitizes them to cisplatin 

(219). Resistant cells have more HDAC1 bound at the promoter regions of the death 

receptor FAS, suppressing its expression, making these tumor cells better at evading 

immune cells (220). In breast cancer, KDM5B, bromodomain and extraterminal (BET) 

proteins, and EZH2 generate cells that are persistent following chemotherapeutic 

treatment through the modification of chromatin structure (205). While BET inhibitors in 

some contexts can revert the drug resistance phenotype, activation of PI3K signalling can 

lead to resistance to BET inhibitors over time (221). It remains to be tested whether long 

term antitumor effects can be achieved either with sequential or combination therapies. 

The combined use of both HDAC and BET inhibitors may be an effective strategy for 

overcoming chemoresistance (222). The upregulation of HDACs in pancreatic cancer 

supports CSCs and potentiates resistance to gemcitabine (223). HDAC inhibitors can 

reverse the expression of EMT and stem cell genes in pancreatic CSCs caused by HDAC 

overexpression, which resensitizes the cells to gemcitabine (223). It remains to be tested 

whether sustained antitumor effects can be achieved either with sequential or 
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combination therapies. The use of HDAC inhibitor in combination with and BET inhibitors 

or chemotherapy may be an effective strategy for overcoming chemoresistance (222). 

 

Figure 1.6.  Aspects of the microenvironment like hypoxia, secreted factors and 
ECM, as well as therapies like radiation and chemotherapy have been shown to 
promote the acquisition of CSC-like phenotypes. For most cancers to progress, it is 
necessary for alterations to the epigenome to occur, many of which are mediated by the 
tumour microenvironment, leading to the acquisition of cellular plasticity. The SASP may 
also mediate stress-induced plasticity. 
 

1.5. Evolution of Therapies Targeting Phenotypic Plasticity 

Our adoption of the cancer cell plasticity model over the cancer stem cell model 

implies that CSCs can arise from more than just a subset of cells, but rather a variety of 

differentiated cell types, and this process of CSC generation can occur throughout 

tumorigenesis. The fact that non-CSCs can simply switch into CSCs and continually 

renew and expand is a challenge from a therapeutic perspective. It has been widely 
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demonstrated that CSCs heavily contribute to many of the pathological features that result 

in worse clinical prognosis for cancer patients.  Any treatment aimed at targeting CSCs 

must take into consideration that a wide variety of distinct biological pathways may be 

endowing tumor cells with increased proliferation, survival and self-renewal properties.  

The possibility of differentiation therapies being effective has diminished because 

pushing CSCs back towards a more non-stem-like state may not be possible when cells 

possess numerous genetic mutations that cannot be reversed [Figure 1.7A] (7). 

Targeting those oncogenic signals that have been shown to be vital to the acquisition and 

maintenance of stemness in cancer is not a long-term solution as many of these 

approaches are plagued by considerable side effects since adult stem cells are relying 

on the same molecules and biological pathways [Figure 1.7A] (89). The more successful 

approach to preventing progression and eventual metastasis of cancers with stem-like 

populations would be employing treatments that halt CSC proliferation [Figure 1.7B]. 

However, quiescent cells that are not actively dividing are emerging as major contributors 

to drug resistance in cancers whose cells are prone to undergoing switches in their 

cellular state. That is because non-CSC populations can simply recreate the initial CSC 

pool once it is initially eradicated [Figure 1.7B]. Non-CSCs are capable of leaving primary 

tumor sites and lying dormant at a secondary site before converting to a CSCs phenotype 

[Figure 1.7B] (7). One feasible approach perhaps for targeting quiescent CSCs may be 

through their metabolomic differences from cycling cancer cells (89). The impact the 

microenvironment plays in the transition of non-CSCs to CSCs in terms of initiating 

disease relapse at metastatic sites is substantial, thus patients may benefit from 

combination therapies that specifically alter the triggers of phenotypic switching (7).  
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Most importantly, further understanding of the drivers of cancer cell plasticity in the 

variety of different cancer types that exist is still urgently required to improve all patient 

outcomes. Inhibition of multiple epigenetic regulators may be promising, but again their 

efficacy when it comes to treating solid tumors is limited, and levels of toxicity are not 

ideal as normal stem cells again rely on the same epigenetic proteins [Figure 1.7C] (89). 

Combinatorial approaches using both targeted therapies against kinases and epigenetic 

drugs appear to be the most valuable therapeutic strategy moving forward [Figure 1.7C] 

(89). The use of both simultaneously may prevent drug tolerance from developing as 

chromatin remodelling enzymes are unable to develop adaptive transcriptional responses 

to targeted therapies [Figure 1.7C] (89). Ultimately understanding the interplay between 

the progressive acquisition of plasticity, the subsequent phenotypic heterogeneity and the 

underlying epigenetic changes that produce these changes will allow us to understand 

the mechanisms of therapeutic escape and develop new and more comprehensive 

strategies to treat patients. 
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Figure 1.7.  Several approaches that have been or are currently being considered 
to target CSCs.  A) Differentiation based therapies aimed at pushing CSCs back towards 
a more non-stem-like state but is plagued by side effect since adult stem cells rely on the 
same biological pathways. B) Treatments that halt CSC proliferation initially seemed 
promising however CSCs are often quiescent and can simply repopulate the initial CSC 
pool after the initial eradication event. C) Combinatorial approaches using both targeted 
therapies against kinases and epigenetic drugs appear to be the most valuable 
therapeutic strategy moving forward. Drug tolerance could be prevented from developing 
through the lack of adaptive transcriptional responses to targeted therapies in the 
absence of function chromatin remodeling enzymes. 
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1.6. Endometrial Cancer: A Common Gynecological Malignancy 

In Western countries, the majority of malignancies affecting the female reproductive 

tract are comprised of ovarian (OCs) and endometrial cancers (ECs). EC is considered 

to be the most commonly diagnosed cancer of the female genital tract with approximately 

382,069 new cases worldwide (224-226). Ovarian cancer, on the other hand, with an 

estimated 184,799 deaths worldwide, is reported to be the most lethal gynecological 

carcinoma (227). Both malignancies affect both premenopausal and postmenopausal 

women. In 10% of all women with OC and 5% of women with EC, the cancers of the 

endometrium and ovary coexist (228). Pathological changes in the endometrium can 

sometimes occur as a consequence of OC. Ovarian and endometrial tumors in general 

do share common etiology related to reproductive factors such as number of ovulatory 

cycles, as well as hormone replacement therapy (229).		

Despite primarily afflicting women over the age of 45 and after the onset of 

menopause, EC is the most frequently diagnosed gynecological malignancy in Western 

countries. In Canada, in 2020, it was estimated that 1,300 of the 7400 women diagnosed 

with EC, will die from this disease (230). Increased life expectancy and the rising 

incidence of obesity have both contributed to an increase in the prevalence of EC. 

Although the 5-year survival rate is high at 90% for International Federation of 

Gynecology and Obstetrics (FIGO) Stage I and II EC, approximately 10–15% of patients 

will experience recurrent metastatic disease (231).  Taken together with FIGO Stage III 

and IV EC, these recurrent non-uterine confined and advanced-stage cases of EC have 

median survival that has been reported to barely exceed 1 year (232).  
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Endometrial carcinogenesis has been proposed to follow a dualistic model and 

ECs can be grouped into two types based on immunohistochemical and molecular 

features (233). Linked to obesity, estrogen excess and hormone receptor positivity, Type 

I endometriod ECs have more favorable outcomes than Type II serous tumors that are 

found mostly in older women (233). Treatment of early stages of Type I ECs has primarily 

been adjuvant radiotherapy whereas advanced stages of Type I and serous Type II 

tumors are frequently targeted by chemotherapy (234). In order to apply appropriate 

treatment to EC patients, proper subtype classification has been further supported by the 

characterization of commonly mutated genes within each histological subtype. Type I ECs 

frequently contain PTEN mutations coexisting with mutations to other genes in the P13K-

Akt pathway (235, 236). Mutations to FGFR2, ARID1A, CTNNB1, PIK3CA, PIK3R1, and 

KRAS are also common in Type I tumors whereas TP53, PIK3CA, and PP2R1A 

mutations are most frequent in Type II ECs (237-241).  

Further characterization at the molecular level using multiple platforms has 

provided an even more refined subdivision of ECs into different subtypes. Examination of 

somatic copy number alterations (SCNA) and microsatellite instability (MSI) resulted in 

EC clustering into four groups (234). One group consisted of mostly serous EC withTP53 

mutation and extensive SCNA (p53-mutated EC by WHO 2020 classification) (234). The 

remaining endometriod tumors could be divided into three subtypes: (1) ultramutated EC 

characterized by POLE exonuclease domain mutation with very high rates of mutations 

(POLE-ultramutated EC); (2) a group of hypermutated MSI EC (MMR-deficient EC); and 

(3) microsatellite stable EC with low frequencies of mutations (no specific molecular 

profile/NSMP EC) (234). Only the POLE-ultramutated subtype has progression-free 
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survival near 100%, which strengthens the notion that a better understanding of the other 

subtypes is required to improve therapeutic application to patients who present with EC 

tumors genomically classified in this manner.  

As the genomic contribution to aggressive forms of EC is being elucidated, a growing 

understanding of the other molecular and microenvironmental contributions to these 

tumors is also coming to light. Certain cases of EC display a great degree of heterogeneity 

at the phenotypic level. For example, dedifferentiated endometrial carcinoma (DDEC) 

exhibits a solid growth pattern lacking appreciable features of differentiation in the 

undifferentiated component that is juxtaposed to well differentiated carcinoma component 

(242). Evidence in the literature is building a strong case that the interplay between 

genetic mutations, aberrations to signaling factor activity and cues from the tumor 

microenvironment can drive EMT, or changes to the extracellular matrix of EC cells. The 

reported aggressive clinical behavior of DDEC could be explained by EC having 

undergone EMT to become undifferentiated, motile stem-like cells that in turn do not 

respond to conventional chemotherapy.  

1.7. Epithelial to Mesenchymal Transition in Endometrial Cancer  

EMT is a highly regulated physiological process in the early embryonic development 

and ontogenesis of the female reproductive tract (243).  Dysfunction of EMT in the normal 

epithelial cells of the reproductive organs, the ovary and the uterus, results in pathological 

processes such as adenomyosis, endometriosis, cancer development and metastasis 

(244). During EMT, epithelial cells not only lose their polarity but also their adhesion to 

adjacent cells and the basement membrane and acquire properties that promote 
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migration and invasion. These phenotypic changes are marked by the acquisition of a 

fibroblast-like mesenchymal appearance and cellular plasticity (244). In cancer cells, this 

developmental process is hijacked, allowing the tumor cells to dissociate, migrate, and 

metastasize (245, 246). Furthermore, EMT induces the emergence of CSC traits, 

prevents apoptosis and senescence, induces resistance to chemotherapy, and 

contributes to immunosuppression (247).  EMT is regulated 

epigenetically, transcriptionally, and post-transcriptionally. Downregulation of epithelial 

cell-specific tight and adherens junction proteins like E-cadherin in conjunction with the 

novel expression of mesenchymal proteins Vimentin and N-cadherin are trademark 

responses to the EMT program (248, 249). Numerous signaling pathways including 

PI3K/Akt, transforming growth factor β (TGF-β), epidermal growth factor (EGF), 

hepatocyte growth factor (HGF), mitogen-activated protein kinase (MAPK)/ERK, NF-kβ, 

WNT, Notch, estrogen-receptor-α (ER-α), and HIF-1α cross talk to participate in EMT 

upregulation.  These signaling pathways act to mobilize embryonic transcription factors 

as well as epigenetic modifiers to reprogram epithelial cells toward a more mesenchymal-

like fate (250).  It can logically be hypothesized that the extreme invasiveness and poorer 

patient prognosis associated with high grade EC and DDEC is a direct result of EC cells 

having undergone the process of EMT. Although EMT can lead EC cells to lose their cell–

cell adhesions and acquire the ability to migrate and proliferate, studies have not yet 

proven that EMT in EC cells will eventually result in metastases. More experimentation is 

required to gain a clearer picture of the role of EMT in EC cancer progression.  
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1.7.1. Role Transcription Factors Play in EMT in Endometrial Cancer  

Transcription factors are among the best-characterized mediators of EMT (248). 

In EC tissue specifically, overexpression of Twist, Slug, ZEB1, ZEB2, and Snail is linked 

to reduced expression of E-cadherin (251) [Figure 1.8]. Nuclear β-catenin has also been 

shown to promote EMT by upregulating Slug expression (250, 252-255). SALL4, an 

essential transcription factor with a well-described role in the maintenance of pluripotent 

embryonic stem cells is aberrantly expressed in EC, promoting invasiveness through the 

up regulation of mesenchymal cell markers such as N-cadherin (256). SALL4 induces 

EMT through c-Myc, another transcription factor and oncogene (256). Kruppel-like factor 

17 (KLF17) was initially thought to be an inhibitor of EMT and a tumor suppressor in 

several cancers including breast cancer (257-259). In the context of EC, KLF17 functions 

as a driver of EMT.  EC tissue has elevated levels of KLF17 and expression of KLF17 in 

EC cell lines, leads to an upregulation of EMT-inducing transcription factors (260).  

Hence, some transcriptional programs may regulate EMT in a tissue specific manner.  

Another molecular player that has been shown to drive EMT is the neurotrophic 

receptor tyrosine kinase B (TrkB). Long recognized as an important oncogenic factor in a 

neurogenic context, when the TrkB signaling pathway involving the brain-derived 

neurotrophic factor (BDNF) is activated in other tumor types, tumor cell proliferation, 

invasion, and metastatic potential are all stimulated (261). This pathway has also been 

linked to anoikis resistance in multiple cancers by inhibiting cell death and, therefore, 

leading to metastatic spread of cancer (262). TrkB and its high affinity ligand, BNDF are 

detected at high levels in EC and OC (261, 263). TrkB levels determine the fate of EC 

cell lines, causing the Cadherin switch most commonly associated with an EMT event 
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(261). The Akt and MAPK pathways are downstream of the TrkB signaling pathway, which 

could provide an explanation as to how the actions of several transcription factors can 

converge on the single yet complex cellular process of EMT.  

1.7.2. Role Metabolism Plays in EMT in Endometrial Cancer  

EMT may also be regulated by metabolic processes. Enolase 1 (ENO1), an 

enzyme functioning in the glycolytic pathway was hypothesized to have some role in 

tumor development. This idea was based on the logical observation that increased 

glucose uptake and aerobic glycolysis are characteristic features of rapidly growing cells 

(264). In EC, silencing ENO1 decreases Snail and N-cadherin expression while 

upregulating E-cadherin levels (265). At the same time, silencing ENO1 downregulates 

levels of proteins in the PI3K/Akt pathway, also resulting in Snail being expressed at lower 

levels (265). It is hypothesized then that ENO1 could be a potential oncogene, activating 

the PI3K/Akt pathway and eventually initiating downstream EMT signaling cascades in 

EC [Figure 1.8].  For endometrial cancer patients also suffering with diabetes, high 

glucose levels may induce mitochondrial dysfunction through the upregulation of Drp1 

(266). The mitochondrial damage and induced by Drp1 disrupts mitochondrial 

homeostasis and can promote EMT and EC progression (266).  Endometrial cancer cells 

capable of prospering under high glucose levels also express high levels of GLUT4, a 

glucose transport protein in addition to upregulating VEGF/VEGFR, which altogether with 

increasing ER, promotes EMT and accelerates EC development (267).  Insulin and 

insulin-like growth factors also play vital roles in maintaining balanced metabolism with 

their dysregulation being linked to diabetes and cancer (268). The insulin receptors, IR 

and IGF-1R are overexpressed and have been implicated in EC development (268).  
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Reduction of IR and IGF-1R alone or together sufficiently reduces the ability of EC cells 

to migrate and invade and inhibits EMT through inactivation of PI3K/AKT and ERK 

signalling pathways (268).  

1.7.3. Role Non-coding RNAs Play in EMT in Endometrial Cancer  

Most recently, the effects of non-coding RNA have been shown to be critical to the 

development of cancer (269). MicroRNAs (miRNAs) and lncRNAs  in particular have been 

found to be upregulated in many cancers, including endometrial cancer, acting as 

oncogenes or tumor suppressor genes (270, 271) [Figure 1.8]. miRNAs act as regulators, 

binding the 3′ untranslated regions (UTRs) of coding RNAs triggering either the repression 

of mRNA translation or the degradation of the RNA completely (272).  lncRNAs usually 

associate with protein complexes and have been discovered to be both effectors and 

repressors that are involved in regulating gene expression at both the transcriptional and 

translational level (273, 274).  In general, high levels of miRNAs are associated with a 

variety of cancers but an understanding of how specific miRNAs regulate the expression 

of different oncogenes in EC is gradually being uncovered.  While some studies have 

demonstrated that differential expression of lncRNAs and abnormal functioning can be 

associated with endometrial tumor development much more examination of the molecular 

mechanisms linking lncRNAs to EMT remain to be discovered.   

Presently, EMT is suppressed in EC through the action of a growing number of 

microRNAs. miR-194 has been linked to B lymphoma mouse Moloney leukemia virus 

insertion region 1 (BMI-1), a protein associated with self-renewal and malignant 

transformation. In EC cell lines, BMI-1 can be linked to enhanced invasiveness, and miR-
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194 levels in highly invasive EC in vitro are inversely correlated with BMI-1 expression 

(275, 276). miR-194 transfection decreases cell invasion in the HEC50B cell line while 

simultaneously inducing a loss of the EC cell line’s mesenchymal phenotype (275). miR-

101 is downregulated in both endometriod and serous EC and has been found to inhibit 

proliferation of EC cells in the aggressive serous type. Notably, increasing miR-101 levels 

in EC cells reverses EMT (277). Specific to EC, miR-101 suppression of EMT can partly 

be linked to enhanced expression of EZH2, a histone-lysine N-methyltransferase enzyme 

that participates in histone methylation and, ultimately, transcriptional repression. EZH2 

downregulates mesenchymal markers and Wnt/β-catenin signaling, leading to MET 

(277). miR-23a has also been found at significantly reduced levels in EC tissue (278). 

Overexpression of miR-23a in vitro, led to inhibition of EMT in HEC 1A cells through the 

targeting of SMAD3 (278). Downregulated in EC, miR-124 expression is partially 

attenuated by DNA methylation (279). Much like miR-23a, miR-124 when expressed at 

higher levels reverses the EMT-like phenotype, exhibiting reduced migration, invasion 

and proliferation through the upregulation of the scaffolding protein IQGAP1 (279).  

Overexpression of miR-20a-5p in EC cells inhibits EMT by targeting STAT3 directly and 

thereby has been posited to inhibit invasion of EC cells as well (280).  miR-320a and miR-

340-5p binding the 3’UTR of eIF4E have also been demonstrated to supress EMT in EC 

that is induced by TGF-β (281).  It has also been demonstrated using EC cell lines, that 

miR-195 and miR-214-3p upon upregulation inhibit EMT through at least partly targeting 

either SOX4 or TWIST1, respectively (282, 283).  miR-202 inhibits EMT yet has been 

shown in EC to be downregulated.  The target of this microRNA has been shown to be 

FGF2 as well as the Wnt/β -Catenin signalling pathway which explains its’ ability to inhibit 
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EC cell migration and invasion and how down-regulation of miR-202 can be associated 

with poorer prognosis in patients (284).  An axis of microRNAs (miR-302b-3p/302c-

3p/302d-3p) are also normally found to be downregulated in EC and upon overexpression 

in EC cells are capable of inhibiting the progression of EMT as a result of regulating ZEB1 

expression levels and promotion of apoptosis (285). Another microRNA, miR-34a also 

acts as a tumor suppressor, capable of suppressing tumor growth upon its 

overexpression and inhibiting EMT through decreasing Notch1 levels (286).    

Recently, several microRNAs have been found to promote EMT in the context of 

endometrial cancer. miR-21-5p upon overexpression promotes EMT in endometrial 

cancer cell lines through inhibition of SOX17 protein expression via its 3’UTR (287).  

There is also evidence that overexpression of miR-135a can also promote EMT in vitro 

most likely through modulation of PTEN and p-AKT levels (288). Acting upon the Wnt/β -

Catenin pathway, is miR-373 which is upregulated in EC and whose overexpression in 

EC cells promotes EMT (289).  Overexpression of miR-215 can downregulate LEFTY2, 

in turn affecting EC cell proliferation and fostering EMT in the presence of low levels of 

the tumor suppressor protein (290).  Interestingly, there are also interactions between 

transcription factors such as BHLHE40 and BHLHE41 and a family of microRNAs, the 

miR130 family, that have been found to mutually suppress each other and thus regulate 

EMT in EC (291).  

Undifferentiated endometrial carcinoma frequently possesses a reduction in E-

cadherin expression (292). MiRNAs have been implicated in the modulation of the 

epithelial differentiation status by repressing the action of ZEB1 and ZEB2, which are 
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transcriptional repressors of E-cadherin (292). In particular, members of the miR-200 

family inhibit the expression of ZEB1 and ZEB2. These transcription factors inhibit E-

cadherin expression and thus drive EMT. Hence, miRNA-200 family members lead to a 

reduction and/or reversal of these processes (293). Of note, ZEB1 and ZEB2 can also 

bind to promoter regions of miR-200, leading to reduced expression. DICER1, a 

cytoplasmic RNase III enzyme responsible for cleaving miRNA into active 22 nucleotide 

species is also downregulated in undifferentiated EC (294). By preventing miR-200 

processing, dysregulation of DICER1 leads to reduced E-cadherin levels concomitant 

with the upregulation of Vimentin, N-cadherin, Twist1, Snail and ZEB2.  Therefore, in EC, 

miRNAs’ regulation of oncogene expression can influence the induction of EMT and the 

ability of endometrial cells to acquire phenotypes with the potential to metastasize. 

In terms of lncRNA being implicated in EC progression through EMT, steroid 

receptor activator (SRA) has been found at higher levels in many gynecological cancer 

tissues including EC (295).  When knocked down in EC cells, EMT is not promoted 

through eIF4E-BP1 or Wnt/β-catenin signalling pathways (295).  HOTAIRM1 is another 

lncRNA whose downregulation in EC leads to reduced acquisition of a mesenchymal 

phenotype through EMT (296).   This non-coding RNA has been connected to HOXA1, 

regulating the ability of this oncogene to stimulate cell proliferation and other hallmarks of 

aggressive disease (296).  lncRNAs can also module miRNA signalling pathways as is 

the case with H19 and its ability to regulate miR-20b-5p levels (297). In both EC cells and 

tissue, H19 is expressed at higher levels, whereas miR-20b-5p is downregulated (297).  

As miR-20b-5p controls HIF-1α expression, elevated H19 leads to higher HIF-1α 

expression and therefore stimulation of EMT (297).  
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1.7.4. Role Hormones Play in EMT in Endometrial Cancer  

Estrogen and progestins can also upregulate ZEB1 in the stroma and myometrium 

of the uterus and in human cells in vitro (298, 299). Interestingly though, there are no 

hormone response elements upstream of the translational start site of ZEB1. In 

aggressive cases of EC, such as grade 3 endometrioid and type II serous carcinomas, 

ZEB1 overexpression is not limited to the stroma and myometrium. Indeed, the ZEB1 

protein is aberrantly expressed in epithelial-derived carcinoma cells as well (298). Loss 

of E-cadherin expression paired with ZEB1 expression in a high percentage of epithelial 

cells is characteristic of EMT and suggests hormonal regulation of the entire process.  

During the normal menstrual cycle, the steroid hormone, progesterone can induce 

differentiation in EC cells. Progesterone induces the expression of inhibitors of Wnt 

signaling which in turn downregulate EMT and slow down cancer progression (300). Loss 

of progesterone receptors has been found in patient tissues with progressive EC and also 

witnessed in these cases, is a significant upregulation of pathways involved in the 

progression of cells to a mesenchymal phenotype (300). Taken together with the fact that 

application of medroxyprogesterone acetate, a synthetic variant of progesterone, to EC 

cells in vitro inhibits migration and downregulates Vimentin; a strong case for 

progesterone mediated inhibition of EMT can be presented (300). Progesterone also 

downregulates TGF-β, a signaling pathway which is a major driving force behind EMT 

[Figure 1.8].  

Much like in OC, elevated levels of estradiols (E2) contribute to the enhanced 

proliferation and invasive capacity of EC cells through the activation of the PI3K/Akt and 
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MAPK signaling pathways and fat mass and obesity-associated (FTO) gene expression 

(301). A study by Wik and colleagues not only provided new insight into the mechanisms 

of E2-induced proliferation and invasion of EC but also provided a link to obesity (301). 

Lack of ER-α in EC correlates with activation of Wnt-, Sonic Hedgehog- and TGF-β 

signaling pathways and induction of EMT suggesting ER-α independent mechanisms of 

EMT regulation (301) [Figure 1.8]. Most recently, conditioned media from normal 

endometrial stromal factors has been found to inhibit estrogen induced EMT through 

regulation of Slug and E-cadherin expression levels (302). Metformin, a commonly used 

drug used to treat type 2 diabetes can also reduce E2-induced cell proliferation and EMT 

in EC cells through suppression of ERK1/2 signaling and activation of AMPKα signaling 

(302) [Figure 1.8].  Ubiquitin-conjugating enzyme E2 C (UBE2C) also mediates EMT in 

EC, with E2 being capable of stimulating UBE2C gene expression (303).    

1.7.5. Role Cytokines Play in EMT in Endometrial Cancer  

Most aggressive forms of EC have tumor cells that have migrated to nearby lymph 

nodes and have invaded through the myometrium of the uterus. Gene-expression 

microarrays followed by bioinformatic analysis revealed a potentially prominent role for 

the cytokine, TGF-β in promoting invasion through the induction of EMT (304) [Figure 

1.8]. Other directors of the embryo implantation process such as FOS, MMP-9, MapK1, 

and RHOA were also associated with aggressive EC cases, which hints at a possible 

parallel between the molecular events associated with controlled trophoblast implantation 

and uncontrolled endometrial tumor invasion (305). In HEC1A and RL95-2 EC cell lines, 

EMT can be induced by TGF-β as tested at the morphological and molecular levels (304, 

306). TGF-β can also act as a chemo attractant for these in vitro cell lines, increasing 
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their invasive capacity (304). Co-treatment of Ishikawa cells with the cytokine, IL-6 and 

TGF-β resulted in messenchymal-like morphological changes that coincided with 

increased expression levels of the genes, Snail, N-cadherin, and Twist (307). Thus, TGF-

β has been hypothesized to play a critical role in early invasion of EC through initiating 

the process associated with EMT. ERM/ETV5 (Ets family of transcription factors), is also 

upregulated in association with myometrial invasion (308). Overexpression of this 

particular transcription factor promotes cell migration and invasion and induces EMT by 

upregulating ZEB1 expression (309). In HEC1A EC cells, gene-expression microarray 

assays revealed Nidogen 1 (NID1) and Nuclear Protein 1 (NUPR1) to be direct targets of 

the ETV5 transcription factor when it was stably expressed in vitro (310). At the invasive 

front, both NUPR1 and NID1 had similar expression levels to ETV5 (310) . Knocking down 

NID1, a glycoprotein secreted by mesenchymal cells, in cells overexpressing ETV5 led 

to a significant decrease in cell invasion (310). Inhibiting NID1 in orthotopic EC models 

results in smaller tumors, an effect that is probably further enhanced by the 

microenvironment of the tumor (310). Additionally, inhibition of both NID1 and NUPR1 

decreased the number of metastases (309). In HEC1A cells, ETV5 was shown to directly 

influence EMT by performing its function as a transcription factor and activating ZEB1. 

LPP, a protein implicated in cell-cell adhesion and cell motility is a transcriptional 

coactivator for other members of the transcription factor family of ETV5 (311). EMT 

induced by ETV5, led to localization of LPP from cell-cell contacts to focal adhesions 

(309). This accumulation of LPP at focal adhesions could lead to an amplification of 

extracellular signals and in turn its trans- location to the nucleus, where in it could further 
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activate ETV5, propagating its transcriptional activity and promoting persistent EC 

invasion through further EMT events.  

Receptor activator of nuclear factor-κB (RANK) and its associated ligand RANKL, 

have been implicated in numerous physiological processes such as immune responses 

but also have been shown to be critical for the formation of lymph nodes (312). In EC 

tissue, RANK/RANKL expression is significantly higher and overexpression of RANK in 

EC cell lines, results in induction of EMT (313). CCL20 was found at increased levels in 

RANKL-treated RANK overexpressing cells. Furthermore, a neutralizing antibody 

targeting CCL20 could suppress EMT (313).  

Autocrine motility factor (AMF) has also been implicated in EMT and, therefore, in 

promoting invasiveness and metastasis of endometrial carcinoma. Immunohistochemical 

analysis revealed high levels of AMF in EC tissue compared to normal endometrial tissue 

that showed a positive correlation with EMT markers (314). Silencing of AMF followed by 

gene-expression profiling showed altered expression of EMT mediators such as Snail 

(314). Additionally, treatment of EC cell lines with MAPK specific inhibitors downregulated 

EMT marker expression, suggesting that AMF promotes EMT in EC through the MAPK 

signaling pathway (314) [Figure 1.8].  

Cancer associated fibroblasts (CAFS) have also been found to serve an important 

role in EC through stimulating EMT (315).  Conditioned media from CAFs is sufficient to 

induce EMT in EC cells, decreasing E-cadherin and increasing N-cadherin and vimentin 

expression (315).  This phenomenon is attributed to the concentration of growth factors 

(EGF, TGF-β, HGF and FGF) present in the conditioned media of CAFs (315). 
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1.7.6. Role Hypoxia and Oxidative Stress Play in EMT in Endometrial Cancer  

A hypoxic microenvironment is also a substantial inducer of EMT in EC, as it tends 

to accompany rapidly growing solid malignancies and results from poor blood supply to 

surrounding healthy tissue. Directly or indirectly, HIF-1 has been shown to control Snail, 

ZEB and other regulators of EMT (316). In primary EC samples, HIF-1 was 

overexpressed in over 65% of cases (316). This elevated expression of HIF-1 coincided 

with increased expression of Twist and decreased levels of E-cadherin (316). It can be 

speculated that under low oxygen conditions HIF-1 regulates Twist expression by direct 

binding to its promoter and, therefore, promotes EMT and aggressiveness of EC.    

Cancer cells, through activation of proteasome pathways, are capable of tolerating 

oxidative stress. REGΥ-associated proteasomes can degrade specific proteins like cell-

cycle inhibitors in an ubiquitin and ATP-independent manner. In EC, mutant p53- R248Q 

can bind to the promoter of and upregulate the expression of REGΥ (317). Depletion of 

REGΥ in EC lines reduces cell proliferation, migration, and invasion whereas expression 

of mutant p53-R248Q promotes EMT (317). Overexpression of p53-R248Q cannot 

restore REGΥ protein levels in REGΥ-depleted EC cells, hinting at an alternative mode 

in which the restoration of these cells’ malignant properties occurs (317). Insight from EC 

cells that are resistant to inhibitors of proteasomes, has led to the hypothesis that EMT in 

this environmental context is brought on by miR-200-ZEB1/ZEB2 protein regulation (318). 

p53-R248Q can also bind to the promoter of miR-130b, inhibiting its transcription and 

subsequently allowing ZEB1 to bring about the EMT phenotype (319). Interestingly, p53-

R248Q has also been found to promote EMT in EC through the disruption of the p68-

Drosha complex, which is responsible for the processing of miR-26a (320). Reduced miR-
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26a levels leads to overexpression of its downstream target EZH2, a promoter of EC 

tumor progression through EMT (320).  

Although further research is required to fully understand the extent to which 

hypoxia influences the onset of EMT in the context of the endometrium, HIF-1 has been 

shown to significantly induce EMT in both EC and OC. Whether oxidative stress can also 

upregulate HIF-1 and bring about EMT in the endometrium also remains to be fully 

explored.  
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Figure 1.8. EMT in endometrial cancer.  Regulation of EMT and CSC-inducing 
signalling pathways through extra and intra-cellular signaling and the action of 
transcription and epigenetic factors. 
 
 
1.8. Dedifferentiated Endometrial Cancer  

DDEC is a rare neoplasm, comprising less than 5% of endometrial cancer cases yet 

is more aggressive than high grade endometrioid carcinoma (321-324).  Silva et al, in 

2006 defined DDEC as cases of endometrial carcinoma in which low-grade-endometrioid 

carcinoma was combined with undifferentiated carcinoma (323).  The transition between 
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the tumor components is abrupt with a sharp border (325). Nearly half of patients with 

DDEC already possess advanced stage disease with nearly 40% of those patients dying 

anywhere from half a month to less than two years from initial diagnosis (323, 326).  This 

unfavorable prognosis is even evident when the undifferentiated component constitutes 

less than 20% of the whole tumor (323, 325).  The diagnosis of DDEC can be made on 

biopsy (i.e., endometrial biopsy or biopsy of metastatic disease) but the diagnosis may 

only become apparent when the tumor can be more thoroughly examined in 

hysterectomy.  The differentiated components are often found on the surface of the tumor 

whereas the undifferentiated portions which is the more actively growing portion typically 

invades deeper into the myometrium (326).  As such, endometrial biopsy which typically 

samples from the more superficial portion of the tumor may only sample the well 

differentiated component of the tumor, which limits the recognition of the more aggressive 

nature of the disease pre-operatively.  Conversely, in a biopsy of suspected metastatic 

mass, pathologists may not recognize an undifferentiated tumor as the undifferentiated 

component of a DDEC. Consequently, DDEC may very well be underrecognized and its 

incidence much higher.  The majority of DDEC patients receive adjuvant therapy whether 

that is only chemotherapy, only radiotherapy or both chemotherapy and radiation therapy 

(327). 

A recent systematic review and meta-analysis revealed that 44% of DDEC or 

undifferentiated endometrial carcinomas fall into the MSI TCGA classification (MMR-

deficient EC) with p53 wildtype/copy number low (NSMP EC) being the next most 

common molecular group, while only rarely did DDEC belong to the p53 abnormal/copy 

number high (p53-mutated EC) groups  (327).  As has been witnessed with the numerous 
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clinical pathology-based studies is that all four TCGA groups are represented in DDEC 

cases but classification as MSI-H group appears to be most represented (327).  The 

percentage of mismatch repair deficiency and POLE mutations in DDEC and UEC is 

higher than that observed for all endometrial carcinomas (327).  The prevalence of the 

POLE-ultramutated group is also two-fold higher than that observed overall for 

endometrial carcinomas (327).  Given the over-represented MSI-H and POLE-mutated 

subgroups, the majority of undifferentiated and dedifferentiated endometrial carcinomas 

have high mutational loads which contrasts with what is seen with other histologies of 

endometrial cancer (327).  It remains to be seen though if those DDEC/UEC cases with 

abnormal p53, result in a prognosis that is worse than hypermutated/ultramutated DDEC 

as this phenomenon among endometrial carcinomas is generally associated with poor 

prognosis (327).  Limitations to reviews of this type though and particularly in the context 

of these neoplasm lie in the few studies on DDEC that exist and the frequent patient 

overlap between studies due to the rarity of the disease (327). 

The TCGA’s stratification of endometrial carcinomas based on alterations at the 

level of molecular genetic included mixed endometrial carcinomas but little information on 

dedifferentiated endometrial carcinomas was evident (328).  The small number of cases 

that were of mixed histology were either clustered into the copy number high/serous-like 

group of the copy number low group (234, 328). An investigation of a small number of 

DDEC cases revealed POLE exonuclease domain mutations to either P286R or V411L 

or mutations in the exonuclease domains (S297F, P436L, A456P) (328).  POLE is a 

catalytic subunit within the POLE DNA polymerase enzyme complex that uses its 

exonuclease activity to locate and replace erroneous bases in daughter strands (328, 
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329).  Within the POLE ultramutated group described by the TCGA, endometrial cancers 

are characterized by POLE exonuclease domain mutations, have a high rate of somatic 

mutations and favorable prognosis (234).  DDEC patients possessing mutations to POLE 

were more likely to be alive without disease than those patients with DDEC tumors without 

POLE mutations (328). It appears therefore that POLE mutation could be a marker of 

good prognosis in endometrial cancer regardless of histological appearance (328).  This 

improved prognosis is mostly likely a result of more tumor-infiltrating lymphocytes which 

exhibit an enhanced T-cell anti-tumor response in the context of tumors with high 

mutational burden (330-332).  An increased immune response should decrease the 

metastatic potential of tumors leading to a less aggressive neoplasm (330).  Future 

studies will be necessary to investigate in a larger cohort of DDEC cases whether POLE 

exonuclease domain mutations consistently show a high rate of tumor-infiltrating 

lymphocytes.    

In close to 60% of DDEC cases, somatic mutations are observed to mismatch 

repair proteins: mutL protein homolog 1 (MLH1), postmeiotic segregation increased 2 

(PMS2), mutS protein homolog 2 (MSH2) and mutS protein homolog 6 (MSH6) (333).  

The frequency of MMR deficiency in DDEC is much higher, almost double than what is 

seen in common endometrial cancer cases (326, 333).  Findings in other cancer types 

have demonstrated that those with a higher mutational burden due to defective DNA 

repair mechanisms may be more immunogenic and possess immune escape 

mechanisms such as upregulated programmed cell death-1 (PD-1) and PD-1 ligand 1 

(PD-L1) pathways (333, 334).  The interaction of these two proteins ensures over 

activation of the immune system does not take place and T-cell proliferation is inhibited.  
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Tumor cells though, can aberrantly express PD-L1, halting normal immune surveillance 

(335).   When there is high infiltration of CD8+ T cells, immune checkpoint inhibitors have 

been shown to more effective as they can restore activation of the immune system (336).  

The degree of CD8+ T cell infiltration into tumors and expression of PD-L1 have not been 

studied extensively in the context of MMR deficient DDEC tumors (337). DDEC being a 

cancer subtype that is in urgent need of therapeutic advances, prognosis could be 

improved by administration of immune checkpoint inhibitors. In 2019, Ono et al., 

discovered PD-L1 expression in 65% of the 17 DDEC cases in their study group and 

found that expression of PD-L1 expression was only evident in the undifferentiated 

component (333).  As hypothesized, those DDEC cases that were MMR-deficient, 

possessed more CD8 positive T cell infiltration (333). Similar results were also 

independently observed by Hacking et al. (338).  The results from this examination 

suggested that DDEC could be a target for immune checkpoint inhibitors especially as 

the underlying molecular mechanisms associated with the disease otherwise are poorly 

understood (339).  Immune escape mechanisms may be potentially occurring during the 

process of dedifferentiation but more cases will need to be examined and further 

experimentation required to examine the actual efficacy of immune checkpoint inhibitors 

alone or in combination with other treatment strategies.  

Only in 2014, did the World Health Organization (WHO) add DDEC to the 

classification of tumors of the female reproductive organs (327).  As the pathology of 

DDEC has only recently been recognized much more remains to be revealed in terms of 

clinical features, incidence and treatment.  From a pathological standpoint, diagnosis 

requires differentiating the undifferentiated component from other higher-grade 
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endometrial cancer. Identification of the interspersed foci of glandular formation within the 

tumor would favor a poorly differentiated carcinoma over an undifferentiated carcinoma.  

However, accurate distinction can be difficult in clinical practice, particularly in biopsy 

sample but sometimes in hysterectomy specimen as well. Diagnostic biomarkers are 

therefore sought after to aid in proper identification of undifferentiated carcinoma.   

Candidate immunohistochemical markers include ER and PR due to the fact that they are 

strongly positive in differentiated regions and are almost to completely lost in 

undifferentiated areas in addition to keratins, epithelial membrane antigen (EMA) which 

exhibit an opposite expression tendency (326, 340, 341).   

Claudin-4, a protein critical for intercellular junction formation and thereby 

important in cell adhesion and differentiation too has been discovered to be lowly 

expressed in low grade (FIGO grade 1 or 2) endometrioid carcinomas (342, 343).  

Recently a large-scale examination of claudin-4 expression in DDEC was undertaken 

based on findings in other SWI/SNF deficient tumors that were shown to lack claudin-4 

expression (344).  This study revealed that the undifferentiated component of DDEC 

tumors consistently exhibits loss of claudin-4 while the differentiated low-grade 

endometrioid component possess claudin-4 (345).  This suggests that absence of 

claudin-4 is a frequent observation during cellular dedifferentiation in the context of the 

endometrium (345). The mechanisms behind acquisition of claudin-4 loss remain to be 

defined.  Currently, loss of or reduced claudin-4 levels appears to only indicate the 

primitive, undifferentiated state of portions of DDEC tumors. Intriguingly, other 

endometrial cancer subtypes also exhibited claudin-4 loss in a significant proportion of 

cases, hinting that absence of claudin-4 is not specific to DDEC and highlights the 
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importance of considering claudin-4 loss in conjunction with other histological and 

immunophenotypical features during diagnosis.     

Focal expression of neuroendocrine markers such as chromogranin, 

synaptophysin or CD56 is evident within the undifferentiated components (346).  

Carcinomas originating from various organs, with neuroendocrine differentiation have 

typically been associated with a poorer prognosis (346-348).  A series of 4 DDEC tumors 

were closely inspected for neuroendocrine features in Espinosa et al. with at least 70% 

of cells within the undifferentiated portions of DDEC tumors staining positive for 

neuroendocrine expression (346).  This work demonstrates again how heterogenous at 

the molecular level DDEC happens to be and how complex the genomic landscape and 

interplay of mutations is that leads to acquisition of dedifferentiation in endometrial 

cancer.   
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Figure 1.9. Proteins found to either be expressed at high levels or mutated and/or 
absent within the undifferentiated component of DDEC tumors. Representative H&E 
images from the undifferentiated and differentiated regions of a DDEC tumor.   
 
1.9.  Thesis Rationale, Hypothesis and Aims:  

Although there are a growing number of human cancers that exhibit 

dedifferentiated, embryonic-like phenotypes, there still exists a lack of insight as to how 

such features are developed and sustained over time.  Next-generation sequencing has 

revealed loss of chromatin remodeling proteins in many different cancer types.  I 

hypothesize that loss of the chromatin remodelling proteins such as SMARCA4, 

SMARCB1 and ARID1B is critical to attainment of dedifferentiated endometrial cancer.  

These may be adopted as biomarkers to improve diagnostic accuracy (Chapter 2).   

Through the development of cell line models of DDEC, I examined how SMARCA4 loss 

contributes to cellular dedifferentiation and the role chromatin remodeling proteins may 

play in the acquisition of stemness and aggressiveness by endometrial cancer cells 
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(Chapter 3). To address the lack of treatment options for DDEC patients, I also explored 

whether taking a synthetic lethality-based approach may be the best strategy to 

overcoming the chemotherapy resistance and metastasis exhibited by SMARCA4 

deficient dedifferentiated regions of DDEC tumors (Chapter 4).  Taken together, extensive 

characterization of DDEC will serve to deepen our understanding of cellular 

dedifferentiation at the molecular level and will only further our understanding of the role 

epigenetics play in the ability of cancers to adapt through hijacking of developmental 

pathways.  Furthermore, DDEC is an ideal tumor type to assess the suitability of 

combination therapies to combat heterogenous cancers with propensities towards 

exhibiting cancer cell plasticity.  
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2  
Examination of clinical cases of dedifferentiated endometrial cancer reveals 
absence of chromatin remodelling proteins and loss of gynecological 
differentiation markers  
 
2.1. Introduction  
 

Since Silva et al. initially reported dedifferentiated endometrial cancer in 2006-

2007, it has steadily become more recognized by pathologists as a subtype of 

endometrial cancer possessing both differentiated (D) and undifferentiated components 

(UC) (1-4).  In 2014, the work of Kuhn et al., demonstrated somatic mutations were shared 

across both components hinting at a clonal origin between the differentiated endometrioid 

and undifferentiated regions of DDEC (2). However, little research has been conducted 

aiming to understand the molecular mechanisms potentially underlying the hypothesized 

progression of the low-grade endometrioid carcinoma to undifferentiated carcinoma.  

Better understanding the oncogenic mechanisms responsible for the development of 

dedifferentiated endometrial cancer, may allow for earlier detection strategies and 

improved treatment modalities to be created and adopted to combat such a highly 

aggressive disease.  By targeted sequencing and immunohistochemical analysis, we 

compared the endometrioid and undifferentiated component of a series of DDEC cases 

to discover likely molecular events underlying dedifferentiation in most dedifferentiated 

carcinomas.  As inactivation of the SWI/SNF chromatin remodeling proteins, SMARCA4 

and SMARCB1, were only observed in half of the histologically prototypical DDEC cases 

we performed further targeted sequencing and immunohistochemistry studies on not only 

a different series of endometrial dedifferentiated carcinomas but we also analyzed a 

larger number of SWI/SNF complex proteins to unearth the mechanism(s) underlying 

dedifferentiation in the remaining undefined DDEC neoplasms.  As the function of the 
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SWI/SNF complex is associated with transcriptional regulation, tumor cells lacking 

SWI/SNF subunits appear to possess an inability to activate genes that promote 

differentiation and cell-cell adhesion.  Currently, the presence of the undifferentiated 

carcinoma component is what mainly separates DDEC from endometrial carcinoma. 

However, PAX8 and ER expression have been shown to be lost in up to 85-92% and 69-

95% of DDEC tumors, respectively (5, 6).  Furthermore, aberrant p53 immunostaining 

has been exhibited in 26-33% of DDEC cases examined (2, 6). As much of the 

immunophenotypic surveying of DDEC cases took place prior to discoveries that 

SMARCA4 and SMARCB1 inactivation are a frequent molecular event in DDEC, we also 

aimed to evaluate the expression of PAX8, ER and p53 in SMARCA4/SMARCB1 deficient 

and intact DDEC to not only gain further biological insight into these neoplasms but 

hopefully to also gain diagnostic insights as well. Finally having successfully interrogated 

DNA and protein expression patterns in the same DDEC samples we sought to further 

profile our limited formalin-fixed paraffin-embedded (FFPE) DDEC tissue by 

simultaneously examining RNA and protein levels.  The NanoString nCounter Gene 

Expression Assay fills a niche between gene expression profiling methods that are 

genome-wide such as microarrays and RNA-sequencing and those assays that are 

targeted (real-time quantitative PCR (RT-qPCR)) (7).  Through the hybridization of 

sequence-specific fluorescent barcodes, it is now possible to digitally detect and quantify 

mRNA molecules directly (8).  NanoString technology is particularly useful in generating 

accurate genomic information from small amounts of fixed patient tissue (9).  There is 

also substantial evidence indicating the successful utilization of nCounter systems in both 

prognostic and predictive settings (9, 10). We used targeted NanoString gene expression 
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profiling to preliminarily investigate gene expression patterns in DDEC neoplasms, which 

had lost SMARCA4 protein expression. The purpose of all these studies was to better 

understand the biology and heterogeneity underlaying DDEC and more specifically 

illuminate major molecular players pivotal in cellular dedifferentiation in the context of 

endometrial cancer.  

2.2. Results 

2.2.1. Frameshift and nonsense mutations to SWI/SNF complex proteins, 

SMARCA4 AND SMARCB1, results in their loss in the undifferentiated regions of 

DDEC neoplasms. 

Targeted next generation sequencing focused on 26 recurrently mutated genes in 

gynecological carcinomas: AKT1, ARID1A, FBXW7, FGR2, JAK1, KRAS, MLH1, MSH2, 

MSH6, NRAS, PIK3CA, PIK3R1, PIK3R2, PMS2, POLE, PPP2R1A, PTEN, RNF43, 

RPL22, SMARCA4, STK11, SPOP, TPF2, FOXL2, CTNNB1 and BRAF was performed  

on an index series of 8 DDEC cases with both the endometrioid and undifferentiated 

components analyzed in half of the cases and the undifferentiated component analyzed 

in the remaining 4 cases.  All the DDEC carcinomas displayed a mix of low-grade (FIGO 

grade 1 or 2) endometroid carcinoma mixed with regions of undifferentiated carcinoma.  

The undifferentiated component constituted anywhere from 10-95% of the overall tumor 

and displayed a sheet-like proliferation of monotonous oval to round cells. Tumor 

necrosis, cellular discohesion and prominent mitotic activity were also evident within the 

undifferentiated component.  Six of the eight tumors were MMR-deficient in both the 

corresponding endometrioid and undifferentiated components of the same DDEC lesions.  

We identified recurrent mutations to the following genes: PTEN (8/8), ARID1A (6/8), 
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PIK3CA (5/8), SMARCA4 (5/8), JAK1 (4/8), KRAS (4/8), PIK3R1 (4/8), POLE (4/8), 

RPL22 (3/8), FBXW7 (3/8), SPOP (3/8) and CTNNB1 (2/8) [Figure 2.1].  When both the 

undifferentiated and endometrioid components were both analyzed approximately 67% 

of the mutations were found in both histologic sections.  The overall mutation profile is 

consistent with the endometrioid histotype, except for the discovery of frequent frameshift 

and/or nonsense SMARCA4 mutations found solely in the undifferentiated component 

[Figure 2.1] (11).  Four tumors possessed inactivating SMARCA4 mutations and Sanger 

sequencing confirmed the somatic nature of the frameshift/nonsense SMARCA4 

mutations in these 4 MMR deficient tumors [Figure 2.1].  
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Figure 2.1. Summary of the molecular features or mutation profiles of an index  
series of eight dedifferentiated endometrial carcinomas. f.s. indicates frameshift 
mutation. 
 

To validate the findings at the mutational level, we examined the expression of 

SMARCA4 by immunohistochemistry.  The four MMR deficient tumors that harboured 

SMARCA4 inactivating mutations showed a complete loss of SMARCA4 protein 

expression in the undifferentiated region but intact SMARCA4 expression in the 

corresponding endometrioid component [Figure 2.2].  SMARCB1, a member of the 

SWI/SNF complex was expressed in all 4 of the SMARCA4-deficient tumors [Figure 2.2].   
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Figure 2.2. SMARCA4 and SMARCB1 immunostaining in SMARCA4-deficient 
dedifferentiated endometrial carcinomas. A) Case 3 showing a complete loss of 
nuclear SMARCA4 in the undifferentiated component and intact SMARCA4 nuclear 
staining in the differentiated component.  B) SMARCA4 deficient Case 7 showing intact 
SMARCB1 in both the differentiated and undifferentiated component.  
 

Three tumors with wildtype or missense mutations in SMARCA4 showed intact 

SMARCA4 expression in both components of the tumor.  Half of the SMARCA4 intact 

tumors had lost expression of SMARCB1 only in the undifferentiated component but had 

retained expression of SMARCB1 in the differentiated endometroid component [Figure 

2.3].  The remaining two SMARCA4 intact tumors had intact SMARCB1 expression 

through the tumor. 
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Figure 2.3. SMARCB1 immunostaining in SMARCB1-deficient dedifferentiated 
endometrial carcinomas.  Case 1 showing a complete loss of nuclear SMARCB1 
staining in the undifferentiated component.  
 

To ascertain the frequency of SMARCA4/SMARCB1 loss, an examination of their 

expression levels in a series of 22 centrally reviewed DDEC cases was carried out.  As 

with the index series the undifferentiated component ranged in size from 5 to 95% of the 

overall tumor but on average constituted 60%.  From the tumors examined, 70% were 

MMR deficient, with the same MMR proteins lost in in both components regardless of 

their differentiation status. Within this validation cohort, 7 of the 22 tumors (~30%) showed 

complete absence of SMARCA4 immunostaining only in the undifferentiated region. Of 

the remaining tumors in which SMARCA4 expression was present in the undifferentiated 

component, 2 out of 13 displayed complete loss of SMARCB1. A series of 32 FIGO grade 

3 endometrioid carcinomas were included for comparison and none of those cases 

showered either SMARCA4 and/or SMARCB1 loss. 
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Table 2.1. Summary of SMARCA4, SMARCB1 and MMR protein IHC findings for the  
entire study cohort. Frequency of MMR deficiency was determined out of 30 cases with 
interpretable staining results.  

  
Taken altogether, our index and validation series revealed 37% (11/30) of DDEC 

cases possessed SMARCA4 deficiency while 12% (4/30) of DDEC tumors examined 

harbored SMARCB1 deficiency in the undifferentiated components. As SMARCA4 or 

SMARCB1 loss was mutually exclusive, loss of either SWI/SNF chromatin remodelling 

subunit was present in 50% (15/30) of the DDEC tumors we studied.  Interestingly, MMR 

deficiency was equally prevalent regardless of SMARCA4 status with 73% (8/11) of 

SMARCA4 deficient tumors and 73% (11/15) SMARCA4/SMARCB1 intact tumors lacking 

complete MMR machinery.  From a histological perspective, all undifferentiated 

components whether SMARCA4 or SMARCB1 deficient were predominant within the 

tumor and the differentiated portions all exhibited typical FIGO grade 1 or 2 endometrioid 

morphology.  The undifferentiated regions all showed tumor necrosis as well as similar 
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morphology of sheet-like proliferation of monomorphoric round cells with patches that 

have underwent cellular discohesion and are rhabdoid-like.  Mitotic activity was also high 

in the undifferentiated component with an average mitotic rate of 49 MF/10 HPF. 

The average age at diagnosis was 61 years for patients with 

SMARCA4/SMARCB1-deficient DDEC only slightly younger or similar to patients with 

SMARCA4/SMARCB1-intact DDEC or grade 3 endometrioid carcinomas, respectively.  

Notably, 47% of DDEC patients presenting with SMARCA4/SMARCB1 deficient DDEC 

possessed stage 2-4 disease which is much higher than the 33% of 

SMARCA4/SMARCB1 intact DDEC patients and 23% of patients diagnosed with grade 3 

endometrioid carcinoma.  70% of DDEC patients received adjuvant therapy (radiation 

therapy and/or chemotherapy) compared to 83% of patients with grade 3 endometrioid 

carcinoma. DDEC has worse disease-specific survival when compared to FIGO grade 3 

endometrioid carcinoma [Figure 2.4].  No significant disease specific survival was found 

between DDEC cases based on SMARCA4/SMARCB1 presence or absence in the 

undifferentiated regions of these tumors [Figure 2.4].  
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Figure 2.4. Kaplan-Meier survival analysis showing decreased disease-specific 
survival in review-confirmed DDEC tumors (n=30) compared to FIGO grade 3 
endometrioid carcinomas (n=31).   
 
2.2.2. Consistent absence of PAX8 and ER expression in molecularly defined 

DDEC. 

Early investigations of the undifferentiated regions of DDEC neoplasms, revealed 

loss of markers of gynecological differentiation such as PAX8 and ER but was not carried 

out in the context of SWI/SNF inactivation (6).  Therefore, twenty previously described 

SMARCA4 or SMARCB1 deficient dedifferentiated endometrial carcinomas were 

examined.  Of those 20, 15 had absent SMARCA4 nuclear immunostaining in the 

undifferentiated component but had retained SMARCA4 expression in the corresponding 

endometrioid component. The other 5 DDEC tumors had absent SMARCB1 nuclear 

expression in the undifferentiated component compared to the intact expression of 

SMARCB1 in the differentiated regions. SMARCA4 and SMARCB1 loss was mutually 

exclusive.  30% of patients presented with extrauterine spread.  There were no distinctive 

histological differences between SMARCA4/SMARCB1 intact and SMARCA4/SMARCB1 

deficient DDEC tumors. 65% of the DDEC tumors in this study were MMR deficient with 
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the majority 9 cases possessing concurrent MLH1 and PMS2 loss, 3 with PMS2 

deficiency alone and 1 with simultaneous MSH2 and MSH6 deficiencies. 

Immunostaining for PAX8, ER and p53 was performed.  In 95% (19/20) of DDEC 

cases profiled, PAX8 was expressed in the differentiated endometrioid component [Table 

2.2 & Figure 2.5]. Similarly, ER was determined to be expressed in the endometrioid 

component of 89% (16/18) of DDEC tumors [Table 2.2 & Figure 2.5].  PAX8 expression 

could be characterized as diffuse and strong when positive whereas ER immunostaining 

was more variable in intensity.  The undifferentiated components of all 20 tumors did not 

exhibit positive nuclear staining for either PAX8 or ER [Table 2.2 & Figure 2.5].  Internal 

positive controls of endometrial glands and corresponding differentiated components with 

the same tumor demonstrate that the lack of staining was not due to any technical issues 

during the immunohistochemistry staining process.  Wildtype nuclear p53 staining was 

observed for both the differentiated and undifferentiated components in all but one tumor 

[Table 2.2 & Figure 2.5].  Notably, greater p53 staining was frequently observed within 

the undifferentiated components of the DDEC cases examined [Figure 2.6]. One tumor 

possessing a grade 3 endometrioid component uniquely also had completely lost nuclear 

p53 staining in both the differentiated and undifferentiated portions of the DDEC 

neoplasm.  This tumor had intact MMR protein expression, lacked PAX8 and ER 

expression in both components. The loss of p53 is most likely attributable to inactivating 

TP53 mutations in both the undifferentiated and differentiated components.  
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Figure 2.5. PAX8, ER and p53 immunostaining in SMARCA4 or SMARCB1-deficient 
dedifferentiated endometrial carcinomas. A) SMARCA4 deficient tumor showing ER 
expression in the endometrioid component but absent ER expression in the 
undifferentiated portion.  B) SMARCA4 deficient tumor with PAX8 expression in the 
endometrioid component but absent PAX8 expression in the undifferentiated portion.  C) 
Both the differentiated and undifferentiated components of this SMARCA4-deficient 
DDEC neoplasm showed wild-type p53 staining.  
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Figure 2.6. p53 immunostaining in SMARCA4/SMARCB1 intact dedifferentiated 
endometrial carcinomas.  A) H&E stained SMARCCA4/SMARCB1 intact DDEC 
neoplasm. B)  SMARCCA4/SMARCB1 intact DDEC tumor with wild-type p53 staining 
pattern in the endometrioid component but diffuse/strong nuclear staining pattern in the 
undifferentiated region.  
 
 

A series of SMARCA4/SMARCB1 intact and grade 3 endometrioid carcinomas 

were also stained for PAX8, ER and p53.  33% of SMARCA4 and 20% of SMARCB1 

intact DDEC tumors stained positive for PAX8 and ER [Table 2.2]. Notably, half of the 

ten patients with PAX8 and ER loss in the undifferentiated component of their DDEC 

lesions, died of their disease with four out of the five patients succumbing to disease 

within one year of initial diagnosis.  Close to half of the SMARCA4/SMARCAB1 intact 

DDEC displayed a mutated p53 staining signature in contrast to the findings obtained for 

the SMARCA4/SMARCB1 deficient DDECs [Table 2.2].  The grade 3 endometrioid 
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carcinomas were found to have concurrent absence of PAX8 and ER in 39% of the cases 

assessed [Table 2.2], 

Table 2.2. Summary of PAX8, ER and p53 immunostaining results. P-values 
displayed were derived from likelihood ratio tests. 
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2.2.3. Concurrent inactivation of ARID1A and ARID1B in DDEC tumors 

demonstrates another mechanism whereby loss of SWI/SNF complex proteins 

likely contributes to cellular dedifferentiation.  

As only half of the DDEC tumors we examined possessed loss of chromatin 

remodeling proteins SMARCA4 or SMARCB1 within the regions possessing 

undifferentiated histology, we were curious if as has been discovered in numerous other 

gynecological cancers, mutations in other SWI/SNF complex subunits could explain 

presence of dedifferentiation in the remaining cases. The study group assessed included 

40 DDEC tumors of which 18 SMARCA4 or SMARCB1 deficient had previously been 

examined. Previously, 18 of the tumors were found to lack SMARCA4 or SMARCB1 

expression in the undifferentiated region while retaining expression in the intact 

component.  The median age at time of diagnosis was 62 years and nearly one third of 

these patients had experienced extrauterine spread. Those with FIGO stage 3 or 4 

disease died within one year from their initial diagnosis.  The differentiated regions of all 

these tumors were endometrioid in type and low grade (1 or 2) in nature in 38 of the 40 

endometrial cases.  By targeted sequencing we examined additional genes specifically 

making up the SWI/SNF complex (ARID1A, ARID1B, ARID2, PBRM1, PHF10, 

SMARCA2, SMARCC1 and SMARCC2) and inactivating mutations to ARID1A were 

found to be present in 12 of the abovementioned cases [Figure 2.7 & Supplemental 

Table 2.1]. From the 22 cases that were SMARCA4 and SMARCB1 intact, inactivating 

mutations to either ARID1A or ARID1B were observed in 15 and 10 tumors, respectively 

[Figure 2.8 & Supplemental Table 2.1].  Close to 60% of ARID1A mutations and 50% 

of ARID1B mutations were considered frameshift with the remaining percentages 
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constituted of nonsense mutations to these SWI/SNF complex subunits [Supplemental 

Table 2.1]. Nearly 50% of the DDEC cases where SMARCA4/SMARCB1 immunostaining 

was evident, concurrent ARID1A and ARID1B mutations were present in the 

undifferentiated component [Figure 2.8].  Markedly, if SMARCA4 or SMARCB1 

deficiency existed within a tumor, no concurrent ARID1A/B inactivation mutations were 

also harboured by those regions [Figure 2.7].  Furthermore, none of the cases possessed 

ARID1B inactivating mutations without ARID1A inactivating mutations [Figure 2.8].  
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Figure 2.7. Lack of concurrent ARID1A and ARID1B co-inactivation in a subset of 
DDEC cases. Both mutations present or sequencing results and protein expression or 
IHC results are summarized here for the SMARCA4/SMARCB1 deficient cohort (n=18). 
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Figure 2.8. Concurrent ARID1A and ARID1B co-inactivation in a subset of DDEC 
cases. Both mutations present or sequencing results and protein expression or IHC 
results are summarized here for the SMARCA4/SMARCB1-intact cohort (n=22). 
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Concurrent ARID1A and ARID1B mutations whether they be frameshift or 

nonsense are incredibly rare.  At the time this study had been published, a survey of the 

Catalogue of Somatic Mutations in Cancer (COSMIC) database revealed 3 of 631 

endometrial carcinomas of endometrioid histotype possess coexisting ARID1A/ARID1B 

inactivating mutations. This frequent finding of co-inactivation of both ARID1A and 

ARID1B in the undifferentiated region of DDEC tumors, led us to evaluate their protein 

expression levels by immunohistochemistry.  8 of the 10 ARID1A/ARID1B co-mutated 

DDEC tumors showed absence of ARID1A nuclear immunostaining in both the 

endometrioid and the undifferentiated components [Figure 2.9]. The remaining two 

tumors had only lost expression of ARID1A within the undifferentiated component. 

ARID1B expression was found to be intact in all the endometrioid components of the 10 

tumors but completely absent in the undifferentiated component [Figure 2.9].  
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Figure 2.9. Concurrent absence of ARID1A and ARID1B expression in 
ARID1A/ARID1B co-mutated DDEC. A) Absent ARID1A expression in the tumor cells 
comprising both the undifferentiated and differentiated carcinoma components. B) 
ARID1B expression was intact in the differentiated component but was absent in the 
undifferentiated tumor component.   
 

Of the 10 ARID1A/ARID1B co-deficient tumors, 8 exhibited MMR protein 

deficiency by immunohistochemistry. The most common being concurrent MLH1 and 

PMS2 loss in seven cases and 2 with MSH2 and MSH6 loss. From a clinical perspective, 

patients with DDEC wherein ARID1A and ARID1B were inactivated were of a median age 

of 57 years and 30% of those patients presented with higher stage (FIGO stage 3-4) 

disease.  Thereby, a similar degree of aggressiveness in clinical behavior was observed 

for both ARID1A/ARID1B co-inactivated DDEC tumors and SMARCA4/SMARCB1 

inactivated DDEC lesions [Figure 2.10]. Approximately 50% of patients in both groups 

we discovered and defined, succumbed to disease within 2 years of their initial diagnosis 

[Figure 2.10].   
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Figure 2.10. Kaplan-Meier disease-specific survival analysis comparing the 
different genetic subgroups of DDEC.  ARID1A/B co-inactivated DDEC patients 
showed similarly aggressive clinical behavior compared with SMARCA4 or SMARCB1-
inactivated DDEC cases (p=0.15).  
 

From a histological standpoint, there are no distinctive differences in tumor 

morphology between those tumors where ARID1A and ARID1B are lost or SMARCA4 or 

SMARCB1 are absent in the undifferentiated component.  Additionally, the 

undifferentiated components in the majority of ARID1A/ARID1B coinactivated DDEC 

tumors also lack PAX8 and ER protein immunostaining. Only 2 of the 12 DDEC tumors 

showed focally retained PAX8 expression and absence of ER expression in the 

undifferentiated component.          

2.2.4. Emergence of epithelial-to-mesenchymal transition and stem cell like 

signatures in the undifferentiated portions of DDEC tumors. 

        Our observation of a high percentage of cases exhibiting a loss of PAX8 and ER 

positive immunostaining that coincided with an absence of SWI/SNF proteins was 

intriguing and suggested that inactivation of core members of the SWI/SNF chromatin 

remodeling complex may lead to significant disruptions in transcriptional regulation.   
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While the number of samples limited extensive analyses, a targeted NanoString gene 

expression profiling assay revealed a list of genes differentially expressed between the 

undifferentiated and differentiated endometrioid portions of a subset of DDEC tumors.  

Using a nominal p-value of 0.05 as the cut-off, 109 genes were differentially expressed 

[Figure 2.11.A].  23 genes were found to more highly expressed in the undifferentiated 

regions of DDEC neoplasms while 86 genes were found to be downregulated when 

compared to the low-grade endometrioid DDEC components [Figure 2.11.A].  Some of 

the notable genes more upregulated in the endometrioid regions of SMARCA4-deficient 

DDEC and therefore were found to a lesser extent in the undifferentiated portions were 

CD24, CDH1, CLDN3, CLDN7, TJP3 and LEFTY1 [Figure 2.11.B].  Interestingly, more 

present in the undifferentiated component of DDEC cases with SMARCA4 loss was Sox2, 

a marker of stemness that was also validated at the protein level by 

immunohistochemistry [Figure 2.11C].  
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Figure 2.11 Differential gene expression observed between the undifferentiated and 
differentiated regions of 4 SMARCA4-deficient DDEC tumors. A) Volcano plot 
showing the transcriptional changes between the undifferentiated and endometrioid 
components of DDEC cases. B) Fold change values for a subset of downregulated and 
upregulated genes in the undifferentiated regions of DDEC neoplasms. C) 
Immunohistochemical validation of Sox2 wherein Sox2 expression was intact in the 
undifferentiated component but was absent in the differentiated tumor component.   
   
 

To account for patient-to-patient variation, we also plotted for each individual case 

studied, the fold change indicative of gene expression level variations between the 

endometrioid and undifferentiated portions of individual tumors [Figure 2.12].  Several 

gene expression signatures associated with tumor progression particularly, migration, 

invasion and metastasis were evident in this way.  Transcription factors linked to EMT 

(ZEB1/2, Twist1, Snail2) were found to be more highly expressed in the undifferentiated 

components of DDEC tumors lacking SMARCA4 expression than their endometrioid 

counterparts [Figure 2.12A]. Markers of a more mesenchymal phenotype such as 

Vimentin and N-cadherin were also upregulated in the undifferentiated regions of the 
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majority of DDEC tumors we examined.  Additionally, Claudins 3, 4, 7 and E-cadherin 

critical for cell-cell contact in epithelial cells were expressed at substantially higher levels 

in the endometrioid components of DDEC tumors than the regions that exhibited cellular 

dedifferentiation [Figure 2.12A & Figure 2.12B].  Furthermore, several genes associated 

with cancer stem-like cells were discovered to be dysregulated in DDEC in addition to 

Sox2 upregulation in the undifferentiated regions.  Sox17 and CD24 were found to be 

significantly downregulated in the undifferentiated portions of the four DDEC cases we 

examined while BMP7 was found at higher levels in the same dedifferentiated areas 

[Figure 2.12C].       

 



 101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.12. Fold change gene expression changes comparing the undifferentiated 
component of individual DDEC tumors to the differentiated component of the same 
neoplasm. A) Genes associated with EMT. B) Genes classified as extracellular matrix. 
C) Stem-cell associated genes.  
 
2.3. Discussion   

Through targeted sequencing and immunohistochemical validation we determined 

that loss of SMARCA4 or SMARCB1 is associated with histologic dedifferentiation in half 

of the DDEC tumors we examined.  The emergence of inactivating (frameshift and/or 

nonsense) mutations unique to the undifferentiated component agrees with the 

hypothesis that undifferentiated component represents a form of tumor progression from 

the pre-existing low-grade endometrioid carcinoma.  A report featuring a single case also 
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showed loss of SMARCA4 expression by immunohistochemistry in the undifferentiated 

component with retained SMARCA4 expression in the endometroid component (12).  

Stewart et al., examined the expression of SMARCA4, SMARCB1 and MMR protein in 

17 DDEC cases (13).  Within their series they observed only 3 of 17 cases (18%) with 

SMARCA4 loss in the undifferentiated region and 1 of 17 cases with SMARCB1 

deficiency in both the differentiated and the undifferentiated region of the tumor (13).  One 

possible explanation as to why we observed such a higher frequency of SMARCA4 loss 

in our cohort includes not only the difference in sample size but also the histological 

inclusion criteria as well.  In our study, half of the cases originally diagnosed as DDEC 

were reclassified as FIGO grade 3 endometrioid carcinomas so that no tumors with 

cohesive solid architecture in the undifferentiated region or spindled epithelial 

components were considered as DDEC.  The importance of this reclassification was 

highlighted in our findings that centrally reviewed cases of DDEC displayed worse 

disease specific survival than tumors reclassified to FIGO grade 3 endometrioid 

carcinomas. Improved molecular understanding of DDEC therefore is required to remove 

subjectivity from the diagnosis.  Unfortunately, while SMARCA4/SMARCB1 deficiency 

may be used to confirm the diagnosis of DDEC in some cases, intact expression of either 

SWI/SNF protein does not exclude the possibility of a DDEC diagnosis. Abnormal MMR 

immunostaining also does not necessarily support the diagnosis of DDEC as 63% of the 

FIGO grade 3 endometrioid carcinomas initially diagnoses as DDEC in our study were 

found to be MMR deficient as well.  

An increasing number of cancers have been reported to harbor mutations to 

SWI/SNF chromatin remodeling complex proteins including several rare tumor types.  
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These rare tumors include rhabdoid tumors of the brain, kidney, small cell carcinoma of 

the ovary – hypercalcemic type and a subset of pancreatic undifferentiated carcinoma all 

of which have been shown to possess mutations to either SMARCA4 or SMARCB1 and 

share common pathological features which include undifferentiated, highly proliferative 

cells (14-23). Renal cell carcinoma with dual SWI/SNF protein deficiency (SMARCA4 and 

SMARCB1) has been discovered and classified as a dedifferentiated tumor (24).  Lung 

cancer exhibiting SMARCA4 loss together with SMARCA2 loss is associated with a poorly 

differentiated morphology and more aggressive disease behavior (25, 26). A growing 

number of malignancies are demonstrating that deficiency in core members of the 

SWI/SNF complex such as SMARCA4 or SMARCB1 may predispose pre-existing low 

grade tumor cells carcinomas to cellular dedifferentiation.  It remains to be tested in the 

context of DDEC if loss of SWI/SNF components may predict their response to classes 

of drugs that regulate epigenetic modifications.  The high frequency of MMR deficiency in 

our study of DDEC suggests that a hypermutating molecular background predisposes 

molecular events such as SMARCA4 inactivation that in turn induce dedifferentiation to 

take place. Further work will need to address the exact effects SMARCA4/SMARCB1 

inactivation has in the context of endometrial carcinomas.   

Immunohistochemistry was utilized to examine the expression patterns of PAX8, 

ER and p53 in SMARCA4/SMARCB1 deficient DDEC cases and compare the staining 

results to those of SMARCA4/SMARCB1 intact DDECs and grade 3 endometrioid 

carcinomas as well. While the differentiated endometrioid components displayed PAX8 

and ER expression in the great majority of the cases within our series, consistent absence 

of PAX8 and ER immunostaining was evident in the undifferentiated components of all 



 104 

DDECs. Even though, ER expression can vary across tumor subtypes, our observation 

of frequent PAX8 and ER expression in the differentiated portions of DDEC aligns with 

the fact that these two nuclear transcription factors are vital to the development and 

function of the endometrium, respectively (27-30).  Spatially, the loss of PAX8 and ER 

positive immunostaining coinciding with the absence of SMARCA4 or SMARCB1 is 

intriguing and suggests that inactivation of core members of the SWI/SNF chromatin 

remodeling complex may lead to significant disruptions in transcriptional regulation.  

Transcriptional dysregulation could be a major contributing factor to the loss of PAX8 and 

ER expression in the undifferentiated components of DDEC tumors.  Additionally, PAX8 

and ER deficiency provides immunohistochemical support for cellular dedifferentiation 

such that low grade PAX8 and ER positive endometrioid tumors progress to become 

histologically and immunophenotypically undifferentiated in some regions. It is important 

to note though that the expression levels of PAX8 and ER can be influenced by a 

multitude of factors beyond SMARCA4 and SMARCB1 and that a large portion of the 

SMARCA4/SMARCB1 intact DDEC tumors and grade 3 endometrioid carcinomas lacked 

PAX8 and/or ER expression in either the undifferentiated components or more solid 

areas. Our work was the first to incorporate an additional defining molecular feature, 

SMARCA4/SMARCB1 inactivation, which distinguished it from previously published 

studies examining the expression of PAX8 and ER in DDECs that did not conclusively set 

a biologically definitive, objective molecular reference (5, 6).  As histologic diagnosis of 

DDEC can be difficult, our findings in both histologically typical and molecularly defined 

DDEC cases propose that loss of PAX8 and ER expression is a fundamental 

phenomenon associated with dedifferentiation.  Our findings together with those 



 105 

previously reported suggest that retained PAX8 and ER expression in the undifferentiated 

component of DDEC are uncommon. Mutations to TP53 are probably not involved in the 

development or progression of dedifferentiation in DDEC as all but one 

SMARCA4/SMARCB1 deficient tumor displayed wildtype p53 immunostaining in both 

components. Unique to the case with aberrant p53 staining was that it was the only tumor 

with grade 3 endometrioid carcinoma as the differentiated component.  It seems that the 

loss of p53 staining in this case appears to have been the result of an acquisition of a 

TP53 mutation prior to SMARCA4 inactivation.  Prior to our work, only two other studies 

had evaluated TP53 mutation status in DDEC (2, 6).  Kuhn et al., and Ramalingam et al., 

found higher frequencies of mutation pattern p53 staining with 33 and 26% of DDEC 

cases respectively displaying aberrant p53 expression (2, 6).  Our findings on 

SMARCA4/SMARCB1 intact DDEC wherein 47% of cases displayed mutation pattern 

p53 staining in the undifferentiated portions and wildtype p53 immunostaining in the 

differentiated component hints at the possibility that mutations to TP53 could in part 

contribute to dedifferentiation or facilitate the growth of the undifferentiated component in 

these cases. However, additional molecular insights are needed to better understand the 

biology underlying both SMARCA4/SMARCB1-intact and deficient DDECs and to define 

their relationship with one another.     

We demonstrated that concurrent ARID1A/ARID1B mutations and subsequent 

loss of protein expression account for a quarter SWI/SNF chromatin remodeling protein 

loss in DDEC cases.  Altogether our work demonstrated that inactivation of SWI/SNF 

complex proteins is found in about 70% of DDEC. While mutations to ARID1A that result 

in inactivation are common particularly within the gynaecologic tract, ARID1B mutations 
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are much less prevalent (31, 32).  Based on their assumed functionality, concurrent 

inactivation that results in loss of both ARID1A and ARID1B is expected to abrogate the 

chromatin remodeling function of the SWI/SNF complex due to inability to bind and target 

DNA in the absence of ARID subunits.  It would mean that a different set of DNA-binding 

subunits would have to be functional in SWI/SNF complexes to support the loss of both 

ARID1A and ARID1B in a subset of DDEC tumors.  Depletion of ARID1B in an ARID1A 

deficient cancer is most often reported in literature in the context of promoting synthetic 

lethality.  In ovarian cancer lacking ARID1A, knockdown of ARID1B leads to suppressed 

in vitro growth and reduced colony formation ability (33).  Synthetic lethality is not an 

absolute phenomenon though and is heavily dependent on the background cellular and 

molecular context (34).  This is like other clinical observations in cancer where 

SMARCA4/SMARCA2 co-inactivation can be tolerated in some tumors and is in direct 

disagreement with data collected in vitro (35-38).  In addition to molecular and cellular 

context, timeframe may be an important factor in influencing what mutations evolve and 

what cellular pathways become synthetically lethal.  Our clinical data demonstrated that 

ARID1A and ARID1B co-deficiency did not impair the ability of the DDEC tumors to grow 

and disseminate in patients. Similar as to what was witnessed with 

SMARCA4/SMARCB1-inactivated DDEC, 75% of ARID1A/ARID1B co-inactivated DDEC 

were MMR protein deficient. This association is particularly intriguing as there are only 

two other tumor types where mutations to both ARID1A and ARID1B mutations are 

tolerated: gastric adenocarcinoma and right-sided colonic adenocarcinoma both of which 

are likely MMR protein-deficient/microsatellite-unstable tumors (39, 40). In DDEC, it 

appears as if ARID1A loss precedes ARID1B loss, leading us to the hypothesis that 
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ARID1A inactivation in a MMR protein deficient cancer clone might facilitate the 

acquisition of additional and necessary molecular aberrations to enable the emergence 

of ARID1A/ARID1B co-deficient undifferentiated subclones.  Functional studies will need 

to address if and how ARID1A and ARID1B loss contribute to cellular dedifferentiation 

and what additional corroborating molecular alterations are needed. ARID1A and ARID1B 

loss though appears to represent a major alternate mechanism to SMARCA4 or 

SMARCB1 inactivation in the progression of endometrioid carcinoma to DDEC.    

Finally, our pilot targeted gene expression profiling study comparing the 

undifferentiated components of clinical DDEC tumors to the differentiated endometrioid 

regions in the same neoplasm further supports our earlier work positing that transcription 

dysregulation underlays dedifferentiation in the context of endometrial carcinoma.  We 

demonstrated for the first time, additional phenotypic features of DDEC that if in the future 

are validated on a larger series of cases could potentially be used in conjunction with 

existing histological and immunophenotypic features to further improve diagnosis.    When 

the SMARCA4-deficient tumors were assessed together, a substantial number of genes 

were discovered at lower levels within the undifferentiated areas of DDEC tumors. Loss 

of E-cadherin, a mediator of cell-cell adhesions, has been associated with a loss of 

epithelial morphology and thus an increased propensity for cancer cells to metastasize 

(41, 42).  Patients diagnosed with DDEC often exhibit extrauterine spread and loss of E-

cadherin has been implicated in promoting metastasis in lung, breast and ovarian cancer 

(42-44).  There are numerous manners in which E-cadherin expression is lost in cancer 

(45, 46).  Many epithelial-based malignancies have been shown to have reduced E-

cadherin expression through epigenetic mechanisms and transcriptional inactivation of 
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E-cadherin through alterations in the methylation status of the promoter region have even 

been implicated in the development of endometriosis (46-48).   Interestingly, E-cadherin 

expression can also be repressed through the binding of the transcription factor ZEB1 to 

the E-cadherin promoter and this interaction has been shown to be mediated by 

SMARCA4 (49). Future work will need to examine what mechanisms are responsible for 

downregulation of E-cadherin in the undifferentiated regions of DDEC neoplasms.  

Claudin 4, another important protein involved in epithelial cell-cell contact, continually 

emerges as being found to a lesser extent in the undifferentiated portion when compared 

to the endometrioid components of DDEC tumors (50). Subtypes of cancers with very 

poor prognosis such as luminal breast cancer and aggressive bladder and gastric cancer 

are emerging which are not only characterized by low claudin-3, -4 and -7 expression but 

also exhibit enrichment of qualities of stemness and EMT (51, 52).  We also observed an 

increase in various proteins involved in EMT suggesting that the undifferentiated regions 

of DDEC neoplasms were more mesenchymal than their more epithelial, differentiated 

endometrioid counterparts.  In ovarian cancer, it has been demonstrated that reduction in 

claudin protein levels enhances tumor growth and metastasis and may influence E-

cadherin expression levels (53).  Again, mechanistic studies with an appropriate model 

of DDEC may reveal the interplay between these different molecular players and their 

overall contributions to the acquisition of dedifferentiation within an endometrial 

carcinoma.   

Our comparison of the undifferentiated regions of DDEC tumors lacking SMARCA4 

expression versus the SMARCA4-intact differentiated components across a small 

number of patient samples also strikingly revealed the emergence of a cancer stem cell 
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phenotype where endometrial cancer cell dedifferentiation has taken place.  Upregulation 

of Sox2 is considered a hallmark of cancer stem cells across tissue types due to its role 

as a transcriptional activator and repressor that in turn influences cells’ ability to 

reprogram themselves (54-63). Deregulation of Sox2 has also been consistently linked to 

EMT due to its ability as a transcription factor to regulate the expression levels of many 

drivers of EMT (54, 63-68). Sox2 positive tumors cells often constitute a small portion of 

overall heterogenous tumors as seems to be the case in DDEC too (69).  Other indications 

of a more stem cell like state being acquired by the undifferentiated portions of DDEC 

was less expression of CD24 and Sox17 and higher amounts of BMP7.  Low expression 

of the cell surface protein, CD24 has been implicated in breast and colorectal cancer 

progression and adoption of a more mesenchymal nature in oral squamous carcinoma 

especially in combination with high CD44 expression (70-73).  As both high and low levels 

of CD24 have been associated with stem like properties continued characterization of the 

undifferentiated regions of DDEC will be required prior to the adoption of these markers 

as definitive indicators of the presence of a population of stem like cells in these 

heterogenous tumors.  Recently, Sox17 in the context of endometrial cancer was shown 

to behave as a tumor suppressor capable of modulating Wnt signalling, therefore a loss 

of Sox17 as observed in the undifferentiated portion of DDEC neoplasms, might be 

associated with the increased aggressive nature of this subpopulation of cells as cellular 

proliferation would be less regulated in the absence of Sox17 (74).  Future studies will 

require a closer look at Sox17 inactivation in the undifferentiated components of DDEC 

cases as there is evidence that it is silenced at the epigenetic level through methylation 

of its promoter (75-77).  The bone morphogenetic protein, BMP7, a part of the TGFβ 
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superfamily is implicated in regulation of pluripotency (78, 79).  In ovarian cancer cells, 

overexpression of BMP7 led not only to increased proliferation and acquisition of an EMT 

gene signature but reduction of BMP7 levels also reduced the migration and invasion 

capabilities of OC cells (80).  It should also be noted that higher levels of BMP7 in OC 

cell lines was associated with increased resistance to chemotherapy (80).  Even from this 

pilot gene expression profiling experiment, several possible candidates to further 

distinguish between the components of DDEC were discovered that warrant further 

investigation and validation in larger cohorts of DDEC patient samples.  It will also be of 

interest to better understand cellular dedifferentiation in numerous cancer types to also 

elucidate the molecular mechanisms underlying some of the gene expression changes 

uncovered from this preliminary study of DDEC.  
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Figure 2.13.  Summary of Chapter 2 results. In terms of the undifferentiated 
component, proteins found to either be expressed at high levels or mutated and/or absent 
are noted.    
 
2.4. Methods  

2.4.1. Study Samples:  

For Karnezis et al., 8 dedifferentiated endometrial carcinomas were included in the 

index series and 22 cases were studied in the validation series.  The cases for Karnezis 

et al. were obtained from the pathology archives at Vancouver General Hospital 

(Vancouver, Canada), Calgary Laboratory Services (Calgary, Canada), Royal Alexandra 

Hospital (Edmonton, Alberta), The Ottawa Hospital (Ottawa, Canada) and Memorial 

Sloan Kettering Cancer Center (New York, United States).  The Coatham et al. study 
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included 19 SMARCA4/INI1-intact dedifferentiated endometrial carcinomas and 24 

SMARCA4/INI1-deficient cases.  The Hoang et al. study had 20 DDEC cases with 

SMARCA4 or INI1 loss in the undifferentiated component and 15 SMARCA4/INI1 intact 

DDECs as determined by immunohistochemistry. Samples were acquired from Calgary 

Laboratory Services (Calgary, Canada), Royal Alexandra Hospital (Edmonton, Alberta), 

Memorial Sloan Kettering Cancer Center (New York, United States) and King Edward 

Memorial Hospital (Perth, Australia). All cases were found to possess the morphologic 

features described in (81).  All the endometrial carcinomas in these studies were 

hysterectomy specimens.     

2.4.2. Targeted Gene Panel Sequencing Analysis and Validations:  

Tumor tissue cores (0.6 mm) from formalin-fixed paraffin-embedded blocks were 

obtained for each case from the endometrioid and the undifferentiated components 

separately if possible. Areas were chosen to maximize the amount of histologically viable 

tumor. Normal tissue distant from the endometrial carcinoma was used for comparison.  

The DNA from tissue cores was extracted using the formalin-fixed paraffin-embedded 

tissue DNA extraction kit (Qiagen) according to the manufacturer’s protocol.  Initially, in 

Karnezis et al., an Illumina custom TruSeq amplicon panel was designed within Illumina’s 

Design Studio to include 1173 amplicons covering 98% of the untranslated regions 

(UTRs) and exons of the following 26 recurrently mutated genes in gynecological 

carcinomas: AKT1, ARID1A, FBXW7, FGR2, JAK1, KRAS, MLH1, MSH2, MSH6, NRAS, 

PIK3CA, PIK3R1, PIK3R2, PMS2, POLE, PPP2R1A, PTEN, RNF43, RPL22, SMARCA4, 

STK11, SPOP, TPF2, FOXL2, CTNNB1 and BRAF. In Coatham et al., custom targeted 

sequencing panel (Illumina TruSeq) was also designed but covered 99% of the exons 
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and untranslated regions of 10 genes specifically making up the SWI/SNF complex 

(ARID1A, ARID1B, ARID2, PBRM1, PHF10, SMARCA2, SMARCA4, SMARCB1, 

SMARCC1 and SMARCC2).  Custom amplicon (533 at 175 bp) libraries were generated 

using 250 ng DNA and following the TruSeq Library Preparation protocol as in (82).  Prior 

to pooling at equal concentrations, normalization was achieved by quantifying the 

individual libraries using the Qubit fluorometer.  Pooled libraries were quantitated for 

amplifiable libraries with the FAST qPCR SYPR quantification kit (Kapa Biosystems).  The 

Illumina MiSeq was used to sequence the Pooled TruSeq libraries using 300 cycle V2 

kits.  Analysis was completed with the MiSeq Reporter and somatic variant caller software 

3.2.3.0.  In Coatham et al., 95% of the amplicons had coverage in the 36 tumor samples 

of greater than 50-fold.  Frameshift, nonsense or indel mutations were identified only upon 

passing a quality filter with at least 10% variant allele frequency and were further validated 

by direct Sanger sequencing using primer sets targeting the regions surrounding the 

mutations and manual inspection of bam files with Integrated Genome Viewer (IGV).  The 

corresponding genomic sequences were assessed to normal tissue to ascertain the 

somatic/germline status of discovered mutations.   

2.4.3. Immunohistochemistry:  

Analysis was performed on whole tissue sections from hysterectomy specimens.  

Slides were processed using the Ventana Discovery XT, Ventana Benchmark XT and 

Benchmark Ultra automated systems (Ventana Medical Systems). Incubation of the slides 

with SMARCA4 (clone EPNCIR111A, ab11064, Abcam) was done at a 1:25 dilution.  

Sections were scored by two pathologists with tumors scored as positive for SMARCA4 

if nuclei showed diffuse, moderate or strong staining. Tumors were determined to be 
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SMARCA4 deficient if nuclei were absent of staining in the presence of an internal positive 

control (nuclear staining of stromal fibroblasts, endothelial and/or inflammatory cells. 

ARID1A/B immunohistochemical analysis was accomplished with a Dako Omnis 

Autostainer (DAKO Canada ULC) and Bond polymer refine (Leica Microsystems) was 

used for the detection system.  Slides were incubated with antibodies specific to ARID1A 

at a concentration of 1:200 (HPA005456, Sigma) and ARID1B (clone 2D2, H00057492-

MO1, Abnova) at a dilution of 1:100.  Intact expression was claimed for ARID1A/B if nuclei 

were stained and expression absent if nuclei remained unstained in the presence of 

internal positive control immunoreactivity.  

To detect PAX8 or ER, unstained slides were subjected to heat induced antigen 

retrieval with Cell Conditioning solution (CC1-Tris based EDTA buffer, pH 8, Ventana). 

The mouse monoclonal antibody to PAX8 was clone BC12 (ACI 438, Biocare Medical) 

while rabbit monoclonal antibody specific for ER was clone SP1 (RM-9101, Thermo 

Fisher Scientific).  Using Ventana antibody diluents, primary antibody incubations were 

performed for 1 hour at 37 degrees Celsius at concentrations of 1:100 and 1:25, for PAX8 

and ER, respectively. Ventana Universal Secondary Antibody was applied for 25 minutes 

at 37°C. The detection system utilized was the Ventana DABMap kit for ER.  Only 

moderate to strong nuclear staining was considered positive for both PAX8 and ER 

immunostaining. Differentiated and undifferentiated components were assessed 

separately, and tumors were considered PAX8 or ER-negative only if there was adequate 

nuclear staining of internal positive control tissue.  

 For mismatch repair proteins (MLH1, MSH2, MSH6 and PMS2) the primary 

antibodies and staining methods were the same as that reported previously (83, 84).  
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2.4.4. Nanostring Gene Expression Profiling:  

Gene expression profiling was conducted on 4 matched FFPE DDEC tissue 

samples collected from Calgary Laboratory Services (Calgary, Canada) and Royal 

Alexandra Hospital (Edmonton, Alberta). The PanCancer Progression panel contains 770 

genes including 30 reference genes.  The processes included within this panel are 

associated with epithelial-mesenchymal transition, extracellular matrix remodeling, 

metastasis, and angiogenesis.  RNA was extracted from both the undifferentiated and 

differentiated components of formalin-fixed, paraffin embedded DDEC tumor tissue (3-6 

cores) after deparaffinization using the FFPE RNA extraction kit (Roche). RNA 

concentrations were determined using Bioanalyzer and 100 ng of total RNA were 

hybridized with fluorescently barcoded 3’ biotinylated capture and 5’ reporter probes for 

each target at 65°C overnight. Samples were processed on the NanoString nCounter 

Digitial Analyzer (NanoString Technologies) to count the digital barcodes representing 

the number of transcripts.  Analysis of the raw NanoString data was accomplished using 

nSolver Analysis Software v4.0 (NanoString Technologies).  Background signals from 

probe was determined using the average count of the 8 negative control probes in each 

reaction.  Raw counts were then further normalized to the geometric mean of 6 internal 

positive controls. Fold change estimation was achieved through two tailed Student’s t-

tests when cases were considered as replicates with the undifferentiated components 

considered sample and the differentiated regions the reference group.  Differential 

expression was called when cases were examined individually based on the known 

confidence limits at that expression count level.    
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3 
Characterization of cell-line based models with chromatin remodeling protein 
deficiencies that recapitulate dedifferentiated endometrial cancer 
 
3.1. Introduction  
 

DDEC while a rare neoplasm, constituting less than 10% of all endometrial cancer 

cases, possesses a nearly 100% fatality rate when diagnosed as stage III or IV disease 

(1).  These dismal outcomes have been exasperated by a lack of cell line and xenograft 

models requisite to illuminate therapeutic targets in DDEC. Moreover, models wherein 

one may test the dependencies between the differentiated and dedifferentiated 

components have not been developed.  The establishment of model systems amenable 

to experimental manipulation is necessary to ascertain the roles of SWI/SNF proteins in 

cellular dedifferentiation in the context of endometrial carcinoma.  Engineered bacterial 

nucleases have spurred the development of genome editing technologies with the 

capability of directly targeting and modifying genomic sequences in eukaryotic cells (2, 

3).  The advent of this technology has allowed for the determination of the contribution of 

genetics to disease by bringing about the creation of more cellular and animal models of 

pathological processes (2, 3). All applications begin with the generation of DSBs by 

nucleases and in the case of functional gene knockouts, NHEJ-mediated repair is desired 

due to its tendency to introduce errors (3-7).  Much like RNA interference, delivery of 

editing machinery in vitro to immortalized cell lines in concert with the action of NHEJ, 

can generate loss of function mutations and permanent inactivation of single or multiple 

genes (3, 8). Most prevalent of the genome editing technologies as of late is the type II 

CRISPR/Cas9 system (9).  Several delivery strategies have been devised for genome 

editing with the CRISPR/Cas9 platform (3). Firstly, a plasmid based CRISPR/Cas9 
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strategy was utilized wherein a plasmid encoding for both the Cas9 protein and single 

guide RNA (sgRNA) is designed and subsequently transfected (10-12).  Later 

developments, taking advantage of the fact that gene editing results in permanent 

changes in the genome, sought to accomplish CRISPR-mediated editing though Cas9 

protein/sgRNA ribonucleoprotein (RNP) complexes (13).  It should be noted that 

regardless of CRISPR gene editing methodology, constitutive expression or high stability 

of Cas9 nuclease and/or sgRNA and therefore subsequent accumulation of off-target 

activity may be undesirable when generating clonal cell lines for a phenotypical study of 

a specific gene knockout (13).  Within this chapter, we perform extensive characterization 

of cell line derived models of DDEC that were generated in two MMR protein deficient 

endometrial cancer cell lines using Cas9 and sgRNA delivered via plasmid and RNP 

methods. We ascertained how loss of SMARCA4 in DNA MMR-deficient HEC 116 and 

HEC 59 EC cells contributes to their functional characteristics both in in vitro and in vivo. 

We show how we recapitulated the clinical phenotype of cellular dedifferentiation in 

endometrial cancer and the potential role of SMARCA4 as a chromatin remodeling protein 

in this process. Taken as a whole, this work represents the first models of DDEC 

generated and the comprehensive analyses of these SMARCA4 intact and SMARCA4 

deficient EC cell lines aids in piecing together the mechanisms underlying the acquisition 

of plasticity and heterogeneity in this subset of lethal endometrial cancer cases.     
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3.2. Results 
 
3.2.1. Mismatch repair protein deficient endometrial cancer cells exhibit hallmarks 

of well-differentiated carcinomas and possess intact SMARCA4 protein 

expression. 

In 2013, extensive characterization at the genomic, transcriptomic, and proteomic 

level of hundreds of endometrial carcinomas using array and sequencing based 

technologies, resulted in the eventual categorization of neoplasms of the endometrium 

into four categories including microsatellite instable hypermutated (MSI-H) EC (14).  MMR 

deficiency was predominant in the clinical DDEC cases previously examined by our group 

(1, 15, 16).  To choose the most appropriate genetic background in which to develop cell-

line based models that would most closely resemble DDEC in patients, we characterized 

several commercially available endometrial cancer cell lines.  Interestingly, MMR was 

also extremely prevalent amongst the twelve endometrial cancer cell lines we examined 

with eight of the twelve displaying characteristics of microsatellite instability.  The two cell 

lines, HEC 116 and HEC 59, we chose to derive SMARCA4 deficient cell line models of 

DDEC in shared several features with the MSI endometrioid tumors reported earlier (14).  

Specifically, they lacked mutations in FBXW7 and PP2R1A [Figure 3.1A].  Additionally, 

HEC 59 EC cells possessed mutations in ARID1A and TP53 [Figure 3.1A].  By 

immunohistochemistry, even in the absence of mutations, HEC 116 does not express 

ARID1A [Figure 3.1B].             

We further examined HEC 116 and HEC 59 cells in the context of cellular 

proliferation and survival through phospho-kinase arrays wherein activation states of 

various signalling pathways could be ascertained.  Upon serum starvation, in both MMR-
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deficient EC cell lines but especially HEC 59, proteins associated with the Wnt signalling 

pathway exhibited elevated phosphorylation levels [Figure 3.2A].  Phosphorylation levels 

measured as relative immunoblot intensities, of various STAT transcription factors were 

high in both EC cell lines, specifically STAT3 in HEC 116 cells subjected to serum 

starvation [Figure 3.2B].  Observed to some extent with both EC cell lines but particularly 

with HEC 116 cells was that serum starvation induced increased phosphorylation levels 

of several kinases within the AKT and ERK signalling pathways [Supplemental Figure 

3.1].  
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Figure 3.1. Summary of the molecular features and mutational profiles of  
commercial endometrial cancer cell lines. A) Mutations present in HEC 59 or HEC  
116 EC cells discovered by targeted sequencing are highlighted in red.  B) Absent  
ARID1A expression in parental HEC 116 EC cells.  Scale bar = 100 µM. 
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Figure 3.2. Activation of Wnt and STAT family kinases in mismatch repair protein 
deficient endometrial cancer cell lines HEC 116 and HEC 59. Quantitative analysis of 
phosphokinase antibody array blots using lysates of serum starved HEC 116 and HEC 
59 EC cells.  Data consists of two technical replicates.  Activated proteins in these EC 
cell lines following serum starvation included A) Wnt related signaling molecules and B) 
STAT3. 
 

Having established that HEC 116 and HEC 59 EC cell lines exhibited activation of 

numerous signalling pathways known to play a role in endometrial cancer development, 

we also demonstrated the high-grade nature of these endometrial cancer cell lines 

through immunostaining for the gynecological differentiation marker, PAX8 (17).  Both 

HEC 116 and HEC 59 EC cells have retained PAX8 expression in addition to the 

SWI/SNF CRC subunit, SMARCA4 [Figure 3.3].   
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Figure 3.3. Mismatch repair protein deficient endometrial cancer cell lines HEC 116 
and HEC 59 possess high levels of both SWI/SNF CRC subunits and gynecological 
differentiation markers.  Immunofluorescent staining followed by confocal microscopy 
revealed ample expression of both SMARCA4 and PAX8. Scale bar = 10 µM.  
 
3.2.2. Generation of SMARCA4-deficient endometrial cancer cell lines by CRISPR 

gene editing. 

Two different CRISPR methodologies were employed to induce frameshift 

mutations in SMARCA4 that would lead to loss of protein in endometrial cancer cells 

through the introduction of premature stop codons, thereby modelling what we observe 

in clinical cases of DDEC.  Targets within the second exon of SMARCA4 were chosen as 

the multitude of isoforms reported for this protein appear to retain this region of the gene 

[Supplemental Figure 3.2]. Initially, an “all-in-one” plasmid was used which contains 

both the genetic code for Cas9 as well as the guide RNA sequence specific to SMARCA4 

[Figure 3.4]. Single cell-derived clones were generated and screened for mutations by 

droplet digital PCR (ddPCR) as described in Findlay et al. prior to further validation by 
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cloning and sequencing of the target region [Figure 3.4] (18).  HEC 116 Plasmid Derived 

SMARCA4 knockout (KO) cells consisted of 2 clones with biallelic mutations and a 

wildtype (WT) clone that possessed no mutations to the target site but had been through 

the gene editing workflow [Figure 3.5].  The SMARCA4 status of the mixed KO clones 

was validated at the protein level by immunohistochemistry [Figure 3.8A].  The 

development of a gene editing tool from IDT, claiming to reduce off-target effects was 

explored as another way to obtain functional knockouts of SMARCA4 [Figure 3.4]. 

Briefly, ribonucleoprotein complexes containing recombinant Cas9 protein, trans-

activating CRISPR RNA (tracrRNA) and CRISPR guideRNA (cRNA) specific to 

SMARCA4 were utilized, leading to the attainment of two RNP-derived SMARCA4 

deficient cell line models in HEC 116 and HEC 59 [Figure 3.4]. Two wildtype clones make 

up both the HEC 116 and HEC 59 SMARCA4 intact populations while one clone and four 

clones with biallelic inactivation of SMARCA4 were found in HEC 59 and HEC 116 

endometrial cancer cells, respectively [Figure 3.6 & Figure 3.7]. Confirmation of these 

RNP-derived cell line models at the protein level was accomplished in a similar manner 

as with the HEC 116 Plasmid Derived SMARCA4 KO and WT cells [Figure 3.8B & Figure 

3.8C].  All knockout clones are predicted to have premature stop codons introduced as a 

direct result of frameshift mutations to SMARCA4, located in the disordered region 

preceding the HSA domain [Supplemental Figure 3.2].    
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Figure 3.4. Schematic outlining the CRISPR workflows employed to derive EC cell 
lines lacking SMARCA4 expression.  Firstly, target cell lines were transfected with 
either the Cas9+gRNA expression plasmid or an RNP complex consisting of Cas9 plus a 
cRNA/tracRNA duplex.  Next, gene edited cells were enriched by cell sorting and 
expanded as single clones prior to screening by ddPCR.  Adapted from (18). 
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Figure 3.5. HEC 116 Plasmid Derived SMARCA4 knockout EC cells contain 
frameshift mutations upon CRISPR gene editing. A)  One of the two clones possessed 
alleles with either one or four nucleotides missing. B)  The other clone constituting the 
mixed HEC 116 Plasmid Derived SMARCA4 deficient cells also has alleles that when 
repaired by NHEJ resulted in two or seven nucleotide deletion events.   
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Figure 3.6. HEC 116 RNP Derived SMARCA4 knockout EC cells contain frameshift 
mutations upon CRISPR gene editing. A) Unlike the plasmid-derived cell line model of 
DDEC, one of the four clones had alleles when sequenced that were found to have 
undergone either a one nucleotide insertion event or a twenty-six-nucleotide deletion.  B)  
Similar to the knockout clone 1 comprising the HEC 116 RNP Derived SMARCA4 
deficient cells, this clone was discovered to harbor alleles with either one nucleotide 
inserted, or thirteen nucleotides deleted.  C) HEC 116 SMARCA4 deficient knockout clone 
3 that is RNP derived is unique in that by NHEJ it was repaired to have either a one 
nucleotide insertion or deletion in SMARCA4 introduced. D) Both alleles for knockout 
clone 4 were revealed by sequencing to harbor deletions of two nucleotides within the 
coding region of SMARCA4.  
 

 
 

 

 

 

 

 

Figure 3.7. HEC 59 RNP Derived SMARCA4 knockout EC cells contain frameshift 
mutations upon CRISPR gene editing. A single clone possessing similar genetic 
alterations to one of the HEC 116 RNP Derived SMARCA4 knockout clones was 
discovered and found to have one allele containing a single nucleotide insertion and a 
twenty-six nucleotide deletion on the second allele.  
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Figure 3.8. SMARCA4 immunostaining verified absence of protein upon 
introduction of frameshift mutations by CRISPR gene editing.  Absence of nuclear  
SMARCA4 signal is evident in the mixed SMARCA4 KO clones when compared to their 
mixed SMARCA4 WT counterparts.  Similar phenomenon was observed for all three of 
the following sequence confirmed derivations of DDEC: A) HEC 116 Plasmid Derived, B) 
HEC 116 RNP Derived, and the C) HEC 59 RNP Derived model.  Scale bar = 100 µM.  
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3.2.3. In vitro SMARCA4 deficiency in MMR deficient EC cells recapitulates some 

features of clinical DDEC.  

Having successfully obtained endometrial cancer cell lines lacking SMARCA4 

expression, we began extensive functional characterization of all three models particularly 

focused on hallmarks of cancer such as proliferation, invasion, and plasticity (19).  First, 

we examined the expression of several genes between the paired SMARCA4 knockout 

and wildtype cell lines with an emphasis on those associated with epithelial-to-

mesenchymal transition, stemness, and endometrial development. Regardless of the 

CRISPR gene editing methodology utilized, in HEC 116 EC cells lacking SMARCA4 

expression, levels of E-cadherin expression are reduced [Figure 3.9A & Figure 3.9B]. 

Additionally, gene expression levels of Oct4 increase in the absence of SMARCA4 protein 

in HEC 116 EC cells [Figure 3.9A & Figure 3.9B].  ER loss, a feature of clinical DDEC 

cases was only witnessed in the HEC 116 Plasmid Derived model with SMARCA4 

knocked out and the same phenomenon was not apparent in the HEC 116 RNP Derived 

SMARCA4 KO cells [Figure 3.9A & Figure 3.9B].  The HEC 59-derived model on the 

other hand did not exhibit partial EMT nor acquisition of stemness in a similar fashion as 

the gene edited HEC 116 EC cells, even though examination of cycle threshold (CT) 

values indicated baseline expression levels of E-cadherin to be within the same range. 

Baseline expression of ER on the other hand, was determined to be undetectable or well 

below 35 in HEC 59 EC cells regardless of SMARCA4 status [Figure 3.9C]. The decrease 

in N-cadherin and Sox2 expression present in HEC 59 EC cells lacking SMARCA4 

expression though indicates that absence of SMARCA4 substantially alters the gene 

expression program of these cancer cells [Figure 3.9C].   
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Figure 3.9.  HEC 116 EC cells lacking SMARCA4 expression exhibit gene 
expression changes resembling the undifferentiated SMARCA4 deficient regions 
of DDEC patient neoplasms.  Quantitative real time PCR analysis of A) HEC 116 
Plasmid Derived B) HEC 116 RNP Derived and C) HEC 59 RNP Derived EC cells for 
select markers of EMT (E-cadherin, N-cadherin), gynecological function (ER), and 
stemness (Oct4, Sox2). At least three SMARCA4 KO biological replicates depicted as 
colored circles were normalized to paired WT samples and represented as log2 fold 
changes.    
 

Functional examination of the derived DDEC cell line models was executed next 

particularly focusing on their ability to form tumorspheres and self-renew as well as their 

capacity to grow independent of anchorage.  Sphere formation assays were carried out 

with both SMARCA4 intact and SMARCA4 deficient EC cell lines.  Regardless of the cell 

line and the way it was propagated, cells lacking SMARCA4 expression were less able to 

form spheres than their wildtype counterparts [Figure 3.10].  The spheres formed from 

SMARCA4 knockout HEC 116 and HEC 59 EC cells in minimal media were significantly 

smaller in size. They also manifested an altered morphology, being more grape-like than 

spheroidal in appearance [Figure 3.10].  While HEC 116 cells form fewer first-generation 

spheres regardless of the CRISPR methodology used to derive them originally, HEC 59 

cells could form enough first generation spheres that self-renewal could be tested by 

second and tertiary sphere formation experiments.  While the number of spheres formed 
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from HEC 59 WT EC remained relatively consistent with each passing generation, the 

number of spheres formed from HEC 59 RNP Derived SMARCA4 KO EC cells increased 

in later generations, particularly when fewer cells were plated [Figure 3.11].  Colony 

formation in agar was undertaken to quantify the tumorgenicity of our cell-line models of 

DDEC and cell proliferation was measured using trypan blue exclusion assays  (20, 21). 

Both HEC 116 and HEC 59 EC cells lacking SMARCA4 expression formed fewer colonies 

than EC cells retaining SMARCA4 [Figure 3.12].  Notably, only endometrial cancer cells 

lacking SMARCA4 expression derived using RNP-based CRISPR methodology 

consistently proliferated slower than their paired SMARCA4 intact EC cells when grown 

in conventional 2D cultures [Figure 3.13].  

 

 

 

 

 

 

 



 138 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

Figure 3.10. Endometrial cancer cells with absent SMARCA4 expression are 
significantly less capable of sphere formation than EC cells with intact SMARCA4 
protein levels.   Limiting dilution sphere formation assays were carried out using A) HEC 
116 Plasmid Derived, B) HEC 116 RNP Derived, and C) HEC 59 RNP Derived SMARCA4 
KO and WT EC cells. Decreasing concentrations of single cell suspensions were seeded 
in low attachment plates and grown in minimal media for up to two weeks. Multiple t-tests 
confirmed the presence of any significant difference in sphere forming capabilities (***= p 
< 0.001. ** = p < 0.01. * = p < 0.05). Data consists of eight technical replicates from three 
independent biological replicates depicted as white-colored shapes.  Representative 
images of spheres are featured on the right. Scale bar = 1000 µM.  
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Figure 3.11. HEC 59 endometrial cancer cells with absent SMARCA4 expression are 
more capable of self-renewal upon secondary and tertiary sphere formation.   
Limiting dilution sphere formation assays were carried out using HEC 59 RNP Derived 
SMARCA4 KO and WT EC cells. Decreasing concentrations of single cell suspensions 
were seeded in low attachment plates and grown in minimal media for up to two weeks.  
Second and third generation spheres were formed by dissociating the spheres from the 
previous generation into single cells. Multiple t-tests confirmed the presence of any 
significant difference in sphere forming capabilities (** = p < 0.01. * = p < 0.05). Data 
consists of eight technical replicates from three independent biological replicates depicted 
as white-colored shapes.  
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Figure 3.12. Endometrial cancer cells with absent SMARCA4 expression are less 
capable of anchorage independent growth.   Soft agar experiments were carried out 
utilizing A) HEC 116 Plasmid Derived, B) HEC 116 RNP Derived, and C) HEC 59 RNP 
Derived SMARCA4 KO and WT EC cells. 1000 cells/well were seeded in a layer of 0.7% 
agarose-containing media and incubated for up to two weeks. Multiple t-tests confirmed 
the presence of any significant difference in colony forming capabilities (** = p < 0.01. * = 
p < 0.05). Representative images of colonies are shown on the right. Values in the graphs 
represent the mean and standard deviation from ten fields of view across three replicate 
experiments depicted as white-colored shapes.  Scale bar = 200 µm. 
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Figure 3.13. RNP Derived but not Plasmid Derived SMARCA4 deficient EC cells 
grow slower than their wildtype counterparts. A) 7500 SMARCA4 KO and WT cell 
lines were plated and counted by Trypan Blue daily over a growth period lasting 12 days.  
Data consists of three technical replicates represented as individual-colored shapes from 
two independent biological replicates.  Filled black rectangles with error bars represent 
the mean and standard deviation of the SMARCA4 KO and WT technical replicates, 
respectively.  B) Doubling times with 95% confidence intervals were calculated upon 
fitting the cell number data with non-linear regression curve fits, specifically the 
exponential growth equation in GraphPad Prism.  
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3.2.4. In vitro SMARCA4 deficient cell line models of DDEC exhibit properties of 

senescence. 

     Based on the clinical evidence that SMARCA4 alters differentiation-associated 

gene expression programs, we had hypothesized that that loss of SMARCA4 would 

induce a more aggressive stem-like phenotype, thus our findings in terms of a lack of self-

renewal, proliferation and anchorage independent growth were surprising.  To better 

understand the behavior of SMARCA4 knockout EC cells in vitro, we compared the 

transcriptomes and secretomes of HEC 116 and HEC 59 SMARCA4 knockouts to those 

obtained from their WT counterparts.  Bulk RNA-sequencing found a significant shift in 

the transcriptome upon loss of SMARCA4 in serum starved HEC 116 Plasmid Derived 

cells.  The bulk transcriptomic data clustered distinctly based on their SMARCA4 status 

[Supplemental Figure 3.3].  Notably, a relatively even number of transcripts were up and 

down-regulated in the absence of the chromatin remodeling protein, 1680 and 1761, 

respectively [Figure 3.14A].  Transcripts downregulated upon SMARCA4 knockout 

include those that would encode proteins associated with estrogen response as well as 

the extracellular matrix and adherens junctions of epithelial cells [Figure 3.14B].  

Corroborating with some of our earlier qRT-PCR findings, some of the most dysregulated 

genes in the absence of SMARCA4 were downstream targets of Zeb1 like CDH1, CDH3 

and EPCAM [Figure 3.14].  Genes upregulated in SMARCA4 knockout EC cells were 

found to be related to cell cycle progression, response to hypoxia and properties of 

stemness.  Many of the upregulated transcripts in HEC 116 SMARCA4 deficient EC cells 

though, were proteins that are considered hallmarks of cellular senescence, such as 

interferon responsive genes in addition to TNF signalling [Figure 3.14B]. 
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Figure 3.14. Lack of SMARCA4 expression in endometrial cancer cells leads to 
upregulation of gene expression programs associated with cellular senescence.  
A) Volcano plot analysis of modulated cellular pathways wherein log fold change 
comparing HEC 116 SMARCA4 KO EC cells to HEC 116 SMARCA4 WT EC cells was 
plotted against the log of the p-values. Filled black dots are not significant while filled red 
circles indicate a fold change greater than 1 and significance less than 0.05. B) 
Correlation Adjusted Mean Rank (Camera) gene set testing confirmed activation of a 
senescence signature in conjunction with a reduction in expression of ZEB1 pathway 
components such as E-cadherin.  
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Next, due to the pathways that we expected to change based on our transcriptome 

data, we examined the secretome rather than the whole proteome of gene edited EC 

cells.  Mass spectrometry performed on serum-free conditioned media from our various 

cell line models of DDEC identified on average over 300 proteins that were significantly 

different between SMARCA4 knockout and wildtype conditioned media.  A relatively 

similar number of proteins were found to be upregulated or downregulated regardless of 

the pair of EC cell lines studied [Figure 3.15]. Within the proteomics data of both HEC 

116 cell line models of DDEC, we detected significantly lower E-cadherin expression, a 

marker also shown to be reduced in clinical DDEC [Figure 3.15] (22). ALDH1A1, a 

stemness associated marker in cancers of the breast and ovary, was discovered at 

elevated levels within the conditioned media from HEC 116 Plasmid Derived SMARCA4 

KO EC cells [Figure 3.15] (23, 24).  To evaluate which pathways and processes differ 

when SMARCA4 is lost in endometrial cancer cells, gene set enrichment analysis was 

executed using the Molecular Signatures Database (MSigDB).  Several gene sets with 

nominal p-values ≤0.05 were identified, with a subset also within the recommended false 

discovery rate (FDR) cut-off of 0.25 [Tables 3.1-3.3].  Among the gene sets found to be 

enriched (positive normalized enrichment score (NES)) were inflammatory response 

(Hallmark) in HEC 116 Plasmid Derived SMARCA4 KO EC cells and interferon response 

and signaling (Browne and Reactome, respectively) in HEC 59 RNP Derived SMARCA4 

KO EC cells [Table 3.1 & Table 3.3].  Proteins included in these gene sets include 

integrins, interleukins, TIMP1 among others and have been reported to characterize the 

SASP of epithelial cells (25).  Other notable gene sets significantly downregulated in both 

HEC 116 SMARCA4 KO DDEC cell line models, was CDH1 targets (Onder) and unique 
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to the RNP Derived HEC 116 SMARCA4 KO EC cells, estrogen response late gene sets 

(Hallmark) [Table 3.1 & Table 3.2]. 
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Figure 3.15. Substantial differences in the secretomes of EC cells based on their 
SMARCA4 status was observed across all cell line models of DDEC. Volcano plot of 
log2 fold changes in label free quantification (LFQ) intensities (KO vs. WT) revealing a 
substantial number of differentially expressed proteins. Proteins significantly elevated in 
the conditioned media of SMARCA4 KO cells are colored in red while proteins found at 
significantly reduced levels in the conditioned media of SMARCA4 KO cells are shown in 
blue.  The top 20 differently expressed genes are labeled in black.  
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Table 3.1. Gene sets enriched in HEC 116 Plasmid Derived SMARCA4 deficient and 
intact endometrial cancer cell lines.  Red bolded rows indicate limited gene sets with 
FDR q-values less than 0.25. 
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Table 3.2. Gene sets enriched in HEC 116 RNP Derived SMARCA4 deficient and 
intact endometrial cancer cell lines. Red bolded rows indicate limited gene sets with  
FDR q-values less than 0.25. 
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Table 3.3. Gene sets enriched in HEC 59 SMARCA4 deficient and intact endometrial 
cancer cell lines. Red bolded rows indicate limited gene sets with FDR q-values less  
than 0.25. 
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To validate the senescence associated changes to the secretome and 

transcriptome we discovered by omics approaches we examined various other features 

of senescence. Cellular senescence is defined as a state of proliferative arrest that is not 

only characterized by inhibition of cell proliferation, but also increased β-galactosidase 

activity, and cell cycle arrest due to the accumulation of cyclin-dependent kinase inhibitors 

like p21 (26-28).  Higher numbers of cells were found to be positively stained for β-

galactosidase within all three of the DDEC models lacking SMARCA4 expression [Figure 

3.16]. Another marker of senescence, p21 was found to be more highly expressed but 

only within the HEC 59 RNP Derived SMARCA4 KO EC cells [Figure 3.17].  Another 

common trait of senescent cells is widespread epigenetic resetting most notably the 

formation of areas of heterochromatin referred to as senescence-associated 

heterochromatin foci (SAHF) that are necessary for cellular adaptation (28, 29).  SAHF 

exhibit enrichment of histone H3 lysine 9 trimethylation (29, 30).   Western blot analysis 

revealed higher levels of H3K9me3 in all the models of DDEC we derived in HEC 116 EC 

cells [Figure 3.17]. Analysis of histone mark expression by immunofluorescence 

corroborated the western blot studies with H3K9me3 levels found to be elevated in both 

HEC 116 plasmid and RNP based SMARCA4 KO EC cells [Figure 3.18A & Figure 

3.18B].    
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Figure 3.16. Endometrial cancer cells with absent SMARCA4 expression are more 
senescent than their SMARCA4 intact counterparts. Senescence associated β-
galactosidase staining of serum-starved A) HEC 116 Plasmid Derived, B) HEC 116 RNP 
Derived, and C) HEC 59 RNP Derived SMARCA4 KO and WT EC cells.  Percentage of 
positive cells from 6 randomly selected fields is depicted as white-colored shapes with 
error bars indicating standard deviation. Multiple t-tests revealed significant discoveries 
with ****= p <0.0001. ***= p < 0.001. ** = p < 0.01. * = p < 0.05. Representative images 
with a few positive cells highlighted by arrows are shown on the right.  Scale bar = 50 µm. 
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Figure 3.17. Lack of SMARCA4 expression in endometrial cancer cells increases 
levels of proteins associated with senescence. Western blot analysis revealed 
increased amounts of H3K9me3 in HEC 116 SMARCA4 KO cells generated by CRISPR 
gene editing.  HEC 59 SMARCA4 deficient EC cells possess higher levels of p21 than 
SMARCA4 intact HEC 59 cells. Blots are representative of three independent biological 
replicates. Densitometry allowed for the obtainment of ratios of band intensity relative to 
SMARCA4 WT samples (mean ± standard deviation).    
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Figure 3.18. Lack of SMARCA4 expression in HEC 116 endometrial cancer cells 
leads to higher expression of the repressive chromatin mark H3K9me3.  Merged 
confocal images of A) HEC 116 Plasmid Derived, B) HEC 116 RNP Derived, and C) HEC 
59 RNP Derived EC cells stained with H3K9me3 (green) and DAPI (blue). Quantitative 
analysis of immunostaining was achieved through Imaris by dividing the sum of H3K9m3 
signal intensity of each cell over the volume of the cell within two fields of view. Multiple 
t-tests revealed significant discoveries with ****= p <0.0001.  Scale bar = 10 µm.  
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3.2.5. Serial passaging of SMARCA4 deficient EC cells in vivo results in formation 

of DDEC-like tumors with mixed histology. 

As SMARCA4 loss alone in vitro was insufficient in bringing about the more 

aggressive phenotype observed in clinical DDEC, we turned to in vivo studies to examine 

both tumor growth and tumor histology from our cell line models of DDEC.  Multiple 

experimental tumor systems have demonstrated increased malignancy upon serial 

transfers (31, 32).  Prolonged exposure of cancer cells to selective forces within an 

organism such as hormones and growth factors is believed to be influential (32).  To 

select for more stem-like populations of cells, we employed a serial passaging technique, 

where tumors were dissociated into single cell populations and reinjected into a new 

generation of mice [Figure 3.19].   

 

 

 

 

 

 
Figure 3.19.  Schematic outlining in vivo serial passaging process that resulted in 
formation of DDEC tumors with mixed histology from SMARCA4 deficient EC cell 
lines. 
 



 156 

Following the first injection, the absence of SMARCA4 typically resulted in slower 

tumor growth [Figure 3.20].  This especially was evident with the HEC 59 model wherein 

10 millimeter neoplasms were only reached with HEC 59 SMARCA4 deficient EC cells 

six months post implantation compared to the two months observed with SMARCA4 intact 

EC cells.  With each passing generation though, the rate of tumor formation from EC cells 

lacking SMARCA4 became more like their wildtype counterparts [Figure 3.20]. Upon only 

two generations of serial passaging, differences in tumor histology could be witnessed 

with HEC 116 Plasmid Derived SMARCA4 KO tumors forming tumors with both 

endometrioid and undifferentiated components [Figure 3.21].  On the other hand, HEC 

116 Plasmid Derived SMARCA4 WT tumors could be characterized as being of a fully 

differentiated histology [Figure 3.21].  Accordingly, the undifferentiated regions of the 

second generation HEC 116 Plasmid Derived SMARCA4 KO displayed reduced levels of 

PAX8 and an absence of E-cadherin [Figure 3.21]. In contrast, the well differentiated 

regions retained PAX8 and E-cadherin to levels observed in wild type HEC 116 tumors 

[Figure 3.21]. It should be noted that RNP-derived tumors regardless of cell line did not 

form any appreciable glands or ducts and HEC 59 RNP Derived SMARCA4 KO cells 

never quite caught up to HEC 59 RNP Derived SMARCA4 WT tumor growth 

[Supplemental Figure 3.4].  Accumulation of mutant p53 in pancreatic cancer has been 

linked to tumor cells overcoming growth arrest or senescence and an increased 

propensity to metastasize (33).  Immunohistochemical staining patterns in terms of 

percent positive cells were not quantified but observationally nuclear p53 staining was 

witnessed for both the early and late SMARCA4 intact HEC 116 Plasmid Derived tumors 
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but elevated p53 staining was observed within the undifferentiated components of third 

generation HEC 116 Plasmid Derived SMARCA4 deficient tumors [Figure 3.22].  

 

 
 
 
 
 

 
 

 

 
 

 
 
Figure 3.20. HEC 116 Plasmid Derived EC cells lacking SMARCA4 expression 
initially form tumors at a slower rate but with serial passaging the difference in 
tumor growth between cells regardless of SMARCA4 status was negligible.  Three 
million cells were implanted subcutaneously in NOD.Cg-PrkdcscidIl2rg (NSG) mice and 
allowed to grow to 10 mm prior to serial passaging. Tumor size was determined from 
caliper measurements.  Filled black rectangles with error bars represent the median tumor 
volume and standard deviation of the SMARCA4 KO and WT replicates, respectively.  
Data consists of three mice represented as individual-colored shapes.  
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Figure 3.21. PAX8 and E-cadherin immunostaining in HEC 116 Plasmid Derived 
tumor tissue.  H&E stained SMARCA4 KO EC tumor highlighting a region where 
glandular and ductal formation is absent. Reduced levels of nuclear PAX8 expression 
were evident in tumors formed from HEC 116 Plasmid Derived SMARCA4 KO EC cells.  
Clear absence of cytoplasmic E-cadherin within the undifferentiated regions of HEC 116 
Plasmid Derived tumors originating from SMARCA4 deficient cells. Scale bar = 200 µm. 
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Figure 3.22. Alterations in p53 expression levels occur upon dedifferentiation of 
plasmid derived SMARCA4 deficient endometrial cancer cells in vivo. SMARCA4 
KO EC tumor highlighting an undifferentiated region where higher levels of nuclear p53 
expression was evident after successive serial passaging. 
 

Cultured cells from third generation HEC 116 Plasmid Derived SMARCA4 KO 

tumors (KO F3 cell-line derived xenograft (CDX)) also exhibited less expression of PAX8 

and ER transcripts than the SMARCA4 deficient tumor cells originating from early 

generations in the serial passaging process [Supplemental Figure 3.5]. When these 

third generation serially passaged tumor cells were assessed for their sphere forming 

capabilities, the cells lacking SMARCA4 expression displayed inconsistent results with 

one occasion showing no difference in sphere formation despite SMARCA4 status and 

another round demonstrating reduced sphere formation with SMARCA4 KO [Figure 

3.23].  It should be noted though that SMARCA4 intact HEC 116 Plasmid Derived EC 
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also presented varying degrees of sphere formation upon exposure to serial passaging.  

This work suggests that the very act of serial passaging can increase sphere forming 

capacity regardless of SMARCA4 status.  While the grape-like morphology of the 

SMARCA4 knockout spheres formed from cultured serially passaged tumor cells did not 

change substantially from that of the spheres originating from unpassaged HEC 116 

Plasmid Derived EC cells, irrespective of the attempt, KO F3 CDX cells were more 

capable of sphere formation than unpassaged HEC 116 SMARCA4 deficient EC cells.      

 
 

 

 

 
 

 
Figure 3.23.  Serially passaged SMARCA4 deficient tumor cells from a model of 
DDEC generated by plasmid-based CRISPR form variable amounts of spheres 
across experiments.   Limiting dilution sphere formation assays were carried out using 
third generation HEC 116 Plasmid Derived SMARCA4 KO and WT EC cell lines that had 
been cultured in vitro. Decreasing concentrations of single cell suspensions were seeded 
in low attachment plates and grown in minimal media for up to two weeks. Multiple t-tests 
confirmed the presence of any significant difference in sphere forming capabilities (** = p 
< 0.01. * = p < 0.05). Data consists of eight technical replicates from three independent 
biological replicates depicted as white-colored shapes.  Representative images of 
spheres are featured on the right. Scale bar = 1000 µM. 
 

Another feature of SWI/SNF deficient DDEC in patients, is that these tumors with 

undifferentiated components are frequently refractory to conventional chemotherapy such 

as carboplatin (1).  To assess the response of our gene edited cell line models of DDEC 

to platinum-based therapies, mice harbouring either HEC 116 Plasmid Derived 
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SMARCA4 knockout or wildtype CDX tumors were treated with vehicle (phosphate 

buffered saline (PBS)) or carboplatin (60 mg/kg).  Mice were dosed every week for a total 

of five weeks apart from one week break, starting 14 days post CDX implantation.  In 

addition to final tumor weight being significantly lower, tumor growth of carboplatin treated 

SMARCA4 intact tumors was reduced, albeit not significantly compared to vehicle 

treatment [Figure 3.24].  SMARCA4 deficient tumors exposed to carboplatin in the end, 

weighed as much as their vehicle treated counterparts and grew faster than wildtype 

tumors suggesting SMARCA4 KO tumor bearing mice were less responsive to carboplatin 

[Figure 3.24].  Collectively, all this data suggests the emergence of the clinical DDEC 

phenotype as characterized by mixed histology, gene expression changes to markers of 

epithelial differentiation, increased sphere forming abilities and therapy resistance, are a 

direct result of selective pressure in vivo.  
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Figure 3.24. Effect of carboplatin treatment on HEC 116 Plasmid Derived DDEC 
tumor growth and tumor weight. A) Tumor area of HEC 116 Plasmid Derived 
SMARCA4 KO and SMARCA4 WT tumors and subjected to carboplatin treatment over 
time. Data consists of one independent round of experimentation (n=6) with white-colored 
shapes representing any of the tumors originating from the carboplatin treated group and 
filled black shapes for tumors from the vehicle treated mice. Box plots shown in have 
whiskers that indicate variability outside the upper and lower quartiles. Statistical 
differences between the tumor growth curves on various days were calculated in 
GraphPad Prism using nonparametric conditions and Kolmogorov-Smirnov t-tests.  B)  
HEC 116 Plasmid Derived SMARCA4 KO and SMARCA4 WT tumor weight upon excision 
at experimental endpoint. Data consists of one independent round of experimentation 
(n=6) with white-colored shapes representing any of the tumors originating from the 
carboplatin treated group and filled black shapes for tumors from the vehicle treated mice. 
T-tests revealed no significant difference between treatment groups except for SMARCA4 
WT tumor volume upon treatment with carboplatin. ***= p < 0.001. 
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Finally, in more well-characterized SMARCA4 deficient neoplasms such as 

SCCOHT and non-small-cell lung cancer (NSCLC), concurrent inactivation of SMARCA2 

is prevalent (15, 34). SMARCA2 is mutually exclusive with SMARCA4, acting as an 

ATPase catalytic subunit within the SWI/SNF chromatin remodeling complex (35).  We 

used immunoblotting to assess SMARCA2 levels in the HEC 116 Plasmid Derived model 

of DDEC.  Examination of lysates from both frozen tumors and cultured dissociated tumor 

cells revealed consistently higher SMARCA2 protein levels in SMARCA4 deficient 

samples when compared to their SMARCA4 intact counterparts irrespective of the extent 

of passaging [Figure 3.25].  In the HEC 116 Plasmid Derived model of DDEC, SMARCA2 

appears to compensate for the absence of SMARCA4, leaving the question remaining as 

to what the remaining defining features or drivers of DDEC are and if they are shared with 

other SWI/SNF deficient neoplasms.     
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Figure 3.25. Increased SMARCA2 expression levels in SMARCA4 deficient EC cells 
are irrespective of passaging. A) Western blot analysis showed a marked increase in 
SMARCA2 levels when comparing either SMARCA4 KO unpassaged or cultured third 
generation tumor cells to similarly treated cells with absent SMARCA4 expression. B) 
Higher levels SMARCA2 expression were seen with SMARCA4 deficient EC cells when 
immunoblotting was performed on tumor lysates from both early and later generations. 
Blots are representative of one independent biological replicate. Densitometry allowed for 
the obtainment of ratios of band intensity relative to SMARCA4 WT samples.  
 
 
3.2.6. SMARCA4 deficient endometrial cancer cells undergo a shift in chromatin 

accessibility and gene expression profiles with loss of AP-1 transcription factors 

acting as a potential driver of dedifferentiation in vivo. 

Having demonstrated in vivo that SMARCA4 deficient ECs can recapitulate 

properties of clinical DDEC, we were curious as to what expression programs might be 

accompanying the histological changes we observed.  It is already well established that 

clinical DDEC with its mixed phenotype exhibits a degree of cellular heterogeneity 

therefore we employed single-cell RNA (scRNA) and single-cell Assay of Transposase 

Accessible Chromatin (scATAC) sequencing approaches to study the heterogeneity 
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within the HEC 116 Plasmid Derived cell line model of DDEC.  Major contributors to 

heterogeneity in the context of cancer usually include genetic diversity and epigenetic 

plasticity (36).  Tumors are comprised of many genetic states which give rise to numerous 

epigenetic landscapes, which in turn can be subjected to phenotypic transitions (36).  Our 

use of CRISPR gene editing also provided the unique opportunity to study tumor evolution 

from a relatively homogenous starting population.  To capture the dedifferentiating cell 

population within our SMARCA4 deficient EC cells, we analyzed HEC 116 Plasmid 

Derived tumor cells from later generations in the serial passaging workflow comparing 

them to unpassaged cells and profiling them with the 10X Genomics Chromium system 

[Figure 3.26 & Figure 3.27].   
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Figure 3.26. Schematic outlining the timepoints within the in vivo serial passaging 
process SMARCA4 deficient and intact EC cell lines were taken for single cell 
sequencing. 
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Figure 3.27. Schematic outlining the Chromium droplet-based platform for single 
cell sequencing from 10X Genomics.  Briefly, droplet-based instruments can 
encapsulate single cells (shown in blue) for RNA-sequencing or for ATAC-sequencing, 
nuclei subjected to transposition by Tn5 (featured in red) in individual partitions. Within 
these Gel Bead-In Emulsions (GEMs) all the necessary reagents are present for either 
reverse transcription or linear amplification depending on the type of assay, in addition to 
molecular tagging.  Third generation tumor cells were acquired by dissociation of multiple 
F2 EC tumors followed by mouse and dead cell depletion.   
  
 

On average for each of the 4 samples we examined, approximately 6000 cells 

passed extensive quality control post data processing using the Cell Ranger pipeline. 

Upon unbiased clustering using Seurat, distinct cell states or types were not easily 

identifiable based on expression levels of markers amongst the unpassaged non-tumor 

HEC 116 EC cells regardless of SMARCA4 status [Figure 3.28A & Figure 3.28B].  Our 

single-cell transcriptomic profile of HEC 116 SMARCA4 KO EC cells that were not 
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subjected to serial passaging matches closely with our bulk RNA-seq findings wherein 

genes associated with senescence like TIMP1 and IL8, were found to expressed across 

most of the cells analysed [Figure 3.29A]. Strikingly, serial passaging up to two 

generations in vivo led to the distinct clustering of cells based on gene expression within 

the SMARCA4 deficient HEC 116 EC tumor cells [Figure 3.28D]. This cluster of 113 cells 

displayed features of clinical DDEC that we have described previously including, loss of 

CLDN4 and PAX8 in addition to other markers of epithelial cells such as CLDN3, KRT8 

and MUC1 [Figure 3.29B].  This contrasts with the expression levels of some of these 

markers of dedifferentiation and more specifically DDEC, among the unpassaged HEC 

116 SMARCA4 KO cells [Supplementary Figure 3.6].  It should be noted that within both 

the SMARCA4 deficient and intact HEC 116 EC tumor samples, a subset of cells within 

two less distinctive clusters also exhibited lesser expression of the genes encoding 

epithelial cell markers: CLDN3, CLDN4, PAX8, KRT8, and MUC1 [Supplementary 

Figure 3.7A].  This suggests that regardless of SMARCA4 status, the selective pressure 

of serial passaging pushes a proportion of cells into a state of EMT. 
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Figure 3.28.  Single cell transcriptomic analysis of the HEC 116 Plasmid Derived 
model of DDEC reveals the emergence of a novel cluster of SMARCA4 KO cells. 
UMAP plots of scRNA-seq data from A) unpassaged SMARCA4 WT cells, B) 
unpassaged SMARCA4 KO cells, C) serially passaged SMARCA4 WT cells, and D) 
serially passaged SMARCA4 KO cells.  Paired heatmaps denote the top 10 differentially 
expressed genes within each cluster at the lowest possible resolution and following cell-
cycle regression.  Examination of the heatmap produced upon the clustering of the F2 
SMARCA4 KO tumor scRNA sequencing data reveals the smallest overlap in differentially 
expressed genes amongst all the samples tested. 
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Figure 3.29.  SMARCA4 deficient EC cells are characterized by markers of 
senescence in vitro and gene expression programs associated with endometrial 
cellular dedifferentiation in vivo.  A) Uniform Manifold Approximation and Projection 
(UMAP) plots depicting gene expression patterns for select senescence associated 
genes: TIMP1 and IL8 in SMARCA4 KO cells not subjected to in vivo selective pressure. 
B) UMAP plots depicting gene expression patterns for select makers of undifferentiated 
regions in clinical DDEC tumors: CLDN3, CLDN4, PAX8, MUC1, and KRT8 in SMARCA4 
KO cells subjected to in vivo selective pressure.  Colored boxes highlight the unique 
cluster of interest. 
 

Integration of the HEC 116 SMARCA4 intact and deficient F2 generation tumor 

cell datasets led to the discovery of a cluster of 102 cells, composed only of SMARCA4 

KO EC cells. Gene set enrichment analysis with topGO revealed that this cluster was 

enriched with genes associated with endometrial dedifferentiation as well as chromatin 
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related processes and cell cycle progression [Figure 3.30 & Figure 3.31].  Notably the 

transcription factors POU3F2 and DLX1 were upregulated in this cluster as were CTCFL 

and BMP4 [Figure 3.32].  Interestingly, an absence of expression of AP-1 transcription 

factor family members, FOS and JUN, was evident among the cells constituting the F2 

generation SMARCA4 KO specific cluster [Figure 3.32].  No SMARCA4 intact HEC 116 

Plasmid Derived serially passaged F2 generation tumor cells were found that had altered 

expression of these factors known to be critical to the transcription of oncogenes 

[Supplemental Figure 3.7B]. 

 

 
Figure 3.30.  Integration of HEC 116 Plasmid Derived EC tumor cell scRNA-seq 
datasets leads to the retainment of a unique SMARCA4 KO cluster of cells enriched 
for gene sets associated with cellular senescence, cell cycle and cell division.  
UMAP plots of integrated scRNA-seq data from serially passaged HEC 116 Plasmid 
Derived tumor cells separated by SMARCA4 status. Gene set testing with topGO 
confirmed activation of a senescence signature in conjunction with a several other higher 
order chromatin related processes.  
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Figure 3.31. Integration of HEC 116 Plasmid Derived EC tumor cell scRNA-seq 
datasets leads to the retainment of a unique SMARCA4 KO cluster of cells with 
gene expression programs associated with endometrial cellular dedifferentiation. 
UMAP plots depicting gene expression patterns for select makers of undifferentiated 
regions in clinical DDEC tumors: CLDN3, CLDN4, CDH1, PAX8, MUC1, and KRT8 in 
SMARCA4 KO cells subjected to in vivo selective pressure. Colored boxes highlight the 
unique cluster of interest. 
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Figure 3.32. Integration of HEC 116 Plasmid Derived EC tumor cell scRNA-seq 
datasets leads to the retainment of a unique SMARCA4 KO cluster of cells with 
gene expression programs associated with phenotype switching. UMAP plots 
depicting gene expression patterns for select makers of phenotype switching: JUN, FOS, 
CTCFL, DLX1, POU3F2, and BMP4 in SMARCA4 KO cells subjected to in vivo selective 
pressure. Colored boxes highlight the unique cluster of interest. 
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Having observed potential alterations in transcription factor activity, single cell 

ATAC-sequencing was carried out and identification of 13 clusters was possible upon 

integration of both unpassaged and passaged datasets using Analysis of Regulatory 

Chromatin in R (ArchR) [Figure 3.33A].  Visualization of the single-cell ATAC profiles 

with UMAP revealed tighter clustering of cells based on chromatin accessibility due to the 

origin of the cells rather than their SMARCA4 status [Figure 3.33A].  Like with the single 

cell transcriptomics, it is evident how much chromatin accessibility shifted upon exposure 

of endometrial cancer cells to in vivo forces.  A cluster of 257 cells was discovered to 

consist of only serially passaged HEC 116 SMARCA4 KO tumor cells [Figure 3.33B]. 

We scrutinized this SMARCA4 KO tumor specific cluster in two ways: first, through 

examination of the ATAC-seq peaks or chromatin accessibility of cis-elements, and 

secondly, by the accessibility of transcription factor binding sites in single cells.   

The SMARCA4 KO cluster emerging only upon serial passaging in vivo, 

demonstrated reduced accessibility near the following genes: PAX8, CDH1, and CLDN4, 

which are phenotypical traits we previously documented with FFPE clinical samples 

[Figure 3.33C].  Enhanced accessibility at cis elements neighboring the POU3F2, DLX1, 

BMP4, and CTCFL genes was paired with lesser accessibility of regulatory regions 

governing expression of AP-1 transcription factors, FOS and JUN [Figure 3.34]. These 

results mirror the single cell level gene expression changes to these same factors we 

previously found by scRNA-seq within a similar sized population of SMARCA4 KO tumor 

cells.   
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Figure 3.33. Integration of HEC 116 Plasmid Derived EC scATAC-seq datasets 
resulted in the discovery of a unique SMARCA4 KO cluster of cells with reduced 
chromatin accessibility at markers of an epithelial phenotype. UMAP plots of 
scATAC-seq data indicating A) the sample type in which cells within clusters originate 
and the clusters called by ArchR. B) Table highlighting the number of cells constituting 
each cluster that called based on similar chromatin accessibility patterns.  C) UMAP plots 
depicting chromatin accessibility patterns for select makers of undifferentiated regions in 
clinical DDEC tumors: CLDN4, CDH1, and PAX8 in SMARCA4 KO cells subjected to in 
vivo selective pressure. Boxes highlight the unique cluster of interest. 
 
 

 
 
 
 
 
 



 177 

 
 

 
 
Figure 3.34. Integration of HEC 116 Plasmid Derived scATAC-seq datasets leads to 
the retainment of a unique SMARCA4 KO cluster of serially passaged cells with 
alterations to chromatin accessibility nearby genes associated with phenotype 
switching. UMAP plots depicting chromatin accessibility changes linked to genes 
implicated in phenotype switching: JUN, FOS, CTCFL, DLX1, POU3F2, and BMP4 in 
SMARCA4 KO cells subjected to in vivo selective pressure. Colored boxes highlight the 
unique cluster of interest. 
 

Using chromVAR within the ArchR platform, we then measured chromatin 

accessibility changes at known transcription factor (TF) binding sites,  primarily focusing 

on the transcription factor deviation scores of the cluster consisting only of SMARCA4 

deficient serially passaged tumor cells (37).  Gene expression is a dynamic process that 

typically involves coordination of TF expression with accessible chromatin that in turn, 

permits binding of TFs to defined motifs.  Our cluster of interest, in line with our 
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expectations showed dynamic changes and enrichment in accessibility at DNA-binding 

motifs for CTCFL (mean z-score of 6) and lesser accessibility of PAX8, FOSL1, and JUNB 

motifs (mean z scores of -1.5, -10 and -12, respectively) [Figure 3.35].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.35.  Transcription factor activities across integrated HEC 116 Plasmid 
Derived scATAC-seq datasets.  UMAP plots highlighting deviation z-scores for a motif 
and demonstrating varying degrees of chromatin accessibility at motifs coupled with 
PAX8, CTCFL, and AP-1 (JUNB and FOSL1) transcription factor activity. 

 
 Finally, we performed pseudotemporal analyses within ArchR to try and answer 

whether dedifferentiation of HEC 116 Plasmid Derived SMARCA4 KO follows a 

continuum (38).  We generated a graph trajectory that originated from Cluster 9 
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proceeded through Cluster 10 and ended with Cluster 3, as these groups of cells all 

possessed a high number of serially passaged tumor cells lacking SMARCA4 expression 

but showed varying degrees of chromatin accessibility at marker genes associated with 

the undifferentiated regions of DDEC [Figure 3.36]. Interestingly with the F2 generation 

samples we examined by scATAC seq, the state of cells characterized by decreased 

accessibility near numerous epithelial markers and AP-1 transcription factors [Figure 

3.36A & Figure 3.36B] and that have increased chromatin accessibility at known 

oncogenic effectors of transcription, appears quite abruptly [Figure 3.36C]. Alternatively 

put, what we have defined as the fully undifferentiated cells in our single cell sequencing 

studies, does not seem with our sample preparation and analysis conditions to evolve 

gradually from its more well-differentiated serially passaged predecessors.          
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Figure 3.36.  Pseudotemporal analysis of integrated HEC 116 Plasmid Derived 
scATAC-seq datasets suggests an unlikely abrupt collapse in the endometrial 
epithelial EC cell chromatin landscape and sudden increase in the accessibility of 
drivers of oncogenic transformation. UMAP plots showing chromatin accessibility 
patterns as a function of pseudotime and focused primarily on serially passaged 
SMARCA4 KO EC cells. 
 
3.3. Discussion:  
 

For the first time, using mismatch repair protein deficient endometrial cancer cell 

lines, we have shown the development of models of DDEC upon inactivation of the 

chromatin remodelling protein, SMARCA4.  Our characterization of commercially 

available endometrial cancer cell lines yielded unsurprising results as HEC 116 and HEC 

59  originate from intermediate-grade endometrial adenocarcinoma which is noted for its 

activation of distinct signalling pathways (39).  It is well documented that endometrial 
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cancer development is achieved through disruptions in Wnt and Akt signalling and by 

targeted mutation profiling and phosphokinase arrays, we observed high levels of 

activation of Wnt and Akt/PI3K signaling pathway members paired with irregularities in 

genes such as CTNNB1 and PTEN (40).    A high degree of STAT3 activation, an 

observation we observed prominently in HEC 116 cells, is also increasingly witnessed in 

hormone dependent Type I endometrial cancers (41).  Unique to HEC 59 was mutation 

to p53, which is seen less commonly amongst the endometrioid cancer type but can still 

be highly prevalent and when p53 protein is abnormally produced it is often associated 

with shorter patient survival (40, 42).  ARID1A deficiency was seen in about 75% of the 

SMARCA4 deficient clinical cases profiled by our group and was also a feature of the EC 

cell lines chosen for SMARCA4 knockout (16).  Taken together with their proven 

mismatch repair protein deficient genetic background and expression of PAX8, a proven 

positive marker of uterine adenocarcinomas regardless of type, our examination of HEC 

116 and HEC 59 deemed these EC cells lines an appropriate starting point to test whether 

alterations in SMARCA4 expression would affect their features of well-differentiated 

endometrial cancer (43). 

Introduction of frameshift mutations to SMARCA4 by NHEJ following 

CRISPR/Cas9 gene editing, resulted in EC cells lacking SMARCA4 protein expression.  

Absence of SMARCA4 was confirmed in two ways at the protein level and with validation 

of the introduction of a frameshift mutation at the genetic level. For the most part, the 

various derivations behaved similarly in vitro, with cells lacking SMARCA4, possessing 

longer doubling times, forming fewer tumorspheres and being less capable of undergoing 

anchorage independent growth than their SMARCA4 wildtype counterparts.  Deficiency 
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of the ATPase, SMARCA4 in primary mouse myoblasts, mouse adult fibroblasts, 

mammary epithelial cells, and breast cancer cells has been shown previously to reduce 

cellular proliferative capacity in vitro (44-47).  In mouse adult fibroblasts reduction in 

SMARCA4 levels, led to most cells exhibiting abnormal mitotic division and even some 

manifesting evidence of mitotic catastrophe (44).  While not the focus of this current study, 

it may be informative to examine the appearance of SMARCA4 deficient endometrial 

cancer cell nuclei for additional malformations such as aneuploidy and micronuclei.  We 

demonstrated immediately upon SMARCA4 KO that EC cells enter a complex 

physiological state known as senescence as all our cell line models of DDEC could be 

characterized by changes in specific chromatin modification levels, high acid ß-

galactosidase activity, and increased chemoresistance and secretion phenotypes [Figure 

3.37]. A closer examination of SAHF could be accomplished and allow us to confirm that 

loss of SMARCA4 in EC does indeed leads to widespread chromatin alteration not just 

elevated levels of H3K9 trimethylation in SMARCA4 KO EC cells as we demonstrated.  

The main role of the SASP is to form a pool of cytokines, chemokines, and proteases that 

reinforces tumor suppression and evidence from both our transcriptomic and proteomic 

analyses implicate SASP as a major contributor to the state of SMARCA4 deficient cells 

in vitro (48).  It would be of interest to validate the enhanced proinflammatory phenotype 

initially acquired upon SMARCA4 loss and observe if it changes over time by either 

targeted gene expression profiling or bulk RNA sequencing of tumor tissue from both our 

cell line models of DDEC and patient tissue [Figure 3.38].  Also in vitro, even though the 

full dedifferentiated phenotype of the patient samples was not achieved, evidence from 

qRT-PCR and multi-omics demonstrated some qualities of clinical DDEC were obtained 
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with SMARCA4 knockout alone. Loss of hormone receptor expression and 

downregulation of estrogen dependent signalling pathways are consistent with our 

previously published findings that absence of ER is a fundamental characteristic of DDEC 

[Figure 3.38] (49). We also revealed SMARCA4 loss in EC cells by qRT-PCR to be 

enough to dysregulate cell junction adhesions and ZEB1 likely mediates the substantial 

reduction in E-cadherin we observe at both the transcript and protein level [Figure 3.37].  

Purely undifferentiated endometrial carcinomas have been reported to overexpress ZEB1 

which in turn leads to downregulation of E-cadherin and potentially the start of the 

metastatic cascade by allowing for expression of mesenchymal markers (50).  Our work 

also supports growing evidence first observed in mammary epithelial cells, that 

downregulation of SMARCA4 negatively impacts the expression levels of several 

extracellular matrix associated proteins (51).  It should be remarked as well that our 

proteomic and transcriptomic datasets produced very similar findings not only in terms of 

proving the breakdown of protective epithelial barriers or ECM but also the acquisition of 

stemness upon SMARCA4 knockout [Figure 3.37 & Figure 3.38].  Stem cell functions 

and senescence are quickly proving to be overlapping signalling networks with such 

molecules as p21 playing a major role in maintenance of both processes (52, 53).  

Depletion of SMARCA4 across several tumor cell lines with wildtype p53, resulted in the 

induction of downstream transcriptional target, p21, whose expression levels were also 

found to be higher in p53 mutant HEC 59 SMARCA4 KO EC cells (54).  Trimethylation of 

H3K9 thereby transcriptionally repressing targets of E2F and impacting the transition into 

S-phase, is reminiscent of iPSCs reprogramming, and similarly in cancer as well 

senescence is capable of reprogramming cells into a stem-cell like state (29, 52, 55).  It 
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is likely that cellular senescence in our cell line models of DDEC is initiated not only by 

the loss of a known tumor suppressor, SMARCA4, but also in part by excessive mitogenic 

signals [Figure 3.37] (56).  Performing phosphokinase arrays with the SMARCA4 intact 

and deficient HEC 116 Plasmid Derived cells both as adherent cells or spheres and 

unpassaged or serially passaged could reveal deeper insight into the signalling pathway 

adaptations arising in the absence of the chromatin remodeling subunit [Figure 3.37]. In 

mesenchymal stem cells (MSCs), knockdown of SMARCA4 has been shown to induce 

senescence through both an increase in heterochromatin in addition to activation of 

RB2/p130 and p53 pathways (57). In contrast, the histone acetyltransferase p300 in 

human fibroblast cells drives a senescent phenotype through the formation of active 

enhancer elements and a hyper-acetylated chromatin state and in data not shown 

H3K27ac levels by immunostaining have been found to be higher in HEC 116 Plasmid 

Derived SMARCA4 KO cells than in SMARCA4 WT EC cells (58).  While our findings with 

our cell line models of DDEC agree with aspects of previous work done in a variety of 

contexts, further experimentation will be required to completely implicate the molecular 

players involved in the acquisition of senescence by SMARCA4 KO EC cells and the 

entire interplay between stemness and senescence [Figure 3.37 & Figure 3.38].  This is 

especially since HEC 116 models of DDEC did not exhibit upregulation of p21 and HEC 

59 SMARCA4 deficient cells did not appear to have increased H3K9me3 levels.   Other 

notable differences between the three models derived by CRISPR gene editing also 

emerged.  Perhaps unsurprisingly, HEC 59 SMARCA4 deficient cells exhibited unique 

properties from the HEC 116 models regardless of the CRISPR delivery method applied.  

Targeted DNA sequencing demonstrated that the mutational landscape of parental HEC 
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59 EC cells differs from HEC 116 and qRT-PCR results, their appearance under 

microscopic magnification and propensity to form secondary and tertiary spheres suggest 

they begin more mesenchymal in nature. 

We demonstrated that in vivo passaging is required for the abrupt emergence of a 

DDEC phenotype, suggesting that selective pressures from the microenvironment and/or 

the acquisition of genomic or epigenomic alterations are requisite for cellular 

dedifferentiation.  Little characterization of these endometrial cancer cell lines has been 

carried out in terms of tumor formation in a subcutaneous setting. Indeed, to our 

knowledge, this is the first time the histology or growth rates of tumors from either HEC 

116 or HEC 59 endometrial cancer cells have been documented.  While CRISPR gene 

editing is increasingly criticized for its inappropriate modeling of phenomena in cancer 

biology, introduction of frameshift mutations to SMARCA4 is identical to what takes place 

naturally in DDEC patients, making the application of this methodology in our system 

incredibly suitable (59).  The lengthy CRISPR workflow together with the clonal selection 

process, inevitable off-target effects, and utilization of cell lines with highly unstable 

genetic backgrounds are all likely contributors to the variable results we observe not only 

in vitro but in vivo and help explain the differences that emerge not only upon comparing 

the RNP Derived model to the Plasmid Derived HEC 116 cell line model but likely the 

behavior of HEC 116 models of DDEC to the HEC 59 cell line model too.   It should be 

noted though that cell line derived models of DDEC, particularly the HEC 116 Plasmid 

Derived SMARCA4 KO cells, have consistently undergone dedifferentiation on multiple 

separate occasions of serial passaging and are dependably marked by the same changes 

in histology and marker expression that consistently characterize clinical disease (22, 49, 
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60). While the influence of growth factors, hormones, and infiltrating mouse stroma should 

not be overlooked in likely expediating the emergence of dedifferentiation, there is 

growing evidence that non stem cell like cancer cells that exhibit senescent-like properties 

are critical in supporting the tumorogenic potential of cancer stem-like cells (61).  Possibly 

sorting SMARCA4 deficient cells based on markers of senescence and testing tumor 

formation in the absence of senescent cells could shed light as to their overall contribution 

to the mixed phenotype of DDEC [Figure 3.38].         

Our single cell sequencing studies also demonstrated the immense impact, 

selective pressure had on the abrupt emergence of undifferentiated regions during 

SMARCA4 deficient tumor formation.  While a more substantial proportion of cells lack 

expression of markers of gynecological epithelium upon serial passaging regardless of 

the SMARCA4 status of the HEC 116 EC cells, only a small portion or 2% of SMARCA4 

deficient tumor cells, tip into a more complete dedifferentiated state.  Both at the level of 

gene expression and chromatin accessibility, dysregulation of AP-1 transcription factor 

family member expression was evident [Figure 3.37]. Remarkably in SCCOHT, it has 

been reported that SMARCA4 associates with AP-1 to drive epithelial like differentiation 

(62).  Moreover, not only in this SMARCA4 deficient neoplasm but in other contexts as 

well, SMARCA4 is required for access to be granted to AP-1 motifs upstream of epithelial 

genes (62-65). As our study supports previous reports of SWI/SNF and AP-1 

associations, SMARCA4 reexpression in our cell line model of DDEC followed by multi-

omic data analysis and other functional studies will further cement this biological 

connection also potentially driving differentiation in endometrial cancer [Figure 3.38].  

Just as AP-1 transcription factors Jun and Fos can have important functions in cell-fate 
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decisions, we found within our single cell sequencing studies specific to our serially 

passaged SMARCA4 KO cells, several other transcription factors implicated in phenotype 

switching in cancer that warrant validation as drivers of dedifferentiation.  Aberrant 

expression of CTCFL (BORIS) and POU3F2 (BRN2) in melanoma have been shown 

recently to promote a switch towards a more invasive phenotype (66-68).  Interestingly, 

in liver cancer stem cells, CTCFL is a major promoter of CSC-like properties and upon 

overexpression upregulates Oct4 expression through modulation of histone modifications 

(69).  Increased BRN2 is associated with the dedifferentiation of melanocytes and has 

been correlated and later found to under certain contexts, repress MITF, a transcription 

factor that contributes to melanoma development (66, 67).  MITF levels have been 

examined in aggressive epithelial ovarian cancer and were shown to promote metastasis 

but no examination in more undifferentiated gynecological cancers such as SCOOHT or 

DDEC has been completed to test whether phenotype switching through a melanoma-

like BRN2/MITF axis can take place [Figure 3.37] (70).  Examination of the levels of these 

transcription factors within patient DDEC tumors would both illuminate and eliminate 

some of the drivers of dedifferentiation that arose from this preliminary analysis of our 

DDEC-like cell line models [Figure 3.38].              

Several downsides to our initial experimental design in relation to the single cell 

sequencing experiments happened to be revealed in retrospect.  While our results 

highlighted the differences between SMARCA4 KO cells in vitro versus in vivo, we might 

have failed to capture many cells during the act of transitioning or dedifferentiating.  This 

could be attributed to both technical and bioinformatics-based issues.  Repetition of these 

single cell sequencing experiments with more time points across the serial passaging 
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workflow or incorporation of fluorescence-activated cell sorting (FACS) selection for 

proven markers of EMT or dedifferentiation may allow for the interrogation of those cells 

specifically exhibiting plasticity.  Furthermore, as we better understand the models of 

DDEC at a molecular level, we may continue optimizing culture conditions that foster the 

growth of subsets of cells of interest.  DDEC also serves as a perfect model for the latest 

iteration of 10X Genomics Single Cell Multiome ATAC + Gene Expression kits that can 

capture gene expression and chromatin accessibility changes at the onset of the 

experiment rather than just at the analysis stage.  The Visium Spatial Gene Expression 

for FFPE assay would also allow for archived patient samples to be examined and gene 

expression information to be linked to its original location within tumor samples, adding 

valuable insight to what has already been garnered with the cell line based model of 

disease thus far (71).    

Now in possession of culturable primary DDEC cells, it would also be extremely 

useful to compare the DDEC cell line-based models to the responses of the patient 

derived lines to the same in vitro functional experimentation.   Work with the patient-

derived cell lines, should result in further validation of our current experimental model, 

enlightening us on the shared properties between our derived models and the disease, 

and perhaps may implicate the exact microenvironmental factors necessary for complete 

dedifferentiation.  Nevertheless, the HEC 116 Plasmid Derived cell line model of DDEC 

especially, serves as an incredibly valuable tool to continue studying cellular 

dedifferentiation in the broader context of cancer.  While there is still is a lack of literature 

centred on the transition state/wobble point of cancer cells and the deciding cell fate 

decisions that push them towards acquiring plasticity, the development of this model 
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system has provided many starting points for future investigation.  These cell line models 

of DDEC should continue to hold promise especially if used with patient models of DDEC, 

allowing for even more uncovering of the molecular mechanisms underlying 

dedifferentiation.      

 

 

 

 

 

 

 

 

 

 

Figure 3.37.  Proposed network of interactions in endometrial cancer cells that may 
be altered by loss of chromatin remodeling subunit, SMARCA4.  SMARCA4 both 
indirectly and directly regulates inflammatory, mitogenic and transcription factors which 
in turn likely influence surrounding SMARCA4 deficient EC cells.  Results obtained within 
this chapter highlight some integral signalling pathways and regulators of cellular plasticity 
shown in green that warrant future investigation.  
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Figure 3.38. Simplified summary and comparison of the features of clinical DDEC 
against cell-line models of DDEC derived by CRISPR gene editing.  While a 
substantial degree of overlap in both general histology and molecular signatures was 
observed between SMARCA4 deficient patient tissue and upon knockout of SMARCA4 
in MMR-deficient EC cells, there are several novel discoveries that could be more 
thoroughly assessed with additional experimentation.  
 
3.4. Methods:  
 
3.4.1. Cell Culture:  

 
HEC 116 and HEC 59 cells were obtained from JCRB and cultured in minimal 

essential media (MEM) supplemented with 10% fetal bovine serum (FBS).  Cells were 

passaged using 0.25% w/v trypsin (Life Technologies).  All cells were cultured at 37°C 

with 5% CO2 supplementation.  Cells were authenticated at the Sick Kids Research 

Institute, Toronto, Ontario Canada and tested for mycoplasma in house using the PCR-

based universal mycoplasma detection kit (ATCC). 
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3.4.2. Phospho-Protein Array Analysis:  
 

HEC 116 and HEC 59 endometrial cancer cells were subjected to overnight serum 

starvation, lysed. Phosphorylation levels for select human proteins in signal transduction 

pathways were analyzed using a commercially available phospho-protein array (R&D 

Systems, Minneapolis, MN, USA).  The Proteome Profiler Human Phospho-Kinase Array 

Kit (ARY003B) was used following the manufacturer’s protocol.  Cell lysates (400 µg) 

were added to wells containing array membranes and incubated at 4°C overnight. Briefly, 

the levels of phosphorylation of 43 kinases were assessed with phospho-specific 

antibodies and chemiluminescent detection.  Proteins were detected through exposure to 

film.  ImageJ was used to determine the average pixel density signal of pairs of duplicate 

spots that represent each phosphorylated kinase protein. Negative control spots were 

used as background values and subtracted.    

3.4.3. Targeted Gene Panel Sequencing Analysis and Validations:  

As per the PureLink Genomic DNA Isolation Kit instructions (Thermo Fisher) 

genomic DNA (gDNA) was extracted. An Illumina custom TruSeq amplicon panel was 

designed within Illumina’s Design Studio to include the following 26 recurrently mutated 

genes in gynecological carcinomas: POLE, TP53, PP2R1A, FBXW7, SPOP, ARID1A, 

CTNNB1, KRAS, EP300, PTEN, PIK3CA, PIK3R1, PIK3R2, ARID5B, CMSD3, GRLF1, 

ZFHX3, CTCF, ABCC9, CHD4, MAP3K4, CCND1, FGFR2, RPL22, and TSPYL2.  

Custom amplicon libraries were generated using 250 ng DNA and following the TruSeq 

Library Preparation protocol as in (72).  Prior to pooling at equal concentrations, 

normalization was achieved by quantifying the individual libraries using the Qubit 

fluorometer.  Pooled libraries were quantitated for amplifiable libraries with the FAST 
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qPCR SYPR quantification kit (Kapa Biosystems).  The Illumina MiSeq was used to 

sequence the Pooled TruSeq libraries using 300 cycle V2 kits.  Analysis was completed 

with the MiSeq Reporter and somatic variant caller software 3.2.3.0.  Frameshift, 

nonsense or indel mutations were identified only upon passing a quality filter with at least 

10% variant allele frequency and were further validated by direct Sanger sequencing 

using primer sets targeting the regions surrounding the mutations and manual inspection 

of bam files with Integrated Genome Viewer (IGV).  The corresponding genomic 

sequences were assessed to normal tissue to ascertain the somatic/germline status of 

discovered mutations.   

3.4.4. Immunofluorescence: 
 

Cells adherent to coverslips (Fisher Scientific) were fixed in 4% paraformaldehyde 

(PFA) (Chem Cruz) in 1x PBS for 10 minutes, permeabilized in 0.2% Triton X-100 (Fisher 

Scientific) in PBS for 5 min and then stained with primary antibodies diluted in 1x PBS. 

After incubation of the primary antibodies for 3 hours at room temperature the cells were 

washed 3x with 1x PBS. Cells were then incubated for 1 hour at room temperature with 

the secondary antibodies at a dilution of 1:500 (goat anti mouse Alexa 488 and goat anti 

rabbit Alexa 594 (Cell Signaling Technology)) that were diluted in 1x PBS. After another 

three rinses with 1x PBS, the coverslips were incubated with a 1:5000 dilution of DAPI 

before being mounted onto microscope slides (Fisher Scientific) with mounting media 

(Vectamount).  Images were captured using a Zeiss LSM 710 Meta Confocal Microscope 

(Carl Zeiss, Germany) with the pinhole diameter set to 1 airy unit for all channels and the 

exposure gains kept constant for acquisition of all samples.  
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Primary antibody dilutions are as follows -  

 
Primary Antibody  Dilution  

Anti-Brg-1 G7 
[sc-17796]  

(Santa Cruz Biotechnology, Inc.) 

 
1:150 

Anti-PAX8 
[10336-1-AP] (Proteintech) 

1:150 

  
3.4.5. Transfections for CRISPR Gene Editing:  
 
3.4.5A. Plasmid Based System: 
 

One-step cloning was accomplished of a custom gRNA (SMARCA4 target 

sequence = CGCCCGTGATGCCACCGC) into an all-in-one CRISPR/Cas9 LacZ plasmid 

as described in (18).  Following the manufacturer’s instructions, GeneIn transfection 

reagent (GlobalStem, Rockville, Maryland, USA) was used to deliver the all-in-one 

CRISPR/Cas9 Lacz plasmid to HEC 116 endometrial cancer cells.  Flow cytometry 

(University of Alberta, Faculty of Medicine and Dentistry, Flow Cytometry Facility) was 

utilized to enrich for CRISPR transfected cells and achieved by sorting for cells 

expressing mCherry.  Single clones were either generated by flow cytometry plating a 

single cell per well into a 96 well plate (VWR) or manual plating of 0.5 cells/well into a 96 

well plate upon filtration through a cell strainer (Fisher Scientific). 

3.4.5B. RNP Based System: 
 

cRNA targeting SMARCA4 (sequence = GCGGTGGCATCACGGGCG) and 

tracrRNA duplexes (1 µM) were formed by heating at 95°C and gradual cool down to 

room temperature.  RNP complexes were formed by combining the 1 µM guide RNA 

oligos with 1 µM Alt-R S.pyogenes Cas9 endonucleases (IDT) in Gibco Opti-MEM media 

(ThermoFisher Scientific) for 5 minutes at room temperature.  Transfection complexes 
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containing the RNP complex and Liptofectamine RNAiMAX transfection reagent 

(ThermoFisher Scientific) were diluted in Opti-MEM media and incubated at room 

temperature for 20 minutes.  HEC 116 endometrial cancer cells and HEC 59 endometrial 

cancer cells were added to transfection complexes in the wells of a 24-well tissue culture 

plate to achieve a final concentration of cells of 40000 cells/well and final concentration 

of RNP of 10 nM.   Flow cytometry (University of Alberta, Faculty of Medicine and 

Dentistry, Flow Cytometry Facility) was utilized to enrich for CRISPR transfected cells 

positive for tracrRNA-ATTOTM550 fluorescence.  Single clones were either generated by 

flow cytometry plating a single cell per well into a 96 well plate or manually plating of 0.5 

cells/well into a 96 well plate upon filtration through a cell strainer.  

3.4.6. Genomic DNA Isolation for CRISPR Gene Editing:  
 

As per the PureLink Genomic DNA Isolation Kit instructions (Thermo Fisher) 

genomic DNA (gDNA) was extracted. Quantification of gDNA by spectrophotometry was 

achieved using the Epoch Microplate Spectrophotometer (BioTek).  

3.4.7. Sanger Sequencing of CRISPR Gene Edited Single Clones:  
 

Single cell-derived clones analyzed were validated by Sanger sequencing over the 

guided nuclease target region. AmpliTaq polymerase (Thermo Fisher) was used to 

generate PCR products that were cloned using the TOPO TA Cloning Kit (Thermo 

Fisher).  Several colonies for each clone were Sanger sequenced using the M13R primer 

which binds the pCR-4-TOPO backbone (University of Alberta, Molecular Biology Service 

Unit) to ensure all target alleles were detected.  Escherichia coli (E.coli) colonies were 

miniprepped using the High Speed Plasmid Mini Kit (Frogga Bio).     
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3.4.8.  Immunohistochemistry: 
 

For mismatch repair proteins (MLH1, MSH2, MSH6 and PMS2) the primary 

antibodies and staining methods were the same as that reported previously (73, 74).  Cell 

lines were pelleted, fixed overnight in 4% PFA (Chem Cruz) prior to being suspended in 

1% agarose solution. Formalin-fixed, paraffin-embedded tissue and agarose-embedded 

cell sections were subjected to deparaffinization in xylenes, hydration with an ethanol 

series and antigen retrieval at pH 9 (Dako).  Peroxidase and serum-free protein blocking 

for 5 and 10 minutes, respectively, was also performed.  Primary antibodies were applied 

for 30 minutes at 25°C or overnight at 4°C.  Slides were washed in TBS + 0.1% Tween 

(TBST) and Envision HRP anti-rabbit or anti-mouse secondary antibody was applied for 

1 hour at room temperature. Slides were again washed in TBST before the brown signal 

was developed using DAB substrate (Dako).  Counterstaining was achieved with Mayer’s 

haematoxylin (Vector Laboratories).  Tissue was dehydrated using a reverse ethanol 

series prior to application of coverslips with mounting medium (Vectamount).  The entire 

cross-sectional area of the slides was scanned by an Aperio Digitial Pathology slide 

scanner.  Image analysis software (Image Scope; Leica Biosystems) was used to convert 

the whole slide scans into TIFF image formats.  
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Primary antibody dilutions are as follows - 

Primary Antibody  Dilution  
Anti-ARID1A 

[HPA005456] (Sigma) 
1:200 

Anti-BRG1  
[EPNCIR111A] (AbCam) 

1:200 

Anti-p53  
[DO-7] (Invitrogen) 

1:100 

Anti-PAX8 BC12 
[ACI 438] (Biocare Medical) 

1:100 

E-cadherin G10  
[sc-8426] 

(Santa Cruz Biotechnology, Inc.) 

 
1:100 

 

3.4.9.  RNA Extraction: 

Both the PerfectPure RNA Cultured Cell Kit (5-Prime) and Rneasy Mini Kit 

(Qiagen) were used to isolate total RNA from cultured cells.  On-column DNase treatment 

was performed with final elution volumes equaling 40 µl.  Purified RNA was quantified 

using the Epoch Microplate Spectrophotometer (BioTek).  

3.5.10.  cDNA Synthesis & Real Time PCR: 

The high capacity cDNA reverse transcription kit (Applied Biosystems) was utilized 

to generate cDNA from 2 µg purified total RNA. A 1:1 mixture of random hexamers to 

oligodTs (Thermo Fisher Scientific) was used to prime the reverse transcription reactions.  

Separate controls lacking either RNA or reverse transcriptase were included.  Real time 

PCR was performed on 1 µl of cDNA using TaqMan Gene Expression Master Mix and 6-

carboxyfluorescein (FAM) labeled TaqMan gene expression human primer/probe sets as 

per manufacturers’ protocols (Thermo Fisher Scientific).  A CFX96 Touch Real-Time PCR 

Detection System was used with the following thermocycling conditions: Activation 95 °C 
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for 10 min; Melting 95 °C for 15 s; Annealing/extension 60 °C for 1 min. Returning to step 

2 for a total of 40 cycles.  

Primer/Probe sets that were utilized are listed below: 

Primary/Probe Set Dilution  
E-cadherin Hs_01023894_m1 
N-cadherin Hs_00983056_m1 

Sox2 Hs_01053049_m1 
Oct4 Hs_04260367_gH 
ER Hs_00174860_m1 

 

mRNA expression of SMARCA4 deficient samples was compared to SMARCA4 intact 

cells using the delta CT method.  

3.4.11. Growth Curves by Trypan Blue Counting: 

7500 cells were plated in two 12-well plates.  Every 24 hours, over a period of 12 

days, two wells were washed with PBS, the cells trypsinized and pelleted by 

centrifugation. The duplicate cell pellets were resuspended in 1 mL media to obtain a 

single cell suspension.  An aliquot of 10 µL was removed and added to 10 µL of 0.4% 

trypan blue solution (MP) to obtain a 1:2 dilution. The number of live cells was determined 

using a hemocytometer and a light microscope.  Manual counting was performed in 

triplicate for each well of cells.  Doubling times for each cell line were calculated from the 

growth curves using the exponential growth equation found in GraphPad Prism. 

3.4.12. Sphere Formation: 
 

Cells were trypsinized with 0.25% (w/v) trypsin (Life Technologies) and neutralized 

in fresh media.  Single cell suspensions were obtained by filtering cells though 40 µm 

filters (Supplier) prior to counting viable cells with trypan blue (MP).  Concentrations of 

cells to be plated were achieved through dilution in sphere formation media composed of 
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MEM, 1x B27 (Life Technologies), 20 ng/mL epidermal growth factor (EGF) (Life 

Technologies) and 10 ng/mL fibroblast growth factor (FGF) (Life Technologies).  100 µL 

of diluted cells per well were plated onto Ultra-Low Attachment Surface 96-well plates 

(Corning).  Spheres were allowed to grow over a two-week period before being counted 

manually under a light microscope. Images of the spheres were obtained using the EVOS 

FL Cell Imaging System (Thermo Fisher Scientific).  

3.4.13. Soft-Agar Colony Formation Assays: 
 

Anchorage-independent growth was assessed by soft agar colony formation 

experiments. Six-well culture dishes (VWR) were coated in 1:1 ratio of 1% agarose in 2X 

MEM medium (Sigma-Aldrich).  Cells were plated at a density of 1000 cells in 2X MEM 

medium containing 0.7% agarose (Invitrogen) (1:1).  Colonies were allowed to form over 

a two-week period with media changed every three days.  Colonies were washed with 

PBS prior to being stained with 0.5 % crystal violet solution in methanol.  The number of 

colonies formed were counted by light microscopy. Images of the colonies were obtained 

using the EVOS FL Cell Imaging System (Thermo Fisher Scientific). 

3.4.14. Bulk RNA Sequencing: 
 

RNA was extracted from HEC 116 Plasmid Derived SMARCA4 KO and WT cells 

that were subjected to serum starvation as described in section 3.4.18 using the Qiagen 

RNeasy kit and quantified using Qubit (Thermo Fisher Scientific).  The Genome Quebec 

Innovation Center was sent the RNA samples where quality was further assessed by 

Bioanalyser.   NEB mRNA stranded library preparation was carried out followed by 

sequencing via Illumina NovaSeq.  Reads were aligned to the GRCh38 human reference 

genome using STAR and post sequencing quality check was performed with samtools 
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and fastqc. Read quantification was performed with FeatureCounts using GrCh38.87 

annotations.  edgeR was used to determine expression values for paired knockout and 

wildtype samples, using the exact test and a FDR cutoff of 0.05 was set, determining 

statistically significant differences. The camera package for R was used to compare data 

to the hallmark gene sets from Molecular Signatures Database, which was used for gene 

set enrichment analysis. 

3.4.15. Mass Spectrometry of Conditioned Media: 
 

Cells were plated into T150 flasks (VWR) and cultured to sub-confluency. At 80-

90% confluency, complete media was removed and cells were washed in 10 mL pre-

warmed PBS.  To further minimize contamination from serum, serum-free media was 

added after the PBS rinses and the cells incubated for 1 hour at 37°C.  Basal media, 20 

mL, was added to the cells for 24 hours.  Conditioned media was collected and 

centrifuged at 4°C at 450g for 5 minutes.  Supernatants were stored at -80°C until 

concentrated.  Thawed conditioned media was added to 3 kDa molecular weight cutoff 

(MWCO) ultra-centrifugal units (Millipore) and spun in a swinging bucket rotor 

(ThermoLegend XTR) at 4000g at 8°C for 45 minutes until all media that was collected 

was concentrated.  Excess salts and media were removed by the addition of 10 mL of 

distilled water to the centrifugal unit and further centrifugation at 4000g at 8°C for 15 

minutes until the remaining volume of conditioned media was approximately 500 µL.  The 

concentrated conditioned media was stored at -80°C until processed for mass 

spectrometry.  Samples were prepared as described in (75, 76). Frozen concentrated 

media was lyophilized overnight prior to resuspension of the freeze-dried pellet in urea 

containing lysis buffer (8 M Urea, 2% sodium dodecyl sulfate (SDS), 10 mM dithiothreitol 
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(DTT), 5 mM Ammonium Bicarbonate).  Conditioned media was quantified using a 660 

nm Protein assay reagent kit with ionic detergent compatibility reagent (PierceTM). 100 

mM DTT was added to 10-50 µg of conditioned media samples to a final concentration of 

10 mM and incubated at RT for 30 minutes.  Samples were also alkylated in 100 mM 

iodoacetamide for 30 minutes at RT in the dark.  Protein was precipitated using methanol-

chloroform extraction.  50 mM ammonium bicarbonate was added to dry protein pellets 

prior to sonication with a probe sonicator (Fisher Scientific).  Protein digestion was 

achieved by incubating every 50 µg of protein sample with 1 µg of Trypsin/LysC 

(Promega) overnight at 37°C.  Further digestion was accomplished by adding 1 µg of 

Trypsin/LysC to every 100 µg of sample protein for an additional 4 hours.  Protein 

digestion was carried out on a ThermoMixer C (Eppendorf) at 400 and 1400 rpm for the 

overnight and4 hour incubation, respectively. Acidification of the samples was completed 

through the addition of 10% formic acid (FA) to 1/10th the final volume of the digest.  

Undigested insoluble material was pelleted by centrifugation at 14000g for 1 minute.  A 

Q Exactive Plus mass spectrometer (Thermo Scientific) connected to a Waters ACQUITY 

M-Class UPLC was used to analyze the digests. Solvent A consisted of water/0.1% FA 

while Solvent B was made up of acetonitrile/0.1% FA.  1 µg of sample peptides was 

loaded onto an ACQUITY UPLC M-Class Symmetry C18 Trap Column and trapped for 6 

min at a flow rate of 5 µl/min at 99% Solvent A/ 1% Solvent B. Separation of peptides was 

achieved on an ACQUITY UPLC M-Class Peptide BEH C18 Column operating at a flow 

rate of 300 nL/min at 35°C and using a non-linear gradient consisting of 1-7% Solvent B 

over 1 min, 7–23% Solvent B over 179 min and 23–35% Solvent B over 60 min.  MS 

acquisition instrument settings were the same as though utilized in (75, 76).  Files from 
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the mass spectrometer were searched in MaxQuant against the Human Uniprot database 

with missed cleavages set to 3 and cysteine carbamidomethylation set as a fixed 

modification. Oxidation (M), N-terminal acetylation (protein), and deamidation (NQ) were 

set as variable amino acid modifications (max. number of modifications per peptide = 5). 

LFQ min. ratio count was set to 1 and all other settings were left as default settings. 

Protein and peptide FDR was left at 0.01 (1%) and the decoy database was set to revert. 

The ‘match between runs’ feature was utilized to maximize proteome coverage and label-

free quantification. Search results were loaded into Perseus or R, and proteins labeled as 

‘only identified by site’, ‘matched to reverse’ or ‘potential contaminant’ were removed as 

previously reported in (75, 76). Protein identifications with LFQ values in ≥2 biological 

replicates were retained for downstream analysis, and missing values were imputed using 

a width of 0.3 and down shift of 1.8. Gene set enrichment analysis (GSEA) were 

performed in GSEA v3.0 (Broad Institute) with a minimum gene set size of 10 and 

permutation type set to gene_set. MSigDB v6.2 collections used were: canonical 

pathways, hallmark, KEGG gene sets, and C2 curated sets.  

3.4.16. ß-Galactosidase Assays: 
 

15000 cells were plated onto coverslips (Fisher Scientific) in 6-well plates.  At 80-

90% confluency, complete media was removed, and cells were washed in 10 mL pre-

warmed PBS.  To further minimize contamination from serum, serum-free media was 

added after the PBS rinses and the cells incubated for 1 hour at 37°C.  Basal media, 20 

mL, was added to the cells for 24 hours.   Cells that were not serum starved served as 

negative controls.    Plates were rinsed in PBS prior to fixation in 1 mL Fixative Solution 

(Cell Signalling Technology) for 10-15 minutes at room temperature.  Following fixation, 
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cells were washed in PBS twice prior to the addition of 1 mL ß-Galactosidase Staining 

Solution (Cell Signalling Technology) to each well.   Plates were sealed with parafilm and 

kept at 37°C in a dry incubator overnight.  ß-Galactosidase Staining Solution was 

removed and cells stored in 70% glycerol solution until the coverslips were mounted onto 

glass slides (Fisher Scientific).  Images of cells were obtained with the Zeiss AxioSkop 

microscope (University of Alberta, Cross Cancer Institute, Imaging Facility).  Percent 

senescent cells were calculated by dividing the number of positively-stained blue cells by 

the number of total cells in the field of view.  As the cells were auto-fluorescent in the 

FITC+ channel, an accurate number of total cells could be determined for six fields of 

view examined.  

3.4.17.  Protein Extraction: 

Protein was extracted from adherent cells directly on plates using 

radioimmunoprecipitation assay (RIPA) Lysis and Extraction buffer (Thermo Fisher 

Scientific) with added Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher 

Scientific).  Lysed cells were incubated at 4°C prior to centrifugation at 13000 rpm for 20 

minutes at 4°C to pellet insoluble cell debris.  Supernatants containing protein were 

quantified using the DC Protein Assay (Bio-Rad) and measured on a FLUOstar Omega 

plate reader (BMG LABTECH; Offenburg, Germany).  Protein was also extracted from 

flash-frozen tumors that were ground by mortar and pestle and resuspended in RIPA 

Lysis and Extraction buffer (Thermo Fisher Scientific).  Following sonication, lysed tumor 

cells were incubated, centrifuged and quantified in a similar manner as the lysates from 

adherent cells.   
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3.4.18.  Western Blotting: 

4X Laemmli sample buffer (BioRad) with 5% (v/v) 2-Mercaptoethanol (Sigma-

Aldrich) were added to protein samples prior to being boiled for 5 minutes.  7.5% SDS-

PAGE gels were utilized and then transferred onto nitrocellulose membranes (Bio-Rad) 

at 100 V for 90 minutes.  Membranes were blocked with 5% milk in TBST for one hour at 

room temperature, followed by primary antibody incubation overnight at 4°C.  Membranes 

were washed in TBS + 0.1% Tween before incubation with horseradish-peroxidase 

(HRP)-conjugated secondary antibodies at a concentration of 1:3000 (BioRad) for 1 hour 

at room temperature.  Excess secondary antibody was washed from the membrane prior 

to utilizing Clarity Western ECL Substrate (BioRad) for detection of chemiluminescent 

signal. Film (Fujifilm) was used to image the western blots which were subsequently 

quantified by densitometry using ImageJ. 

Primary antibody dilutions are as follows -  

Primary Antibody  Dilution  
Anti-p21 

[EPR3993] 
(AbCam) 

1:500 

Anti-H3K9me3 
[D4W1U] 

(Cell Signalling Technology) 

1:1000 

Anti-SMARCA2 
[A301-015A] 

(Bethyl Laboratories, Inc.) 

1:100 

Anti-Beta Actin  
(Santa Cruz Biotechnology, Inc.) 1:10000 

Anti-Beta Tubulin 
(Licor) 1:7000 
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3.4.19. Histone Mark Immunofluorescence: 
 

Cells adherent to coverslips were fixed in 4% PFA in 1x PBS for 10 minutes, 

permeabilized in 0.5% Triton X-100 in PBS for 5 min and then stained with primary 

antibodies diluted in 1x PBS. After incubation of the primary antibodies for 30 minutes at 

room temperature the cells were washed 1x with 0.1% Triton X-100 in PBS for 1min then 

rinsed 3x with 1x PBS. Then the cells were incubated for 30 min at room temperature with 

the secondary antibodies that were diluted in 1x PBS. After another washing step of 0.1% 

Triton X-100 in PBS for 1 min and three rinses with 1x PBS the coverslips were mounted 

onto microscope slides with in-house made PVA mounting media containing 1 µg/ml 

DAPI. Primary antibodies: αH3K9me3 Active Motif 3916 (1:1000); Secondary antibodies: 

Goat anti rabbit Alexa 488 (1:500). Images were captured using a Zeiss LSM 710 Meta 

Confocal Microscope (Carl Zeiss, Germany) with the pinhole diameter set to 1 airy unit 

for all channels and the exposure gains kept constant for acquisition of all samples.  Imaris 

(v9.2.1) was used to analyze confocal images. 

3.4.20. Xenograft Formation, Tumor Dissociation & Serial Passaging: 
 

3 million cells were mixed in 100 microlitres MEM and Matrigel (Corning) in a one 

to one ratio and were injected subcutaneously over both the left and right flank of 7-8 

week old female NSG mice. Tumors of 10 mm in size were halved with a portion fixed 

and embedded in paraffin for histology and immunohistochemical staining (University of 

Alberta Lab Medicine and Pathology Core Facility). The remainder of the tumors were 

either flash frozen and stored a -80°C for future RNA or protein extraction or dissociated 

according to the MACS Human Tumor Dissociation Kit (Miltenyi Biotec) with the only 

modification being the elimination of the final strainer wash.  The gentleMACS Dissociator 
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(Miltenyi Biotec) program utilized was for the dissociation of tough tumors named 

37C_h_TDK_3.   Dissociated tumor cells were then reinjected as described above. 

3.4.21. In vivo Studies:  

Animal experiments were carried out in accordance with the guidelines laid out by 

the Canadian Council on Animal Care and were approved by the University of Alberta 

Animal Policy and Welfare Committee. HEC 116 Plasmid Derived SMARCA4 KO and WT 

PDX tumor sections approximately 2 mm in diameter, were expanded from tumors 

generated by serial passaging and collected at the third generation.  A single section was 

implanted in subcutaneously into 6-8 week-old female NOD.Cg-PrkdcscidIl2rg (NSG) 

mice.  Fourteen days post-implantation, mice were randomized into treatment groups: 

either vehicle (PBS) or carboplatin (Cayman Chemicals). Treatment (60 mg/kg by 

intravenous (IV)) was continued weekly until tumors reached a final diameter of 10 mm.  

Measurements of tumor size were carried out twice a week as well. Digital calipers were 

utilized to measure the length and width of tumors to calculate tumor area over time. Mice 

were euthanized at experimental endpoint when tumor size equaled approximately 60 

mm2.  Tumors were subjected to weighing post excision and split either to be flash-frozen 

and stored at -80°C or fixed in formalin for eventual paraffin embedding and sectioning.   

3.4.22. Single Cell RNA Sequencing Using the 10X Platform: 
 

Multiple F2 generation serially passaged tumors were dissociated as outlined in 

section 3.4.20. Prior to storage at -80°C, HEC 116 Plasmid Derived SMARCA4 KO and 

WT tumor cells were depleted of mouse and dead cells using the MACS Mouse Cell 

Depletion Kit and MACS Dead Cell Removal Kit (Miltenyi Biotec), respectively.   
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3.4.22A. Library Construction: 

Single cell suspensions cells of either unpassaged or serially passaged tumor cells 

were prepared in 0.04% PBS-BSA with greater than 95% viability to a concentration of 

1,000 cells/mL. Cell suspensions were then used to generate the gel bead-in emulsions, 

reverse transcription, cDNA amplification, library preparation and sample indexing 

following the latest available manufacturer’s protocol, using the 10X Chromium Controller 

(PN-1000202), the Chromium Next GEM Single Cell 3’ GEM, Library & Gel Bead Kit v3 

(PN-1000075), the Chromium Next GEM Chip B Single Cell Kit (PN-1000073) and the 

Single Index Chromium i7 Multiplex Kit, (PN-120262).   

3.4.22B. Single Cell Sequencing Using the 10X Platform: 
 

Samples were pooled in a molar concentration such that when loaded into Illumina 

NovaSeq S4, it produced paired-end and single-indexing sequences at an average depth 

of ~25,000 reads per cell.  

3.4.22C. Data Analysis:  

Illumina sequencing outputs were used to generate demultiplexed FASTQ files. 

Then the sequences were aligned against the human reference genome (10X Genomics, 

hg19) using the standard ‘cellranger count’ pipeline on CellRanger software version 3.1.0 

(10X Genomics).  Downstream analyses were performed with Seurat (v3.9.9.9038) using 

cells with more than 250 genes and less than 20% mitochondrial reads.  Regression for 

cell-cycle effects was also executed. Non-linear dimensional reduction was performed 

using the UMAP method at a resolution of 0.5. 
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3.4.23. Single Cell ATAC Sequencing Using the 10X Platform: 
 

Multiple F2 generation serially passaged tumors were dissociated as outlined in 

section 3.4.20. Prior to storage at -80°C, HEC 116 Plasmid Derived SMARCA4 KO and 

WT tumor cells were depleted of mouse and dead cells using the MACS Mouse Cell 

Depletion Kit and MACS Dead Cell Removal Kit (Miltenyi Biotec), respectively.   

3.4.23A. Nuclei Isolation: 
 

Nuclei suspensions were isolated, washed and counted according to the 

Demonstrated Protocol: Nuclei Isolation for Single Cell ATAC Sequencing (10X 

Genomics).  500,000 cells either unpassaged or serially passaged tumor cells were 

pelleted and lysed on ice for a maximum of 3 minutes with Lysis Buffer (10 mM Tris-HCl 

(pH 7.4), 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20, 0.1% Nonidet P40 Substitute, 

0.01% digitonin and 1% BSA).  Upon the conclusion of the optimized lysis incubation 

time, Wash Buffer (10 mM Tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl, 0.1% Tween-20 

and 1% BSA) was added and the nuclei pelleted at 500 g for 5 min at 4°C.  Nuclei were 

then resuspended in Diluted Nuclei Buffer (10X Genomics) at greater than approximately 

5000 nuclei/microlitre and the resulting nuclei concentration confirmed with a Countess 

Counter (Invitrogen).   

3.4.23B. Library Construction: 

scATAC-seq libraries were prepared in accordance with the Chromium Single Cell 

ATAC Reagent Kits User Guide (10X Genomics) by the University of Alberta, Faculty of 

Medicine and Dentistry, High Content Core Facility.   

Nuclei suspensions were incubated with transposase mix to fragment DNA and 

simultaneously, add the adapter sequences to the ends of the DNA fragments. These 
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nuclei were then used to generate the gel bead-in emulsions, nuclei barcoding and the 

Illumina® P5 sequence Read 1 (Read 1N) sequence. Finally, the Illumina® P7 and a 

sample index were added during library construction via PCR. All the steps were 

performed following the latest available manufacturer’s protocol, using the 10X Chromium 

Controller (PN-1000202), the Chromium Next GEM Single Cell ATAC Library & Gel Bead 

Kit v1.1 (PN- 1000176), the Chromium Next GEM Chip H Single Cell Kit (PN- 1000162) 

and the Single Index Plate N Set A(PN-3000427). 

3.4.23C. Single Cell Sequencing Using the 10X Platform: 
 

Samples were pooled in a molar concentration such that when loaded into Illumina 

NovaSeq S4, it produced paired-end and single-indexing sequences at an average depth 

of ~37,500 reads per nuclei. 

3.4.23D. Data Analysis:  

Illumina sequencing outputs were used to generate demultiplexed FASTQ files. 

Then the sequences were aligned against the human reference genome (10X Genomics, 

hg19) using the standard ‘cellranger count’ pipeline on CellRanger software version 3.1.0 

(10X Genomics). Downstream analyses were performed with ArchR (v1.0.1) following the 

online manual: https://www.archrproject.com/bookdown/index.html. 
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4 
Treatment of cell line models of DDEC with a synthetic lethality based approach 
 
4.1. Introduction  
 

Currently accounting for only 2% of endometrial carcinomas overall likely due to 

under recognition, DDEC has continuously demonstrated itself to be clinically aggressive 

(1).  Despite the unusually poor prognosis of this subtype of endometrial cancer, less toxic 

therapeutic more effective options have not been implemented and vulnerabilities unique 

to DDEC have not been revealed and targeted.  Advances in sequencing technologies 

and analysis of numerous human tumors resulted in the discovery of many clinically 

successful genetically targeted cancer therapies (2-6).  For example, drugs that target 

EGFR mutations in NSCLC and amplification of ERBB2 in breast cancer have led to 

increased progression free-survival in many patients (6-17).  Despite noted successes, 

partial responses to targeted therapy are an issue in select patient populations that only 

combination regimens may begin to address (6).  Furthermore, while many oncogenes 

that arise because of genetic alterations have been discovered by DNA sequencing, few 

are considered druggable (18-20). In recent years, the impact of harnessing the immune 

system to treat cancer has surpassed the enthusiasm for targeted cancer therapy (6). 

The success in terms of clinically meaningful responses in for example, NSCLC patients, 

to checkpoint inhibitors has been enough to dampen interest for targeted therapies, but it 

is unclear whether immunotherapies will produce the long-term responses desired by 

cancer patients (6, 21-23).  To keep improving targeted cancer treatments for people, 

strategies that attempt to overcome barriers in targeting lost tumor suppressor genes and 

driver genes untouched by genetic alterations known as unmarked oncogenes will need 

to be explored further (6).  Synthetic lethality (SL) together with functional genomic 
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screening could be effective in identifying the next generation of effective cancer drugs 

alone or in combination.  SL occurs when the loss of two genes leads to cell death but 

inactivation of either gene has little impact on the viability of cells (6).  SL can also be 

achieved if one gene is inactivated either through deletion or mutation and the other is 

inhibited pharmacologically (6). SL has quickly emerged as an approach to identifying 

therapies that could kill cancer cells with a driver mutation that is absent in normal cells, 

thus sparing non-transformed cells from cell death (6). RNA interference (RNAi) 

technology allowed for the systemic identification of synthetic lethal gene pairs in human 

cancer cell lines (24-29). One of the most clinically successful applications of SL in the 

context of tumor suppressor gene loss is the use of PARP inhibitors in BRCA-mutant 

ovarian cancers (30-34).  Screening using small interfering RNA (siRNA) has led to the 

discovery that chromatin remodeling complex members SMARCA4, SMARCA2, ARID1A 

and ARID1B under certain genetic contexts act as synthetic lethal pairs (24-27). In 

NSCLC, a SMARCA4 deficient neoplasm, several synthetic lethal interactions have been 

uncovered besides SMARCA2 including, EZH2 and Aurora kinase A (24, 26, 35-37).  

Unfortunately, these interactions are not druggable with any FDA approved inhibitors (37).  

Recent work by Xue et al., using a kinome-based RNAi-screen, demonstrated that 

inhibition of cyclin-dependent kinases 4/6 (CDK4/6) in NSCLC and SCCOHT is a 

vulnerability in these SMARCA4 deficient carcinomas (37, 38).  In this context, CDK4/6 

seem to be essential for neoplastic growth, such that CDK4/6 inhibition can reduce tumor 

progression (37).  In NSCLC and SCCOHT with SMARCA4 loss, cyclin D1 expression is 

downregulated hinting at cell cycle dysregulation (37, 38).  These two studies are 

promising in that they suggest SMARCA4-deficient NSCLC and SCCOHT patients may 
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benefit from treatment strategies incorporating CDK4/6 inhibitors that are already 

clinically approved to treat other carcinomas (39). It remains to be seen what additional 

compensatory mechanisms are activated in the absence of SMARCA4 and whether this 

druggable vulnerability in some SMARCA4-deficient neoplasms is shared in other tumor 

types lacking SWI/SNF subunits.   SMARCA4 loss is not directly targetable in DDEC 

therefore in this chapter we employed an unbiased functional genetic screen to discover 

the molecular vulnerabilities present in these neoplasms.  One of the isogenic cell line 

pairs derived in Chapter 3 wherein the DDEC phenotype can be recapitulated upon 

knockout of SMARCA4 served as a well-controlled system to search for druggable 

synthetic lethal interaction partners using RNAi-based technology. We revealed several 

molecular vulnerabilities in SMARCA4 deficient DDEC that were validated and effectively 

targeted by clinically approved inhibitors in other models of DDEC.  We unveil some of 

the possible paradigms underlying these synthetic lethal interactions in our DDEC 

models.  Finally, pre-clinical animal studies were carried out to begin translating the 

efficacy of SL treatment of DDEC-like tumors in vivo. This body of work provides for the 

first time, the possibility of rationalized and targeted therapy for SMARCA4-deficient 

DDEC patients and provides further insight into the signalling pathways that may be 

critical to the growth of dedifferentiated cancers.         
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4.2. Results 
 
4.2.1. Cell line models of DDEC derived by CRISPR knockout of SMARCA4 exhibit 

variable responses to current standard of care chemotherapeutics for the 

treatment of endometrial cancer.  

Examination of advanced stage SMARCA4 deficient DDEC patients has revealed 

that these neoplasms are refractory to conventional chemotherapy regimens with disease 

recurrence occurring within 4 months of completion or even during treatment (40).  We 

examined then, the viability of three different cell line models of DDEC in the presence of 

increasing concentrations of carboplatin, one of two commonly administered 

chemotherapeutic options for patients with aggressive endometrial carcinomas (41) 

[Figure 4.1]. Similar half maximal inhibitory concentration (IC50) values regardless of 

SMARCA4 status were observed for Plasmid Derived HEC 116 (SMARCA4 KO and WT 

IC50= 11 µM) and RNP Derived HEC 59 EC cells (SMARCA4 KO IC50= 9 µM, SMARCA4 

WT IC50= 15 µM) when treated with carboplatin [Figure 4.1A & Figure 4.1C & 

Supplemental Table 4.1A].  In contrast, SMARCA4 deficient HEC 116 EC cells that were 

RNP Derived (IC50= 12 µM) were more susceptible to carboplatin treatment than 

SMARCA4 intact HEC 116 cells (RNP Derived IC50= 19 µM) as reflected by IC50 values 

[Figure 4.1B & Supplemental Table 4.1A].   Application of carboplatin to HEC 116 

plasmid derived cultured tumor cells that had undergone several rounds of serial 

passaging, did not result in altered carboplatin susceptibility from their unpassaged 

counterparts [Figure 4.2]. Cultured CDX tumor cells that did not possess SMARCA4 

(IC50= 9 µM) were more sensitive to carboplatin treatment than SMARCA4 proficient 
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tumor cells (IC50= 13 µM) as tested by viability assays [Figure 4.2 & Supplemental Table 

4.1B].  
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Figure 4.1. Models of DDEC generated by CRISPR gene editing to HEC 116 EC cells 
are sensitive to carboplatin treatment. Cell viability assays with A) HEC 116 Plasmid 
Derived B) HEC 116 RNP Derived and C) HEC 59 RNP Derived EC cell lines.  SMARCA4 
KO and WT cell lines were treated with increasing concentrations of carboplatin (0 to 20 
µM) for 72 hours prior to detection of luminescence (560 nm) with a microplate reader 
and Cell-Titer Glo reagents.  Data consists of four technical replicates from three 
independent biological replicates represented as individual-colored shapes.  Filled black 
circles or squares with error bars represent the mean and standard deviation of the 
SMARCA4 KO and WT biological replicates, respectively.   IC50 values with 95% 
confidence intervals were determined by fitting data with non-linear regression curve fits 
in GraphPad Prism.  Statistical difference between the dose response curves was also 
calculated in GraphPad Prism using the extra sum-of-squares F test. 
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Figure 4.2. Serially passaged tumor cells from a model of DDEC generated by 
CRISPR gene editing are sensitive to carboplatin treatment. Cell viability assay with 
third generation HEC 116 Plasmid Derived SMARCA4 knockout and wildtype EC cell 
lines that had been cultured in vitro.  These tumor-derived cell lines were treated with 
increasing concentrations of carboplatin (0 to 20 µM) for 72 hours prior to detection of 
luminescence (560 nm) with a microplate reader and Cell-Titer Glo reagents.  Data 
consists of four technical replicates from three independent biological replicates 
represented as individual-colored shapes.  Filled black circles or squares with error bars 
represent the mean and standard deviation of the SMARCA4 KO and WT biological 
replicates, respectively.  IC50 values with 95% confidence intervals were determined by 
fitting data with non-linear regression curve fits in GraphPad Prism.  Statistical difference 
between the dose response curves was also calculated in GraphPad Prism using the 
extra sum-of-squares F test.  
 
 

Longer term colony forming experiments were carried out to examine the response 

of cell line models of DDEC to paclitaxel, another frequent chemotherapeutic regimen for 

endometrial cancer patients with fast-spreading disease (41).  In contrast with the results 

seen for the HEC 116 Plasmid Derived model of DDEC when treated with carboplatin, 

SMARCA4 KO cells were significantly less susceptible to paclitaxel treatment than 

SMARCA4 intact EC cells [Figure 4.3].  This difference in sensitivity between SMARCA4 

deficient and SMARCA4 wildtype cells to increasing concentrations of paclitaxel was not 

evident though when comparing HEC 116 plasmid derived cultured tumor cells that had 
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undergone several rounds of serial passaging [Figure 4.4].  Similar susceptibility to 

paclitaxel application was observed regardless of the SMARCA4 status of the cultured 

tumor cells comprising this model of DDEC [Figure 4.4]. 

 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 4.3. HEC 116 Plasmid Derived SMARCA4 knockout cells are more resistant 
to paclitaxel than HEC 116 Plasmid Derived SMARCA4 wildtype cells. Clonogenic 
assay with the HEC 116 Plasmid Derived cell line model of DDEC.  The cell lines were 
cultured in the presence or absence of increasing concentrations of paclitaxel (0 to 18 
µM) for 8 days prior to fixation and staining.  Data is comprised of three independent 
biological replicates depicted as white-colored shapes. Multiple t-tests confirmed the 
presence of any significant difference (*** = p < 0.001. ** = p < 0.01. * = p < 0.05).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Serially passaged tumor cells from a model of DDEC generated by 
CRISPR gene editing are sensitive to paclitaxel treatment. Clonogenic assay with 
third generation HEC 116 Plasmid Derived SMARCA4 KO and WT EC cell lines that had 
been cultured in vitro.  These tumor-derived cell lines were cultured in the presence or 
absence of increasing concentrations of paclitaxel (0 to 18 µM) for 8 days prior to fixation 
and staining.  Data is comprised of three independent biological replicates depicted as 
white-colored shapes. 
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4.2.2. RNA interference based synthetic lethality screen reveals negative gene 

interacting partners of SMARCA4 in DDEC. 

In vitro, having only observed slight differences in response to carboplatin between 

cell lines models of DDEC regardless of SMARCA4 status and resistance to paclitaxel 

treatment with HEC 116 Plasmid Derived SMARCA4 KO cells, a genome wide short 

hairpin RNA (shRNA)-based screen was carried out on the SMARCA4 KO and WT HEC 

116 Plasmid Derived pair of cells to examine if SL may result in personalized DDEC 

therapy.  This isogenic pair of cells represents an excellent model of DDEC wherein 

SMARCA4 has been lost due to the introduction of a frameshift mutation.  The incomplete 

gene suppression by RNAi is a more realistic mimic of chemical inhibition than full 

knockout.  Hence, a lentiviral library containing 90,000 unique viral hairpins and 

representing 18,000 genes was utilized to assess thousands of digenic interactions 

across the two genetic backgrounds [Figure 4.5] (42). Microarrays were used upon 

infection of the cell line pairs, to ascertain what gene knockdowns caused lethality through 

examination of loss of associated barcodes [Figure 4.5] (42). We were most interested 

in those shRNAs lost in SMARCA4 KO HEC 116 Plasmid Derived EC cells as those 

interactions would be suspected to be synthetically lethal with SMARCA4 deficiency 

[Figure 4.5].   
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Figure 4.5. Schematic outlining the steps of the shRNA pooled screening pipeline.  
Quantification of the abundance of each shRNA was achieved through amplification of 
hairpin sequences from genomic DNA (42).  
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Top hits were identified by computing Difference Cumulative Change (DCC) 

scores based on the trend at which the hairpins dropped at different time points in the 

SMARCA4 deficient cells (42). Two hairpin scores per gene were utilized to increase the 

validity of the SL hits reported and reduce possible off-target effects (42).  Using a metric 

that assesses the quality of genome-scale lethality screens by the degree of recall of a 

reference set of essential genes, our screen possessed acceptable performance scores 

with F-measures of 0.7 [Supplemental Figure 4.1] (43). Over 850 statistically significant 

hits were identified [Figure 4.6A].  A ranking of potential synthetical lethal interacting 

partners based on already known associations to SMARCA4 in published literature 

revealed several potential candidates associated with chromatin, DNA repair or cell cycle 

[Figure 4.6B]. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. shRNA based screen uncovers synthetic lethal interactions in cell line 
model of DDEC.  A) Volcano plot in which significance is plotted against the DCC fitness 
score.  Genes that met a significance threshold of p<0.05 and a fitness score below -2 
were color-coded orange to indicate relative dropout. B) List of SMARCA4 associated 
synthetic lethal interactions in HEC 116 EC cells.   
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To validate the results of the SL screen, we tested multiple clinically approved 

inhibitors to several possible negative genetic interaction candidates (CTNNB1, EZH2, 

SMARCA2, ATM and CARM1) and found consistent with the results of the shRNA screen, 

greater suppression of HEC 116 Plasmid Derived SMARCA4 KO cell growth than 

SMARCA4 WT cell growth, when CDK4 or EGFR was targeted [Supplementary Figures 

4.2 & 4.3].  Molecular function and KEGG pathway enrichment analyses also confirmed 

several kinase family members to be enriched and ErbB signalling to be significantly 

upregulated [Supplementary Tables 4.2A & 4.2B]. 

4.2.3. Synthetic lethal interactions between either CDK4 and SMARCA4 or EGFR 

and SMARCA4 are targetable by small molecule inhibitors in all CRISPR derived 

cell line models of DDEC. 

Both CDK4 and EGFR are well studied members of signalling pathways highly 

associated with disease progression in a variety of epithelial cancer types (44, 45).  We 

modeled the SL interaction we observed between CDK4 or EGFR and SMARCA4 by 

chemical genetics, subjecting both HEC 116 and HEC 59 models of DDEC to increasing 

concentrations of CDK4 inhibitors (palbociclib and ribociclib), or EGFR inhibitors (gefitinib 

and erlotonib).  Consistently, regardless of the CRISPR methodology used to derive the 

DDEC model, HEC 116 cells lacking SMARCA4 expression were more susceptible to 

application of CDK4 and EGFR inhibitors than their wildtype counterparts [Figure 4.7 - 

Figure 4.10].  Using cell viability as a readout, IC50 values were determined for several 

clinically relevant CDK4 and EGFR inhibitors, respectively [Figure 4.7 - Figure 4.10 & 

Supplemental Table 4.3A & 4.3B].  Clonogenic assays assessing colony formation in 

the presence of these highly selective CDK4 and EGFR inhibitors further demonstrated 
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that SMARCA4 KO HEC 116 cells whether plasmid or RNP derived are significantly more 

sensitive than HEC 116 cells with SMARCA4 intact [Figure 4.11 - Figure 4.14].   

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. Application of CDK4 inhibitors preferentially suppresses SMARCA4 
deficient HEC 116 Plasmid Derived EC cells.  The viability of HEC 116 endometrial 
cancer cells lacking SMARCA4 expression is reduced in the presence of inhibitors against 
CDK4 activity such as A) palbociclib (SMARCA4 KO IC50=4 µM vs. SMARCA4 WT IC50=8 
µM) and B) ribociclib (SMARCA4 KO IC50=6 µM vs. SMARCA4 WT IC50=15 µM). 
SMARCA4 KO and WT cell lines were treated with increasing concentrations of targeted 
drugs (0 to 20 µM) for 72 hours prior to detection of luminescence (560 nm) with a 
microplate reader and Cell-Titer Glo reagents.  Data consists of four technical replicates 
from three independent biological replicates represented as individual-colored shapes.  
Filled black circles or squares with error bars represent the mean and standard deviation 
of the SMARCA4 KO and WT biological replicates, respectively.   IC50 values with 95% 
confidence intervals were determined by fitting data with non-linear regression curve fits 
in GraphPad Prism.  Statistical difference between the dose response curves was also 
calculated in GraphPad Prism using the extra sum-of-squares F test.  
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Figure 4.8. Application of EGFR inhibitors preferentially suppresses SMARCA4 
deficient HEC 116 Plasmid Derived EC cells.  The viability of HEC 116 endometrial 
cancer cells lacking SMARCA4 expression is reduced in the presence of inhibitors against 
EGFR activity such as A) gefitinib (SMARCA4 KO IC50=10 µM vs. SMARCA4 WT IC50=15 
µM) and B) erlotinib (SMARCA4 KO IC50=4 µM vs. SMARCA4 WT IC50=8 µM). SMARCA4 
KO and WT cell lines were treated with increasing concentrations of targeted drugs (0 to 
20 µM) for 72 hours prior to detection of luminescence (560 nm) with a microplate reader 
and Cell-Titer Glo reagents.  Data consists of four technical replicates from three 
independent biological replicates represented as individual-colored shapes.  Filled black 
circles or squares with error bars represent the mean and standard deviation of the 
SMARCA4 KO and WT biological replicates, respectively.   IC50 values with 95% 
confidence intervals were determined by fitting data with non-linear regression curve fits 
in GraphPad Prism.  Statistical difference between the dose response curves was also 
calculated in GraphPad Prism using the extra sum-of-squares F test.  
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Figure 4.9. Application of CDK4 inhibitors preferentially suppresses SMARCA4 
deficient HEC 116 RNP Derived EC cells.  The viability of HEC 116 endometrial cancer 
cells lacking SMARCA4 expression is reduced in the presence of inhibitors against CDK4 
activity such as A) palbociclib (SMARCA4 KO IC50=3 µM vs. SMARCA4 WT IC50=4 µM) 
and B) ribociclib (SMARCA4 KO IC50=11 µM vs. SMARCA4 WT IC50=16 µM). SMARCA4 
KO and WT cell lines were treated with increasing concentrations of targeted drugs (0 to 
20 µM) for 72 hours prior to detection of luminescence (560 nm) with a microplate reader 
and Cell-Titer Glo reagents.  Data consists of four technical replicates from three 
independent biological replicates represented as individual-colored shapes.  Filled black 
circles or squares with error bars represent the mean and standard deviation of the 
SMARCA4 KO and WT biological replicates, respectively.  IC50 values with 95% 
confidence intervals were determined by fitting data with non-linear regression curve fits 
in GraphPad Prism.  Statistical difference between the dose response curves was also 
calculated in GraphPad Prism using the extra sum-of-squares F test. 
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Figure 4.10. Application of EGFR inhibitors preferentially suppresses SMARCA4 
deficient HEC 116 RNP Derived EC cells.  The viability of HEC 116 endometrial cancer 
cells lacking SMARCA4 expression is reduced in the presence of inhibitors against EGFR 
activity such as A) gefitinib (SMARCA4 KO IC50=7 µM vs. SMARCA4 WT IC50=9 µM) and 
B) erlotinib (SMARCA4 KO IC50=9 µM vs. SMARCA4 WT IC50=10 µM). SMARCA4 KO 
and WT cell lines were treated with increasing concentrations of targeted drugs (0 to 20 
µM) for 72 hours prior to detection of luminescence (560 nm) with a microplate reader 
and Cell-Titer Glo reagents.  Data consists of four technical replicates from three 
independent biological replicates represented as individual-colored shapes.  Filled black 
circles or squares with error bars represent the mean and standard deviation of the 
SMARCA4 KO and WT biological replicates, respectively.   IC50 values with 95% 
confidence intervals were determined by fitting data with non-linear regression curve fits 
in GraphPad Prism.  Statistical difference between the dose response curves was also 
calculated in GraphPad Prism using the extra sum-of-squares F test. 
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Figure 4.11.  SMARCA4 knockout HEC 116 Plasmid Derived EC cells are more 
vulnerable to inhibition of CDK4 activity by palbociclib. Clonogenic assay with the 
HEC 116 Plasmid Derived cell line model of DDEC.  The cell lines were cultured in the 
presence or absence of increasing concentrations of palbociclib (0 to 18 µM) for 8 days 
prior to fixation and staining.  Data is comprised of six independent biological replicates 
depicted as white-colored shapes.  Multiple t-tests confirmed the presence of any 
significant difference (**** = p < 0.0001). 
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Figure 4.12.  SMARCA4 knockout HEC 116 Plasmid and RNP Derived EC cells are 
more vulnerable to inhibition of CDK4 activity by ribociclib. Clonogenic assays with 
both HEC 116 CRISPR derivations of DDEC.  The cell lines were cultured in the presence 
or absence of increasing concentrations of ribociclib (0 to 18 µM) for 8 days prior to 
fixation and staining.  Data is comprised of five or six independent biological replicates 
depicted as white-colored shapes. Multiple t-tests confirmed the presence of any 
significant difference (*** = p < 0.001. ** = p < 0.01. * = p < 0.05). 
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Figure 4.13.  SMARCA4 knockout HEC 116 Plasmid and RNP Derived EC cells are 
slightly more vulnerable to inhibition of EGFR activity by gefitinib. Clonogenic 
assays with both HEC 116 CRISPR derivations of DDEC.  The cell lines were cultured in 
the presence or absence of increasing concentrations of gefitinib (0 to 18 µM) for 8 days 
prior to fixation and staining.  Data is comprised of three to five independent biological 
replicates depicted as white-colored shapes. Multiple t-tests confirmed the presence of 
any significant difference (** = p < 0.01. * = p < 0.05). 
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Figure 4.14.  SMARCA4 knockout HEC 116 Plasmid and RNP Derived EC cells are 
more vulnerable to inhibition of EGFR activity by erlotinib. Clonogenic assays with 
both HEC 116 CRISPR derivations of DDEC.  The cell lines were cultured in the presence 
or absence of increasing concentrations of erlotonib (0 to 18 µM) for 8 days prior to fixation 
and staining.  Data is comprised of three to four independent biological replicates depicted 
as white-colored shapes. Multiple t-tests confirmed the presence of any significant 
difference (***= p < 0.001. ** = p < 0.01. * = p < 0.05). 
 

To show that SL interaction between SMARCA4 and CDK4 or EGFR was not 

limited to HEC 116 EC cells, specifically the isogenic plasmid derived pair the pooled 

screen was performed in initially, we also examined the response of our HEC 59 RNP 

Derived model to both CDK and EGFR chemical inhibition. Surprisingly, HEC 59 

SMARCA4 WT cells were more sensitive to the CDK4 inhibitor, ribociclib than their KO 
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counterparts but otherwise inhibition of CDK4 by palbociclib and inhibition of EGFR, 

suppressed SMARCA4 deficient HEC 59 cell growth more than HEC 59 SMARCA4 intact 

cell profileration [Figure 4.15, Figure 4.16 & Supplemental Table 4.3C].    

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.15. Only the application of CDK4 inhibitor palbociclib preferentially 
suppresses SMARCA4 deficient HEC 59 RNP Derived EC cells.  The viability of HEC 
59 EC cells lacking SMARCA4 expression is reduced in the presence of inhibitors against 
CDK4 activity such as A) palbociclib (SMARCA4 KO IC50=10 µM vs. SMARCA4 WT 
IC50=11 µM) but not B) ribociclib (SMARCA4 KO IC50=16 µM vs. SMARCA4 WT IC50=7 
µM). SMARCA4 KO and WT cell lines were treated with increasing concentrations of 
targeted drugs (0 to 20 µM) for 72 hours prior to detection of luminescence (560 nm) with 
a microplate reader and Cell-Titer Glo reagents.  Data consists of four technical replicates 
from three independent biological replicates represented as individual-colored shapes.  
Filled black circles or squares with error bars represent the mean and standard deviation 
of the SMARCA4 KO and WT biological replicates, respectively. Statistical difference 
between the dose response curves was also calculated in GraphPad Prism using the 
extra sum-of-squares F test. 
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Figure 4.16. Application of EGFR inhibitors preferentially suppresses SMARCA4 
deficient HEC 59 RNP Derived EC cells.  The viability of HEC 59 endometrial cancer 
cells lacking SMARCA4 expression is reduced in the presence of inhibitors against EGFR 
activity such as A) gefitinib (SMARCA4 KO IC50=11 µM vs. SMARCA4 WT IC50=14 µM) 
and B) erlotinib (SMARCA4 KO IC50=5 µM vs. SMARCA4 WT IC50=10 µM). SMARCA4 
KO and WT cell lines were treated with increasing concentrations of targeted drugs (0 to 
20 µM) for 72 hours prior to detection of luminescence (560 nm) with a microplate reader 
and Cell-Titer Glo reagents.  Data consists of four technical replicates from three 
independent biological replicates represented as individual-colored shapes.  Filled black 
circles or squares with error bars represent the mean and standard deviation of the 
SMARCA4 KO and WT biological replicates, respectively. IC50 values with 95% 
confidence intervals were determined by fitting data with non-linear regression curve fits 
in GraphPad Prism.  Statistical difference between the dose response curves was also 
calculated in GraphPad Prism using the extra sum-of-squares F test. 
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4.2.4. Reduced cyclin D1 and increased phosphorylated EGFR levels in SMARCA4-

deficient DDEC lead to sensitivity to CDK4 and EGFR inhibitors respectively. 

To find some of the molecular underpinnings driving drug sensitivity to inhibitors to 

CDK4 and EGFR in our cell line models of DDEC, we looked at the expression levels of 

different regulators of cell cycle progression as well as the phosphorylation state of EGFR.  

Previous studies examining other SMARCA4 deficient carcinomas such as NSCLC and 

SCCOHT, discovered cyclin D1 dysregulation to be linked with sensitivity of these cancer 

cells to CDK4/6 inhibitors (37, 38).  In alignment with these earlier findings, we determined 

that cyclin D1 levels are lower in EC cells lacking SMARCA4 expression as compared to 

WT cells [Figure 4.17A].  Additionally, RNA and chromatin immunoprecipitation (ChIP)-

sequencing experiments demonstrated that SMARCA4 KO in HEC 116 EC cells results 

in reduced CDKN2A/B transcript levels concomitant with H3K27 hypo-acetylation of the 

INK4/ARF locus [Figure 4.17B]. 
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Figure 4.17. SMARCA4 KO in EC cells is associated with dysregulation of the 
p16/cyclin D1/Rb pathway. A)  SMARCA4 loss reduces cyclin D1 expression in all line 
models of DDEC generated by CRISPR gene editing.  Western blot represents three 
independent experiments with tubulin acting as a loading control. Densitometry allowed 
for the obtainment of ratios of band intensity relative to SMARCA4 WT samples (mean ± 
standard deviation).   B)  SMARCA4 KO dysregulates H3K27ac nearby CDKN2A/B 
affecting its transcription.  
 

As the gene encoding EGFR is overexpressed in numerous carcinomas of 

epithelial origin, including the SMARCA4 deficient neoplasm, NSCLC, we investigated 

whether EGFR levels correlated with the response of our DDEC cell line models to 

erlotinib and gefitinib (44).  No significant differences in EGFR protein levels were 

observed between SMARCA4 intact and deficient EC cells regardless of the cell line 
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tested [Figure 4.18].  Both HEC 116 Plasmid Derived and HEC 59 RNP Derived 

SMARCA4 WT EC cells had slightly elevated EGFR expression as observed by flow 

cytometry, but this trend was not evident with the HEC 116 RNP Derived DDEC derivation 

[Figure 4.18].  The phosphorylation status of EGFR particularly at Tyr1068 has also been 

posited to be biologically relevant in predicting the response of NSCLC patients with 

wildtype EGFR to gefitinib and erlotinib (46, 47).  While all cell line models of DDEC 

exhibited some degree of sensitivity to EGFR inhibition by cell viability and clonogenic 

assays, only HEC 116 Plasmid Derived SMARCA4 KO EC cells had a higher ratio of 

phosphorylated EGFR expression to total EGFR expression when compared to wildtype 

counterparts [Figure 4.19].  
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Figure 4.18. Absence of SMARCA4 expression does not significantly alter EGFR 
levels in EC cells. EGFR expression was detected by flow cytometry on the A) HEC 116 
Plasmid Derived B) HEC 116 RNP Derived and C) HEC 59 RNP Derived cell line models 
of DDEC after staining with conjugated antibodies.  D) Comparing SMARCA4 KO EC 
cells to SMARCA4 WT EC cells median fluorescence intensities (MFI) which were 
normalized to fluorescence minus one (FMO) controls (n=3).     
 
 

 
 
 

 

Figure 4.19. Response to EGFR inhibition in the absence of SMARCA4 is likely 
influenced through regulation of the receptor’s tyrosine phosphorylation status. 
SMARCA4 loss leads to variable EGFR activation depending on the cell line model of 
DDEC. Western blot represents three independent experiments with β-Actin acting as a 
loading control. Densitometry allowed for the obtainment of ratios of band intensity 
relative to SMARCA4 WT samples (mean ± standard deviation). 
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4.2.5. Combination CDK4 and EGFR inhibition synergistically kills SMARCA4 

deficient EC cells.   

Many cancers tend to either fail to respond to single inhibitor therapy or acquire 

resistance after initially showing a response (48). Several studies and treatment 

paradigms have demonstrated that inhibiting two distinct pathways with two different 

drugs may compound the effects exhibited by the drugs on their own (49). We examined 

cell viability upon treatment of the HEC 116 cell line models of DDEC with combinations 

of CDK4 and EGFR inhibitors.  Bliss combination indices (CI) were calculated for every 

combination tested. Synergy between CDK4 and EGFR inhibitors was observed in the 

plasmid derived SMARCA4 KO EC cells whereas these drugs were antagonistic in the 

SMARCA4 wildtype EC cells [Figure 4.20 - Figure 4.21]. 
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Figure 4.20. Synergistic killing of HEC 116 Plasmid Derived SMARCA4 deficient 
cells by combination treatment with gefitinib and CDK4 inhibitors.  Cell viability was 
assessed by luminescence (560 nm) using a microplate reader after SMARCA4 KO or 
WT HEC 116 Plasmid Derived cells were treated for 72 hours with increasing 
concentrations of Gefitinib (0 to 20 µM) and either A) palbociclib or B) ribociclib (0 to 40 
µM).  Percent survival as indicated in the color bar corresponds to percent cell survival 
when normalized to untreated cells.  Tables of Bliss combination indices for Gefitinib with 
palbociclib or ribociclib wherein a Bliss CI of greater than 1 denotes antagonism, less than 
1 indicates synergy and less than 0.7 implies strong synergy.   
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Figure 4.21. Synergistic killing of HEC 116 Plasmid Derived SMARCA4 deficient 
cells by combination treatment with erlotinib and CDK4 inhibitors.  Cell viability was 
assessed by luminescence (560 nm) using a microplate reader after SMARCA4 knockout 
or wildtype HEC 116 plasmid derived cells were treated for 72 hours with increasing 
concentrations of Erlotinib (0 to 20 µM) and either A) palbociclib or B) ribociclib (0 to 40 
µM).  Percent survival as indicated in the color bar corresponds to percent cell survival 
when normalized to untreated cells.  Tables of Bliss combination indices for Erlotonib with 
palbociclib or ribociclib wherein a Bliss CI of greater than 1 denotes antagonism, less than 
1 indicates synergy and less than 0.7 implies strong synergy.   
 
 

Interestingly, when DDEC was modeled in HEC 116 EC cells using RNP based 

CRISPR gene editing methodology, less synergetic killing was observed for SMARCA4 

deficient cells [Figure 4.22].  Combination therapy of palbociclib and gefitinib tested on 

serially passaged, cultured cells resulted in synergistic killing of HEC 116 third generation 

tumor cells regardless of SMARCA4 expression status [Figure 4.23].   
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Figure 4.22. Non synergistic killing of HEC 116 RNP SMARCA4 deficient cells by 
combination treatment with ribociclib and EGFR inhibitors.  Cell viability was 
assessed by luminescence (560 nm) using a microplate reader after SMARCA4 knockout 
or wildtype HEC 116 plasmid derived cells were treated for 72 hours with increasing 
concentrations of ribociclib (0 to 40 µM) and either A) gefitinib or B) erlotinib (0 to 20 µM).  
Percent survival as indicated in the color bar corresponds to percent cell survival when 
normalized to untreated cells.  Tables of Bliss combination indices for ribociclib with 
gefitinib or erlotinib wherein a Bliss CI of greater than 1 denotes antagonism, less than 1 
indicates synergy and less than 0.7 implies strong synergy.   
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Figure 4.23. Synergistic killing of both serially passaged HEC 116 Plasmid Derived 
SMARCA4 knockout and wildtype EC cells by combination treatment with the CDK4 
and EGFR inhibitors, palbociclib and gefitinib, respectively.  Cell viability was 
assessed by luminescence (560 nm) using a microplate reader after third generation, in 
vitro cultured SMARCA4 knockout or wildtype HEC 116 plasmid derived cells were 
treated for 72 hours with increasing concentrations of gefitinib (0 to 20 µM) and palbociclib 
(0 to 40 µM).  Percent survival as indicated in the color bar corresponds to percent cell 
survival when normalized to untreated cells.  Tables of Bliss combination indices for 
ribociclib with gefitinib or erlotinib wherein a Bliss CI of greater than 1 denotes 
antagonism, less than 1 indicates synergy and less than 0.7 implies strong synergy.   
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4.2.6. Heterogeneity of DDEC tumors derived from gene edited cell lines convolutes 

efficacy of palbociclib and gefitinib treatment in vivo. 

To test the efficacy of CDK4 and EGFR inhibition on DDEC tumors in vivo, on two 

separate occasions mice bearing either HEC 116 Plasmid Derived SMARCA4 knockout 

or wildtype CDX tumors were treated biweekly by oral gavage with palbociclib, gefitinib 

or a combination of palbociclib and gefitinib [Supplemental Figure 4.4].  Tumors were 

extracted at an experimental endpoint of 10 mm in diameter [Figure 4.24]. 

 

 

 

 

 

 

Figure 4.24.   Experimental design to determine the effect CDK4 or EGFR inhibition 
alone or in combination has on SMARCA4 KO and WT EC CDX growth in 
immunodeficient mice.  Briefly, NSG mice were implanted subcutaneously with either 
HEC 116 Plasmid Derived SMARCA4 deficient or intact tumor sections.  14 days post-
implantation mice were randomized into experimental groups whereby oral gavage either 
vehicle, CDK4, EGFR or a combination of CDK4 and EGFR inhibitors were administered. 
Data is comprised of two independent rounds of in vivo experimentation. 
 

Body weight of mice with HEC 116 Plasmid Derived SMARCA4 KO [Figure 4.25A] 

did not significantly alter over the course of any of the in vivo experiments.  It should be 

noted that during the first thirty of eighty days when compared to untreated animals, mice 
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bearing SMARCA4 intact tumors treated with CDK4 and EGFR inhibitors exhibited 

substantial reduction in body weight (p<0.001 for palbociclib and gefitinib alone and 

p<0.01 when the two drugs were combined) [Figure 4.25B].  Additionally, at the endpoint 

of both the first and second rounds, final tumor weights regardless of SMARCA4 status 

did not significantly differ across the four treatment arms [Figure 4.26].  SMARCA4 KO 

tumor volume within the palbociclib and combination treatment groups was notably lower 

when compared to the final volumes of tumors exposed to vehicle [Figure 4.26].  Time 

to endpoint was longest for mice bearing HEC 116 Plasmid Derived SMARCA4 deficient 

cells when subjected to any treatment (median survival = 47 days versus median survival 

of 44 days for vehicle treated SMARCA4 KO mice) whereas HEC 116 Plasmid Derived 

SMARCA4 intact tumor bearing mice were conferred a survival advantage particularly 

when treated with palbociclib (median survival = 76 days) or the combination therapy  

(median survival = 63 days versus median survival of 50 days for vehicle treated 

SMARCA4 WT mice) [Figure 4.27].  Log-rank analysis of the Kaplan-Meier survival 

curves though did not demonstrate a significant difference in survival between the treated 

and untreated animals (p=0.3 for SMARCA4 deficient tumor bearing mice and p=0.1 

SMARCA4 intact tumor bearing mice) [Figure 4.27].  
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Figure 4.25. Palbociclib and gefitinib either alone or in combination do not overly 
affect the body weight of mice.  Fold change in body weight relative to day 1 of mice 
bearing HEC 116 Plasmid Derived A) SMARCA4 KO or B) SMARCA4 WT tumors that 
were randomized into various treatment groups.  Data consists of two independent rounds 
or biological replicates.  Filled circles or squares with error bars represent the mean and 
standard deviation of the SMARCA4 KO and WT biological replicates, respectively.    
Multiple unpaired t-tests confirmed the absence of any significant difference in body 
weight except for SMARCA4 intact tumor bearing mice during the first thirty days of 
treatment with palbociclib, gefinitib or combination therapy. 
 

 

 

 
 
 
 
 
 
 
 
 
Figure 4.26. Tumor volume but not tumor weight significantly differs amongst 
SMARCA4 knockout tumor bearing animals treated with palbociclib alone or in 
combination. HEC 116 Plasmid Derived SMARCA4 KO and SMARCA4 WT A) tumor 
weight and B) tumor volume upon excision at experimental endpoint. Data is comprised 
of two independent rounds or biological replicates depicted as white-colored shapes.  
One-way analysis of variance (ANOVA) analysis revealed no significant difference 
between treatment groups except for SMARCA4 KO tumor volume upon treatment with 
palbociclib alone or in combination (* = p < 0.05).  
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Figure 4.27. Insignificant increased survival of HEC 116 Plasmid Derived tumor 
bearing mice receiving synthetic lethality-based treatment. Kaplan-Meier survival 
curves compared using log-rank tests, of mice bearing HEC 116 Plasmid Derived A) 
SMARCA4 KO and B) SMARCA4 WT tumors and subjected to either vehicle, palbociclib, 
gefitinib or combination treatment (63 mg/kg). Mice were sacrificed when tumors reached 
10 mm by caliper measurement. 
 

Growth in HEC 116 Plasmid Derived EC tumor area over time was very similar 

across the treatment arms [Figure 4.28].  Closer examination of this dataset from our 

preclinical animal studies hinted at the possibility that it deviated considerably from 

normality therefore D’Agostino & Pearson tests were executed [Supplemental Figure 

4.5].  Normality tests failed (alpha=0.05) for every treatment arm including those mice 

receiving only the vehicle [Supplemental Figure 4.5].  Inspection of the quantile-quantile 

(QQ) plots revealed extremely two-tailed data or in other words, most tumor area values 

were observed at extremes rather than centered around the mean or median of that 

particular days’ measurements [Supplemental Figure 4.5 & Figure 4.28]. 
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Figure 4.28. Effect of palbociclib, gefitinib and combination CDK4/EGFR inhibition 
on HEC 116 Plasmid Derived DDEC tumor growth. Tumor area of HEC 116 Plasmid 
Derived SMARCA4 KO and SMARCA4 WT tumors and subjected to either A) palbociclib, 
B) gefitinib or C) combination treatment over time. Data consists of two independent 
rounds or biological replicates represented as white-colored shapes for any of the tumors 
originating from the treatment groups and filled black shapes for tumors from the vehicle 
treated mice. Box plots shown in grey and color have whiskers that indicate variability 
outside the upper and lower quartiles. Statistical differences between the tumor growth 
curves on various days were calculated in GraphPad Prism using nonparametric 
conditions and Kolmogorov-Smirnov t-tests.  
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From a histological perspective, examination of SMARCA4 deficient tumors from 

the in vivo experimentation that were treated with palbociclib or combination therapy 

exhibited some increased regions of necrosis compared to gefitinib or vehicle treatment 

[Figure 4.29].  Similarly, SMARCA4 intact tumors were discovered to be somewhat more 

necrotic upon subjection to any synthetic lethality-based therapy [Figure 4.29]. While a 

similar trend in necrosis upon drug treatment was witnessed regardless of SMARCA4 

status, tumors deficient in SMARCA4 were generally more necrotic than their wildtype 

counterparts [Figure 4.29 & Table 4.1]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
Figure 4.29. Effect of vehicle, palbociclib, gefitinib and combination treatment on 
HEC 116 Plasmid Derived SMARCA4 tumor necrosis. Representative H&E images of 
A) SMARCA4 KO and B) SMARCA4 WT tumors extracted from immunocompromised 
mice from the various treatment groups.  Quantification of the average area of necrosis 
was accomplished by analyzing three tumor sections per mouse with ImageJ software. 
Error bars represent the mean and standard deviation of the SMARCA4 KO and WT 
biological replicates.  
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To ensure that palbociclib and gefitinib administered by oral gavage effectively 

penetrated the tumors, immunoblotting was performed on lysates from single tumors 

within each treatment group and round of in vivo study. We had previously confirmed by 

immunoblotting in unpassaged cells, reduction in phosphorylation levels of Rb and EGFR, 

which are molecular targets affected by application of palbociclib and gefitinib, 

respectively [Supplemental Figure 4.6].  Activation of phospho-EGFR at tyrosine 1068 

was compromised in the gefitinib and combination treated mice across both the first and 

second round and regardless of the SWI/SNF status of the tumor [Figure 4.30].  

Confirmation of palbociclib reaching and acting upon our DDEC CDX tumors was 

assessed by examining the activation of status of a signalling factor downstream of CDK4, 

Rb.   Palbociclib was less effective in inhibiting the activation of Rb particularly during the 

first round of in vivo experimentation and in the single samples we examined appears 

more successful in inhibiting the phosphorylation of Rb in SMARCA4 deficient DDEC 

tumors over SMARCA4 intact neoplasms [Figure 4.30].   
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Figure 4.30. Administration of gefitinib and palbociclib alone or in combination by 
oral gavage to mice bearing cell line models of DDEC results in variable regulation 
of the phosphorylation status of downstream signalling factors. A) Drug treatment 
with gefitinib consistently led to reduced activation of EGFR. B) Drug treatment with 
palbociclib led to less Rb activation within tumors lacking SMARCA4. Western blot 
represents a single experiment with β-Actin acting as a loading control. Densitometry 
allowed for the obtainment of ratios of band intensity relative to untreated samples of 
same SMARCA4 status and from the same round of in vivo experimentation.   
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In summary, treated SMARCA4 wildtype CDX generally exhibited substantial 

pathway inhibition when growth rates were slow, and necrosis constituted a small portion 

of the neoplasm [Table 4.1]. The SMARCA4 knockout tumors, we have profiled thus far 

by immunoblotting do not exhibit the same predictable behavior as their wildtype 

counterparts, especially those tumors from mice receiving palbociclib alone or in 

combination [Table 4.1]. Consolidation of our preclinical animal study findings therefore 

highlights the heterogeneity of our DDEC-like cell line model particularly the CDX formed 

from SMARCA4 deficient EC cells [Table 4.1].   
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Table 4.1 Summary of growth rate, degree of pathway inhibition and percent 
necrosis for select treated cell line derived DDEC neoplasms. Rates of tumor growth 
were determined by fitting data with simple linear regression fits in GraphPad Prism. 
Quantification of the average area of necrosis was accomplished by analyzing three 
tumor sections per mouse with ImageJ software. Densitometry allowed for the obtainment 
of ratios of band intensity relative to untreated samples of same SMARCA4 status and 
from the same round of in vivo experimentation (- indicates an intensity of 1, ▼ < 1, ▼▼ 
< 0.2, ▲ > 1 and ▲▲ > 5). 
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4.3. Discussion 
 

As demonstrated by cell viability and clonogenic assays, DDEC-like cell lines 

deficient in SMARCA4 were not preferentially targeted by the current therapeutics 

administered to endometrial cancer patients and in the case of paclitaxel treatment, 

SMARCA4 knockout EC cells appear more resistant to this drug compared to their paired 

SMARCA4 wildtype EC cells.  It is becoming well established that chemotherapies are 

ineffective treatment modalities for advanced stage DDEC patients exhibiting metastases 

(40).  Our development of an isogenic pair of cell lines that partially recapitulates DDEC 

upon knockout of SMARCA4, allowed us to perform a shRNA-based screen capable of 

identifying possible synthetic lethal interaction partners with this chromatin remodelling 

subunit in the context of endometrial cancer. RNAi screens utilizing shRNA are known to 

be limited by off-target effects and differences in knockdown efficiencies, which may lead 

to false positive results (50).  Fortunately, our functional genetic screen yielded results 

that were not unique to only the model in which it was performed on, but the phenotype 

was observed across our multiple cellular models of DDEC.  Repeating this shRNA-based 

screen with multiple established cultured patient samples will ultimately confirm the 

prevalence and significance of certain synthetic lethal partners to SMARCA4 in DDEC.  

  We demonstrated in vitro, using cell viability and clonogenic assays, that 

endometrial cancer cells with SMARCA4 KO are susceptible to chemical inhibition of 

CDK4 or EGFR.  The p16-cyclin D1-CDK4/6/Rb pathway has been found to be regularly 

dysregulated in many cancers and is critical in the cell-cycle transition from G1 to S phase 

(51).  EGFR, a receptor tyrosine kinase, plays an essential role during development, 

relaying cues from the extracellular environment pertaining to proliferation, survival, 
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migration, and differentiation to the cell, therefore dysregulation of EGFR signalling is 

often associated with cancer (52-54).  Particularly apparent with the clonogenic assays, 

across the range of CDK4 and EGFR inhibitors we tested, the size of colonies rather than 

the colony number was substantially altered in the presence of drug treatment.  This 

suggests that these drugs especially EGFR inhibitors act in a cytostatic rather than 

cytotoxic manner when applied to our cell line models of DDEC, a result that should be 

unsurprising considering it is a targeted therapy (55).  While perhaps incapable of 

eliminating DDEC within a patient entirely, with improved early detection to avoid the 

emergence of metastatic disease followed by surgical resection, these inhibitors might 

impart some survival benefits.   

While there are a growing number of reported synthetic lethal interaction partners 

for SMARCA4, we were drawn to the finding of DDEC being vulnerable to CDK4 inhibition 

within our unbiased shRNA screen, due to its proven clinical efficacy as a targeted therapy 

in breast cancer (56-59).  This novel finding in DDEC correlates with previous findings 

uncovered for other SMARCA4 deficient neoplasms, namely SCCOHT and NSCLC, 

wherein CDK4 was revealed as a druggable target, synthetic lethal with SMARCA4, 

because of studies that also took a functional genetic screen approach (37, 38).  We also 

revealed in vitro that sensitivity to CDK4 inhibition in the absence of SMARCA4 is 

associated with a dysregulation of cyclin D1 at both the transcript and protein level 

[Figure 4.31]. This is in accordance with what has been reported in SMARCA4 deficient 

SCCOHT and NSCLC, which are also susceptible to CDK4 inhibitors (37, 38).  Disease 

specific survival for patients diagnosed with endometrial cancer remains lowest with 

DDEC, thus any treatment capable of both extending and improving quality of life is 
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desired. Due to the additional fact that DDEC is also rare, drugs already approved for use 

should speed up the translation of these findings into the clinic. To further confirm if CDK4 

is a viable candidate for targeted therapy in DDEC, assessment of cyclin D1 levels by 

immunohistochemistry in many patient samples will be extremely informative to carry out.   

Our work was also the first to establish that combining CDK4 and EGFR inhibition 

led to synergistic killing of SMARCA4 deficient endometrial cancer cells.  There is 

emerging evidence in NSCLC and other cancer types that combining these cyclin-

dependent kinase inhibitors and EGFR tyrosine kinase inhibitors may prevent or delay 

the acquisition of drug resistance (60-63).  In these cases, the cell cycle-related proteins 

cyclin D1 and CDK4 are amplified and chemical inhibition of these factors, enhances the 

activity of anti-EGFR therapy through the suppression of Rb phosphorylation (60-63).   

Our findings as well as others underscore how in cancer the regulation of the cell cycle, 

may be a major factor wherein numerous genetic alterations converge [Figure 4.31].  In 

the future, the expression levels and phosphorylation status of CDK4 in addition to the 

mutation status of EGFR in our cell line models would be worth examining closer to fully 

understand the interaction network between CDK4 and EGFR in the context of 

endometrial cancer lacking SMARCA4 expression [Figure 4.31] (60-62).  Additionally, 

while CRISPR gene editing has been a beneficial advancement in the field of cancer 

biology, our deeper understanding of how SMARCA4 loss impacts response to drug 

treatments may still be complicated by clonal selection.  To date, most CRISPR gene 

editing methodologies require a handful of single progenitor cells to repopulate 

themselves which may select for certain genetic alterations as this single cell selection is 

a notable genetic bottleneck (64).  The synergistic response to CDK4 and EGFR inhibition 



 258 

was observed most prominently in HEC 116 Plasmid Derived EC cells not HEC 116 RNP 

Derived EC cells, with one of the main differences between the two cell line models of 

DDEC being the number of single clones that were mixed.  

Lastly, we were the first to perform pre-clinical animal studies assessing the 

effectiveness of the CDK4 and EGFR inhibitors, palbociclib and gefitinib respectively, on 

mice implanted with serially passaged cell-derived xenografts of our HEC 116 Plasmid 

Derived DDEC-like model.  SMARCA4 deficient cancers across tissue types have been 

reported to display abundant necrosis, a phenomenon we also observed with both clinical 

samples as well our DDEC-like cell line xenografts (65, 66).  While it was initially 

surprising that no treatment regimen enhanced tumor necrosis significantly, CDK4 

inhibition through the action of palbociclib has been shown to not substantially alter 

necrosis in breast cancer patients (67).  A deeper investigation of treated tumors is 

presently being conducted by evaluating proliferation and apoptotic index by Ki67 

immunostaining and terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL), respectively.  Across the tumor samples we examined by immunoblotting, 

administration of gefitinib alone or in combination orally, reached the tumor site and 

impaired activation of EGFR.  Palbociclib was less effective at inhibiting Rb activation 

among the tumor samples we examined by immunoblotting during the first round of in 

vivo studies, but reduced phospho-Rb levels were seen when the identical drug treatment 

was carried out in the second round of experiments.  As reported previously with the 

clinical samples, the portion of a DDEC tumor that undergoes dedifferentiation can vary 

substantially, ranging from 10-95% (66). The formation of necrotic regions is often a result 

of abnormal tumor capillary development and as tumors become larger, the interstitial 
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fluid pressure permanently occludes the small vessels and leads to blood stasis (68).   

Our histological observations of tumors formed from HEC 116 Plasmid Derived 

SMARCA4 deficient cells are consistent to what has been seen with patient tumors, thus 

the starting CDX sections implanted and expanded for the various rounds of in vivo 

studies likely display sufficient tumoral heterogeneity in addition to unpredictable and 

varying amounts of necrosis.   

Reliably across repetitions, oral administration of gefitinib and palbociclib did not 

significantly increase median survival of mice or slow tumor growth. The majority of orally 

administered targeted therapies can be affected by food and the acidity of the stomach 

(69).  While some minor fluctuations in body weight were observed, it could be assumed 

that the food intake of mice was adequate and thereby inhibitor uptake or bioavailability 

was sufficient (70).  It is also well-documented that patient-derived xenograft (PDX) 

tumors undergo increasing molecular instability with serial transplantation, with acquired 

genomic alterations mainly associated with features of an aggressive phenotype such as 

proliferation (71, 72). Our DDEC-like cell line models due to their mismatch repair protein 

deficiency possess an even higher degree of genomic instability, which suggests that 

both SMARCA4 WT and SMARCA KO cells may have a propensity to accumulate 

mutations during the highly selective pressure of serial passaging (73, 74).  Paired 

genomic and transcriptomic analysis of HEC 116 Plasmid Derived SMARCA4 KO and 

WT tumors comparing unpassaged cells to the third generation serially passaged tumor 

sections used for preclinical animal work will likely provide a great deal of insight into the 

mutations and gene expression changes acquired by our DDEC model in vivo that render 

our treatments less effective than they were in vitro.  Ultimately the most suitable in vivo 
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model to test EGFR and CDK4 targeted therapy may be deriving tumor tissue with as 

little transplantation steps and directly as possible from primary DDEC tumors.    

The results of this work also emphasize the limitations of modelling drug response 

in vitro on adherent cells and the importance of further validating promising therapies in 

a three-dimensional in vivo setting where factors such as hormones and growth factors 

can have a major influence on a drugs ability to act on tumor cells.  In vivo with 

immunocompromised mice, only mouse stromal components such as extracellular matrix 

and cancer-associated fibroblasts can infiltrate and interact with our human HEC 116 

Plasmid Derived tumors (75, 76).  In lung cancer, crosstalk between tumor cells and 

stromal fibroblasts has been observed, wherein induction of resistance to tyrosine kinase 

inhibitors like gefitinib is developed and mediated through exposure to hepatocyte growth 

factor (HGF) and activation of its receptor, Met [Figure 4.31] (77, 78).  To increase the 

efficacy of EGFR-targeted therapy, pre-treatment with HGF/Met inhibitors as has been 

proposed in lung cancer might be required to eliminate other epithelial cancers such as 

DDEC  (78). Prolonged exposure to palbociclib has been shown to induce senescence in 

normal fibroblast cells and more recent studies examining melanoma have demonstrated 

that the impact of inhibition of CDK4 on normal cells needs to be considered when 

translating this targeted therapy into a clinical setting (79). The robust SASP induced by 

CDK4 treated fibroblasts promoted tumor growth in melanoma, undermining the 

therapeutic efficacy of palbociclib [Figure 4.31] (79). The conclusions found by examining 

lung carcinomas and melanoma remain to be explored in the context of SMARCA4 

deficient cancers, either with co-culture experiments in vitro or possibly with 

immunocompetent mice and syngeneic murine models of DDEC in vivo.   
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Ongoing in vivo studies are addressing whether palbociclib is indeed an 

improvement on current standard of care, not only on our cell line model of DDEC but 

also patient models of DDEC very recently successfully cultured and expanded as CDX 

tissue (data not published).  Overall, our findings in this chapter correlate with conclusions 

found for SMARCA4 deficient neoplasms, demonstrating that the best way to target 

DDEC with absent chromatin remodeling proteins, is likely with a SL approach (37, 38).   

As stated previously, any treatment option that might improve DDEC patient survival 

regardless of the SWI/SNF status of the tumor should be considered and combining 

CDK4 inhibition with emerging epigenetic or immune based therapies also warrants 

thorough and immediate exploration.   

 

 

 

 

 

 

 

 

 

 

Figure 4.31.  Proposed network of interactions in SMARCA4 deficient endometrial 
cancer cells that may explain their sensitivity in vitro and resistance in vivo to 
synthetic lethality-based therapies.  Inflammatory and mitogenic factors from the 
surrounding tumor microenvironment likely influence surrounding SMARCA4 deficient EC 
cells.  Results obtained within this chapter highlight some integral signalling pathways 
and secretory factors shown in green that warrant future investigation.  
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4.4. Methods  

4.4.1. Cell Culture and Treatments:  

HEC 116 and HEC 59 cells were obtained from JCRB and cultured in MEM 

medium supplemented with 10% fetal bovine serum (Sigma-Aldrich).  Cells were 

passaged using 0.25% w/v trypsin (Life Technologies).  All cells were cultured at 37°C 

with 5% CO2 supplementation.  Cells were authenticated at the Sick Kids Research 

Institute, Toronto, Ontario Canada and tested for mycoplasma in house using the PCR-

based universal mycoplasma detection kit (ATCC).  Paclitaxel and carboplatin (Sigma-

Aldrich) were utilized in addition to palbociclib (Sigma-Aldrich), ribociclib (Cayman 

Chemical), erlotinib (Selleckchem) and gefitinib (Sigma-Aldrich) for in vitro studies.  LC 

Laboratories produced the palbociclib and gefitinib for in vivo work. 

4.4.2. shRNA Screening: 

Pooled shRNA screening was accomplished as previously published (42).  Briefly, 

Plasmid Derived HEC 116 SMARCA4 KO and WT EC cells were transduced with lentiviral 

particles containing a 90K shRNA library with over 200x hairpin representation.  Post-

transduction cells were passaged for at least 17 days with genomic DNA collected at 

three timepoints for analysis: T0, T7 and T15, PCR to detect the hairpins was 

accomplished by large-scale PCR on the genomic DNA.  Thermocycling conditions were 

as follows: 98 °C for 3 min; 98 °C for 10 s; 55 °C for 15 sec; 72 °C for 15 sec; 72 °C for 5 

min; ending and holding at 4 °C. PCR products were subjected to purification and XhoI 

(New England Biolabs) digestion.  Half-hairpins were further purified before hybridization 

to a UT-GMAP 1.0 microarray (Affymetrix Inc).  
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4.4.3.  Computational Scoring of Pooled shRNA Screen:  

Computational scoring of the pooled shRNA screening was carried out as 

previously published (42). In short, at each time point, signal intensity for each hairpin 

was normalized and converted to log2 scale for both Plasmid Derived HEC 116 

SMARCA4 KO and WT EC cells.  The DCC between the Plasmid Derived HEC 116 

SMARCA4 KO and WT EC cells were calculated for time points relative to the 

corresponding previous time point using the formula:  

 

𝐷𝐷𝐷𝐷𝐷𝐷 =  �(𝑥𝑥𝑡𝑡,𝑘𝑘
𝐾𝐾𝐾𝐾

𝑇𝑇

𝑡𝑡=1

−  𝑥𝑥𝑡𝑡−1,𝑘𝑘
𝐾𝐾𝐾𝐾 ) −  �(𝑥𝑥𝑡𝑡,𝑘𝑘

𝑊𝑊𝑊𝑊
𝑇𝑇

𝑡𝑡=1

−  𝑥𝑥𝑡𝑡−1,𝑘𝑘
𝑊𝑊𝑊𝑊 )  

The normalized signal intensity at time point t (0,…,T) and replicate k (1,…,K) was 

denoted by 𝑥𝑥𝑡𝑡,𝑘𝑘
𝐾𝐾𝐾𝐾 for the HEC 116 Plasmid Derived SMARCA4 KO samples. 𝑥𝑥𝑡𝑡,𝑘𝑘

𝑊𝑊𝑊𝑊 denotes 

the HEC 116 Plasmid Derived SMARCA4 WT samples, similarly. For each gene, DCC 

fitness scores were calculated by taking the two hairpin DCC values that were the most 

negative values for that particular gene.  

𝐷𝐷𝐷𝐷𝐷𝐷𝑔𝑔 =  𝑎𝑎𝑎𝑎𝑎𝑎ℎ,ℎ′
𝑚𝑚𝑚𝑚𝑚𝑚 �𝐷𝐷𝐷𝐷𝐷𝐷𝑔𝑔,ℎ +  𝐷𝐷𝐷𝐷𝐷𝐷𝑔𝑔,ℎ′�/2 

Random shuffling of the DCC scores or a permutation test was performed subsequently 

and repeated until an empirical distribution of the DCC fitness scores over all the genes 

was accomplished.  Significant p-values were estimated for each observed fitness score 

as the frequency of randomized, shuffled DCC with more negative scores.  

𝑝𝑝 =  
1
𝑁𝑁𝑁𝑁

�𝐼𝐼(𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟  <  𝐷𝐷𝐷𝐷𝐷𝐷𝑔𝑔 )
𝑁𝑁𝑁𝑁

𝑟𝑟=1
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N represents the number of genes, L is the number of repeats required to construct an 

empirical distribution, 𝐷𝐷𝐷𝐷𝐷𝐷𝑟𝑟 is the randomized shuffle with the more negative score and 

I() is a binary indicator that gives 1 for a true statement and 0 if otherwise.  

4.4.4.  Protein Extraction: 

Protein was extracted from adherent cells directly on plates using RIPA Lysis and 

Extraction buffer (Thermo Fisher Scientific) with added Halt Protease and Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific).  Lysed cells were incubated at 4°C prior to 

centrifugation at 13000 rpm for 20 minutes at 4°C to pellet insoluble cell debris.  

Supernatants containing protein were quantified using the DC Protein Assay (Bio-Rad) 

and measured on a FLUOstar Omega plate reader (BMG LABTECH).  Protein was also 

extracted from flash-frozen tumors that were ground by mortar and pestle and 

resuspended in RIPA Lysis and Extraction buffer (Thermo Fisher Scientific).  Following 

sonication, lysed tumor cells were incubated, centrifuged and quantified in a similar 

manner as the lysates from adherent cells.   

4.4.5.  Western Blotting: 

4X Laemmli sample buffer (BioRad) with 5% (v/v) 2-Mercaptoethanol (Sigma-

Aldrich) were added to protein samples prior to being boiled for 5 minutes.  7.5% SDS-

PAGE gels were utilized and then transferred onto nitrocellulose membranes (Bio-Rad) 

at 100 V for 90 minutes.  Membranes were blocked with 5% milk in TBST for one hour at 

room temperature, followed by primary antibody incubation overnight at 4°C. Membranes 

were washed in TBS + 0.1% Tween before incubation with HRP-conjugated secondary 

antibodies at a concentration of 1:3000 (BioRad) for 1 hour at room temperature.  Excess 

secondary antibody was washed from the membrane prior to utilizing Clarity Western 
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ECL Substrate (BioRad) for detection of chemiluminescent signal. Film (Fujifilm) was 

used to image the western blots which were subsequently quantified by densitometry 

using ImageJ (80). 

Primary antibody dilutions are as follows -  

 

4.4.6.  Flow Cytometry: 

One million HEC 116 Plasmid Derived SMARCA4 KO or WT cells were stained 

with Zombie Aqua at RT for twenty minutes followed by washing and incubation with 

diluted fluorochrome-conjugated antibodies against EGFR in FACS buffer. Prior to 

antibody incubation, EC cells were blocked on ice for 30 minutes in FACS buffer 

containing Trustain FcX (BioLegend).  In a volume of 20 µL, the antibody dilution of 1:200 

of APC anti-human EGF receptor (Mitenyi Biotec) was added and cells were incubated 

for another 10-15 minutes on ice.  Following washing, all cells were fixed in FACS buffer 

containing 2% formaldehyde, stored at 4°C, and samples were acquired within one week. 

Antibody-stained cells were analyzed using a FACS CANTO II (Becton Dickinson) and 

samples were resuspended in 300 µL before analysis.  Acquired data was analyzed using 

Primary Antibody  Dilution  
Anti-Cyclin D1  

[EPR2241] C-terminal (AbCam) 1:5000 

Anti-Phospho-EGF Receptor 
[Tyr1068] (Cell Signaling Technology) 1:5000 

Anti-EGF Receptor total XP 
[D38B1] (Cell Signaling Technology) 1:1000 

Anti-Rb phospho S807/811 
[9308] (Cell Signaling Technology) 1:1000 

Anti-Rb total 4H1 
[9309] (Cell Signaling Technology) 1:2000 

Anti-Beta Actin  
(Santa Cruz) 1:10000 

Anti-Beta Tubulin 
(Licor) 1:7000 
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FlowJo software (Tree Star, v10) with fluorescence minus one (FMO) controls as well as 

forward and side scatter to set gates.  

4.4.7.  Luminescent Cell Viability Assays:  

Cells (640 cells/well) were seeded into flat bottomed, opaque-wall 96 well 

microplates (Corning).  At 48 hours after seeding, serial dilutions of carboplatin, CDK4/6 

inhibitors or EGFR inhibitors were added to cells to final drug concentrations within the 

range of 2-20 µM for 72 hours until cell viability was measured as per the Cell Titer-Glo 

luminescent cell viability assays (Promega) manufacturer’s protocol. Luminescence was 

measured at 560 nm using the FLUOstar Omega plate reader (BMG Labtech). Percent 

cell viability in the presence of the drugs was determined by normalizing to vehicle 

controls (dimethyl sulfoxide (DMSO)) after subtraction of background signal.     

4.4.8. Clonogenic Growth Assays: 

In six-well culture plates, cells were seeded at the following densities:  

50 (untreated), 100 (5 µM), 200 (10 µM), 400 (12 µM), 800 (14 µM) and 1600 (18 µM)  

cells/well. 

72 hours post-seeding, cells were treated with above-mentioned doses of either 

paclitaxel, palbociclib, ribociclib, erlotinib or gefitinib.  Drug containing media was 

replaced every three days for a total growth period of 8 days. The resulting colonies were 

stained with 0.5 % crystal violet solution in methanol and washed with PBS to remove 

excess staining solution. Colonies of >50 cells were counted and plating efficiency 

determined by the following equation: 

𝑃𝑃𝑃𝑃 =
# 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
# 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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𝑆𝑆𝑆𝑆 =
# 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

# 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
∗ 𝑃𝑃𝑃𝑃 

 

4.4.9. Combination Drug Treatments & Determination of Bliss Combination Indices:  

To ascertain the effects of different drug combinations on cell viability, 640 

cells/well were seeded into Corning flat bottomed, opaque-wall 96 well microplates 

(ThermoFisher Scientific) and incubated at 37°C for 48 hours before addition of inhibitors.  

A consistent DMSO percentage of 2% that was considered negligible to cell viability was 

maintained across the assay plates. Following addition of drugs, plates were incubated 

for another 72 hours prior to measurement of cellular ATP levels by Cell Titer-Glo 

luminescent cell viability assays (Promega). All experiments were performed in triplicate 

(4 technical replicates and 3 biological replicates). Cell viability was calculated relative to 

untreated cells. Synergy scores were determined using the Bliss model similar to the 

methodology employed in (81).  Combinations of drugs that had 1) a Bliss combination 

index score greater than one were defined as antagonistic 2) a Bliss synergy score less 

than one exhibited synergistic behavior and 3) Bliss combination index scores less than 

0.7 were considered as strongly synergistic in nature.  

4.4.10. In vivo Studies: 

Animal experiments were carried out in accordance with the guidelines laid out by 

the Canadian Council on Animal Care and were approved by the University of Alberta 

Animal Policy and Welfare Committee. HEC 116 Plasmid Derived SMARCA4 KO and WT 

PDX tumor sections approximately 2 mm in diameter, were expanded from tumors 

generated by serial passaging and collected at the third generation.  A single section was 

implanted in subcutaneously into 6-8 week-old female NOD.Cg-PrkdcscidIl2rg (NSG) 
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mice.  Ten days post-implantation, mice were randomized into treatment groups: either 

vehicle (0.3% methylcellulose (Wako), 0.1% Poly-80 (Sigma-Aldrich) at pH 4), palbociclib, 

gefitinib or combination therapy consisting of both palbociclib and gefitinib. Treatment (63 

mg/kg by gavage) was continued biweekly until tumors reached a final diameter of 10 

mm.  Measurements of body weight and tumor size were carried out twice a week as well. 

Digital calipers were utilized to measure the length and width of tumors to calculate tumor 

area over time and tumor volume upon excision. Mice were euthanized at experimental 

endpoint when tumor size equaled approximately 60 mm2.  Tumors were subjected to 

weighing post excision and split either to be flash-frozen and stored at -80°C or fixed in 

formalin for eventual paraffin embedding and sectioning.   

4.4.11. Examination of H&E stained Tumor Sections for Necrosis: 

Post sectioning, tumors were stained with H&E and the entire cross-sectional area 

of the slide was scanned by an Aperio Digitial Pathology slide scanner.  Image analysis 

software (Image Scope; Leica Biosystems) was used to convert the whole slide scans 

into TIFF image formats that could be further analysed further in ImageJ.  Initially, 

thresholding against background pixel intensity compared to intact tumor tissue was 

carried out, followed by a second round of thresholding solely against necrotic regions.  

Areas of necrosis were reported as a percentage over the total tumor area.   

4.4.12. Histone Mark Chromatin Immunoprecipitation Sequencing (ChIP-Seq) & RNA-

Sequencing (RNA-Seq): 

Nucleosome density chromatin immunoprecipitation sequencing and bulk RNA 

sequencing were carried out in collaboration with the authors of and as reported in (82, 

83).  Standard operating procedures for the generation of ChIP-Seq and RNA-seq 
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libraries are also available at http://www.epigenomes.ca/protocols-and-standards).  

Briefly, cells were lysed and digested by microccocal nuclease (MNase). 

Immunoprecipitation was performed using a validated antibodies against H3K27ac. DNA 

fragments were then stripped from histones, purified, and subjected to Illumina library 

construction. Libraries were sequenced on an Illumina HiSeq 2500 sequencing platform 

following the manufacturer’s protocols. Sequence reads were aligned to hg_38_not alt 

using Burrows-Wheeler Aligner (BWA) (version 0.7.6) and converted to bam format by 

SAMtools (version 0.1.13) (84).  Statistically significant enriched regions were identified 

by MACS2 using a corrected p-value of 0.01 and 0.05 for narrow and broad peak, 

respectively (85).  

RNA-Seq libraries were sequenced on an Illumina HiSeq 2500 sequencing platform 

following the manufacturer’s protocols. RNA-seq analysis was performed as previously 

described (86, 87). Briefly, adaptor sequences were stripped and reads were aligned to 

a transcriptome reference consisting of genomic sequences (GRCh38) supplemented by 

read-length-specific exon–exon junction sequences. An in-house RNA quality control and 

analysis pipeline was used to generate a report and calculate a normalization constant 

for computing reads per kilobase per million mapped reads (RPKM) values. Pairwise 

comparisons between different sample types were performed to identify differentially 

expressed genes using a custom DEfine matlab tool (cut-offs: RPKM >0.005; number of 

reads >25; FDR <0.015). 
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5  
Conclusions and Future Directions 
 

Improvements in the diagnostic process and advancements in therapeutic 

approaches are still both extremely warranted for patients with DDEC.  It has become 

increasingly understood that DDEC patients have poor responses to conventional 

chemotherapy but thorough investigation of the rare gynecological malignancy at the 

molecular level has prolonged adoption of any sort of specialized targeted therapy.  In 

Chapter 2, we examined patient samples by various next-generation sequencing 

approaches to begin uncovering the unique features of endometrial cancers with both 

undifferentiated and differentiated regions.  In Chapter 3, having discovered chromatin 

remodeling protein loss as a potential driver of DDEC, I developed cell line models of 

DDEC by knocking out SMARCA4 that we then characterized both in vitro and in vivo. 

Finally, in Chapter 4, we identified and validated interacting partners with SMARCA4 that 

are synthetic lethal in the context of the endometrium. 

5.1.  Frameshift mutations leading to subsequent loss of chromatin remodelling 

proteins are a prominent feature of the undifferentiated regions of DDEC. 

Across the series of clinical cases we examined, over two thirds were found by 

targeted DNA sequencing to possess frameshift mutations to one of three SWI/SNF 

chromatin remodeling subunits (1, 2).  These findings were validated by 

immunohistochemistry where expression of SMARCA4, SMARCB1 and ARID1B was 

found to be lost only within the undifferentiated regions of DDEC neoplasms (1, 2). 

ARID1A has long been known to be an epigenetic regulator frequently mutated in cancers 

of the ovary and endometrium yet the discovery that SMARCA4 mutations may be a driver 

of cancer adaptation and progression in more rare and aggressive cases of cancer of the 
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gynecological tract has only more recently been revealed (3, 4).  As SWI/SNF complexes 

broadly control chromatin accessibility, this chromatin remodelling complex has diverse 

and different functions depending on subunit composition (4, 5). The BAF SWI/SNF 

complex which contains ARID1A/B has been suggested to be key to the regulation of 

enhancer regions (5).  Although, there is likely a shared mechanism by which all nine 

recurrently mutated subunits similarly operate as tumor suppressors in cancer  (4, 6-8).  

Subsequent work has corroborated these novel discoveries in Chapter 2 related to 

SWI/SNF dysregulation that we performed on small cohorts of DDEC patients (9).  Since 

publication of our findings in Chapter 2 in 2016, expanded series of clinical DDEC cases 

harboring inactivating mutations to core components of the SWI/SNF complex continue 

to display more aggressive clinical behavior, progressing more rapidly and frequently 

presenting with more extrauterine spread than SWI/SNF-intact DDEC (9).  It should be 

noted that a higher proportion of DDEC cases, 44% were found to have co-lost ARID1A 

and ARID1B within the Tessier-Cloutier et al. study published in 2020, an increase of 20% 

over what was evident within the cohort published in Coatham et al. in 2016 (2). CRISPR 

gene editing approaches employed in this work that resulted in models of DDEC 

exhibiting SMARCA4 loss, were unsuccessful when ARID1A/B deficient cell line models 

of DDEC were attempted in a similar manner.  Fortunately, we now have patient derived 

models of ARID1A/B deficient DDEC in culture that together with the information we 

acquired studying the cell line models of DDEC deficient in SMARCA4 in Chapter 3, can 

hopefully guide the successful development of similar cell line models of DDEC with 

ARID1A/B loss.  While DDEC is still considered a rare cancer, the study of it may reveal 

mechanisms that are relevant and underlying many other cancers presenting with a 
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variety of SWI/SNF deficient forms.  Despite massive improvements in our genomic 

understanding of the subtypes of gynecological cancers, deeper genetic profiling 

combined with studies confirming how observed genetic alterations may contribute to 

malignant disease, was necessary for more personalized treatment approaches to ever 

be proposed and hopefully soon, adopted.   

5.2.   The undifferentiated portions of DDEC tumors are characterized by markers 

of epithelial to mesenchymal transition and stemness 

Beyond demonstrating dysregulation of chromatin remodelling in DDEC for the first 

time, our findings studying clinical SMARCA4 deficient DDEC confirmed previously 

reported features of gynecological dedifferentiation such as PAX8 and ER loss and 

characterized the behavior of potential novel biomarkers of DDEC (10, 11).  Our gene 

expression profiling datasets constitute a noteworthy contribution to researchers and 

clinicians’ understanding of DDEC.  Studies performed by various groups on different 

patient specimens have subsequently confirmed many of the gene expression changes 

we observed within our cohort such as loss of claudin 4 and upregulation of EMT-related 

transcription factors, Zeb1/2 and Twist1 (12, 13).    Other cancers afflicting adults wherein 

SMARCA4 loss can be linked to progression such as NSCLC and SCCOHT, have also 

been associated with EMT (14-16).  Re-expression of SMARCA4 has even resulted in 

differentiation of a SCCOHT cell line in terms of expression of claudin 4 (14).  These 

markers and their translatability into clinical biomarkers will continue to be determined as 

their exact prevalence across cancers, specifically gynecological carcinomas are further 

elucidated. Unfortunately, as DDEC can still be frequently misdiagnosed and occurs more 

rarely, our sample size was small, but it will be worthwhile to keep expanding our gene 
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expression profiling studies as we acquire more patient samples with both with same and 

different SWI/SNF mutation statuses.     

Molecularly defining DDEC by SWI/SNF status is important as absence of 

SMARCA4, ARID1B, and SMARCB1 can signify a more aggressive clinical course. Other 

less recurrent genetic events though may still be worth translating into clinical biomarkers 

to further bolster diagnoses that remain reliant on histology, which is highly variable with 

these neoplasms.  As more specific treatment options become available for DDEC, it may 

be useful to validate multiple marker panels that would ensure patients with DDEC are 

not missed for either targeted or immuno-therapies.  As has been shown with proteomics-

based discovery work, the performance of individual markers in IHC is typically worse 

than predicted by the methodologies producing large datasets (17). Our attempt to 

translate Sox2 into a biomarker for the differential diagnosis of DDEC proved challenging 

and is not an uncommon result as many potentially prognostic targets suffer due to a lack 

of available quality antibodies (17). Adoption of a multi-marker model holds immense 

promise, as targeted sequencing approaches are unlikely to enter current clinical 

workflows when IHC-based classification is currently both efficient and sensitive (17).   

While absence of MMR proteins, PAX8, ER, and claudins have all been proven to be 

reliable markers of the presence of undifferentiated components in an otherwise well-

differentiated endometrial cancer, moving forward implementation of consistently 

upregulated markers within the undifferentiated cells such as ZEB1 or BMP7 could 

substantially improve patient outcomes by allowing for differential diagnosis based on 

presence rather than absence of protein expression.      
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5.3. In vitro knockout of SMARCA4 in endometrial cancer cells leads to senescence  

Since 2013, CRISPR gene editing has emerged as a powerful scientific 

advancement allowing for the obtainment of models of disease not previously thought of 

as attainable (18, 19).  The ability of Cas9 to introduce nicks in DNA that in turn allow 

NHEJ to introduce frameshift mutations in targets of interest allowed us, in Chapter 3, to 

produce endometrial cancer cells lacking SMARCA4 expression (18, 19).  Our group and 

others have demonstrated on numerous occasions that DDEC preferentially occurs in a 

MMR deficient genetic background, which is also a common feature among commercially 

available endometrial cancer cell lines (20-22).  In Chapter 3, we characterized three 

distinct SMARCA4 derivations and demonstrated that immediately following SMARCA4 

knockout, endometrial cancer cells display several qualities associated with senescence.  

While not the first work to link SMARCA4 with senescence, we are the first to propose in 

the context of the endometrium that senescence induced by SMARCA4 loss is a 

prerequisite to complete cellular dedifferentiation.  Knowledge on epigenetics influencing 

senescence is growing, with current work exposing a role for enhancer remodelling 

prompting senescence-associated gene expression (23).  Interestingly, AP-1 superfamily 

members can preserve senescence programming through binding to enhancer chromatin 

and their depletion is sufficient to partially revert the phenotypic phenomenon but does 

not lead cells to fully re-enter the cell cycle and proliferate (23).  Having demonstrated 

AP-1 transcription factor dysregulation in the SMARCA4 deficient HEC 116 Plasmid 

Derived model of DDEC upon in vivo serial passaging, it would be interesting to probe 

the senescent code of these cells utilizing ChIP-seq experiments for enhancer specific, 

histone modifications H3K4me1 and H3K27ac, upon in vivo exposure and over time.  
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Together with paired genomic and transcriptomic profiling it may be possible to definitively 

claim AP-1 imprints a reversible senescence program in DDEC.    

A hallmark of senescence overlooked in the results published within this thesis is 

the state of the mitochondria of SMARCA4 knockout EC cells.  Typically, during 

senescence, NAD+/NADH ratios are low, reactive oxygen species are found at higher 

levels and there is reduced amounts of ATP, all of which lead to an increase in glycolysis 

(24, 25).  Classically, to fully transform into aggressive carcinomas, cancer cells must 

overcome conditions of mitochondrial dysfunction and be capable of regenerating NAD+ 

under hypoxic conditions (25, 26).  Recently, STAT3 in cancer cell mitochondria has been 

connected to senescence with its deletion in stem cells linked to the acquisition of 

senescence (26, 27).  As we observed with our cell line model of DDEC, activation of p53 

within the undifferentiated regions of endometrial tumors, it may be critical to assess 

STAT3 levels within our system, as activated p53 and Rb was observed upon depletion 

of STAT3 in normal human fibroblasts (26).  Furthermore, the metabolic enzyme complex, 

hydride transfer complex (HTC), consisting of malate dehydrogenase 1 (MDH1), malic 

enzyme 1 (ME1), and pyruvate carboxylase (PC) was also demonstrated within the same 

paper to play a vital role in tumor formation by promoting senescent escape, thus a deeper 

examination of the metabolism of our gene edited EC cells in vitro and upon serial 

passaging is warranted (26).  Cycling of hydride ions from NADH to NADP through the 

catalytic activity of the HTC counteracts senescence and PC has been found at high 

levels in NSCLC (26, 28).  Mutations to SWI/SNF complexes and their dysregulation on 

cancer cell metabolism has been demonstrated in lung cancer but little has been 
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published regarding mitochondrial DNA content or oxidative phosphorylation dependency 

of SWI/SNF deficient gynecological cancers (29).   

Our work in vitro highlights the importance of developing models of cancer that can 

potentially illuminate the path well-differentiated cancer cells take upon undergoing 

dedifferentiation.  Utilizing only existing patient samples may have resulted in missing 

some phenomena entirely or at the very least convoluted discoveries that would be 

difficult to experimentally confirm. 

5.4.  Knockout of SMARCA4 in endometrial cancer cells recapitulates features of 

clinical DDEC in vivo  

DDEC tumors removed from patients are characterized by the following 

morphology within their undifferentiated regions: monotonous cells growing in solid 

sheets with no discernable pattern (1, 2, 9).  In Chapter 3, we subcutaneously injected 

EC cells subjected to CRISPR gene editing into immune-compromised mice and 

observed tumor growth and histology over several generations. A SMARCA4 deficient 

model of DDEC capable of forming tumors with both undifferentiated and differentiated 

portions mixed has never been published but is reported here for the first time.  While we 

ruled out some previously reported events connected to dedifferentiation in some 

SMARCA4 deficient cancer types such as low levels of redundant chromatin remodeling 

complex subunit SMARCA2 in undifferentiated cells, we have not yet ruled out clonal 

outgrowth as a major contributor to dedifferentiation in our model (30).  It is still unclear 

whether dedifferentiation in the context of the endometrium is a stochastic event 

characterized by the accumulation of one clone and associated with a mutation.  DNA 

barcoding experiments are currently ongoing in which cells were transduced to contain a 
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single barcode, which upon application of selective pressure such as serial passaging in 

our case, can be amplified by PCR and quantified with next generation sequencing (31, 

32).  There are also emerging bioinformatics pipelines which can also predict from single-

cell ATAC datasets if populations of clones are dominant and in our case possibly 

coincide with the occurrence of dedifferentiation we observe with the SMARCA4 KO EC 

cells in vivo (33).  As the field of epigenetics continues burgeoning it becomes more and 

more unlikely that genetic events alone result in endometrial cancer cell dedifferentiation 

and the likelihood of distinct populations of cells with shared epigenetic features rises.       

Another mechanism we have yet to adequately probe is the degree to which 

undifferentiated regions arise in relation to or as a response to hypoxia.  Hypoxia is a 

known inducer of dedifferentiation and promoter of stem cell-like phenotypes in cancer 

(34, 35). Prolonged low oxygen levels are a feature cells within fast-growing tumors that 

are exceeding vascular formation are subjected to, and this phenomenon is likely to be 

at play in the necrotic cell line based SMARCA4 deficient xenografts.  While not shown 

here, immunohistochemistry for CA9, a molecular responder to hypoxia was not 

extremely evident in the tumor sections we profiled (36). A more thorough examination of 

expanded CDX sections or patient samples could be undertaken prior to testing the 

hypothesis that hypoxia induces dedifferentiation upon SMARCA4 loss in endometrial 

cancer cells. In vitro experimentation wherein different oxygen conditions can be applied 

and markers of epithelial dedifferentiation and stemness assessed by qRT-PCR or 

immunoblotting would ultimately be insightful.  Hypoxia also has been proven to have 

ample effects on epigenetic modifications in cells and while the focus of the work 

presented in Chapter 3, centred on chromatin accessibility and gene expression changes 
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brought on by loss of SMARCA4, it would be worthwhile examining the cell line models 

of DDEC at other critical levels of epigenetic regulation such as DNA methylation and 

histone modifications.  In preliminary data not shown within this thesis, the global DNA 

methylation profile of undifferentiated regions of cell line model SMARCA4 deficient 

neoplasms are distinct from their SMARCA4 intact counterparts. It would be particularly 

interesting to compare the signature genes up and downregulated within these DNA 

methylation analyses to the differential expressed genes found by several omics 

methodologies and those presented within Chapter 3. SMARCA4 tumors examined so 

far, such as SCCOHT and ATRT, typically exhibit a hypomethylated phenotype which 

changes heterochromatin structure, activating oncogenes and leading to aggressive 

clinical behavior (37, 38).  Additionally, recent preclinical animal studies with SMARCA4 

deficient cancers, such as SCCOHT and NSCLC, found these SMARCA4 mutant cancer 

cells were vulnerable to KDM6A/B inhibition, as they rely heavily on histone demethylases 

(39).  Regulation of histone modifications at lysine 27 was demonstrated to be defective 

in addition to low expression of KDM6 enzymes (39). Immunofluorescent data not 

published by our group has examined H3K27me3 and H3K27ac marks in our cell line 

models of DDEC and while we did not observe a pattern of low levels of H3K27ac across 

all the paired models in vitro, it would be worth examining the landscape of histone 

modifications from both patient models and the cell line models upon serial passaging in 

vivo.  Inhibition of KDM6s by GSK-J4 would be worth assessing as well to see if its strong 

suppression of SMARCA4 deficient tumor growth could encompass DDEC, broadening 

treatment options for a disease with an otherwise dismal prognosis.  
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5.5. CDK4 and EGFR are synthetic lethal partners with SMARCA4 in the context of 

the endometrium  

In Chapters 2 and 3, the focus was primarily on the characterization of both clinical 

DDEC samples and our cell line models of DDEC, respectively.  In Chapter 4, having 

established that our endometrial cancer cells lacking SMARCA4 expression can closely 

recapitulate aspects of the clinical phenotype of DDEC in vivo, we tested whether 

SMARCA4 deficient DDEC could be a candidate for synthetic lethality-based therapy.  

For the first time, a shRNA-based screen revealed EGFR and CDK4 may be 

vulnerabilities in endometrial cancers cells with absent SMARCA4 expression. In vitro, 

cell viability and clonogenic assays further confirmed that chemical inhibition of EGFR 

and CDK4 either alone or in combination selectively targeted SMARCA4 knockout EC 

cells.  Encouragingly, other SWI/SNF mutant cancers have been found to be sensitive to 

tyrosine and cyclin dependent kinase therapies due to upregulation of EGFR 

phosphorylation or downregulation of cyclin D1, respectively (40-43). Surprisingly, 

translation of these findings into a preclinical setting demonstrated oral administration of 

either CDK4 or EGFR inhibitors, palbociclib and gefitinib, could not significantly slow 

tumor growth or prolong survival of tumor bearing mice.  One of the limitations of utilizing 

our cell line model of DDEC for this in vivo work is that we observe varying degrees of 

necrosis particularly with the SMARCA4 deficient cells, whose tumor growth is markedly 

accelerated over SMARCA4 intact cells when comparing vehicle treated animals. This is 

a notably parallel behaviour of our cell line model of DDEC where SMARCA4 has been 

knocked out and SMARCA4 deficient patient neoplasms.  In the future, it should be a 

priority to move towards orthotopic xenograft models rather than subcutaneous 
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implantation so that tumor formation occurs in the same location and microenvironment 

it does in humans (44).  Unfortunately, endometrial cancer and likely our CDX model falls 

into those preclinical model systems whose metastatic potential is affected by 

subcutaneous implantation and thus our therapeutic response to SL-based inhibitors was 

adversely affected.   

The inefficacy or resistance of cell line models to SL-based treatment in vivo also 

stresses the limitations that exist regarding targeted approaches and the utmost 

importance of combining SL inhibition with other promising therapeutic options. 

Considering the MMR deficient genetic background in which DDEC normally arises, this 

rare subset of EC may be an excellent candidate for select immunotherapy approaches 

(45, 46).  Studies of breast cancer mouse models has led to the conclusion that inhibition 

of CDK4/6 enhanced response to PD-1 blockade and as immune checkpoint inhibitors 

(ICIs) have been only more recently been granted approval for treatment in combination 

with chemotherapies in breast cancer, results from ongoing clinical trials will be vital to 

follow-up (47, 48).   At this point, combinations appear to be well tolerated and while 

established biomarkers of a complex tumor microenvironment such as increased PD-L1 

and TILs are typically predictive of responses to ICIs, combination of palbociclib with 

immunotherapy appears to produce robust responses even when low levels of stromal 

components were observed (47-52).  Otherwise performing phosphokinase arrays with 

the SMARCA4 intact and deficient HEC 116 Plasmid Derived cells both as adherent cells 

or spheres and subjected or not to in vivo forces could reveal deeper insight into the 

signalling pathway adaptations arising in the absence of the chromatin remodeling 

subunit.  siRNA based screens in the cell line BIN67 revealed receptor tyrosine kinase 
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signalling beyond EGFR, as a heavily relied on oncogenic pathway in SMARCA4 deficient 

SCCOHT, therefore activation of AKT and MAPK may be worth pursuing as vulnerabilities 

in DDEC (53).  In many cancers, SMARCA4 together with another factor independently 

activate transcription in a redundant manner, making SMARCA4 deficient cancers solely 

reliant on driving specific oncogenic signatures (54).  The sensitivity of SCOOHT and 

SMARCA4-mutant esophageal cancers to BET inhibitors targeting BRD4 is an example 

that exemplifies such a cancer cell dependency (54, 55).  In DDEC, transcription factors 

such as BRD4 and MITF together with other receptor tyrosine kinase signalling proteins 

are still worth investigating as potential combinatorial therapeutic strategies that may also 

circumvent eventual resistance mechanisms reducing targeted therapy efficacy. 

5.6. Final Summary  
 

In this thesis, a variety of novel advanced techniques such as CRISPR gene 

editing, single cell sequencing, and genome wide screens were employed to interrogate 

the molecular underpinnings of DDEC.  The work presented contributes substantially 

towards not only improving the diagnosis and treatment of DDEC but also provides a solid 

foundation for understanding the dedifferentiation process in the endometrium.  While our 

findings with our cell line-based models underscored the distinct nature of SMARCA4 

deficient cells pre- and post- in vivo implantation, the features of the SMARCA4 knockout 

CDX consistently recapitulated published phenotypical features of clinical DDEC.  Based 

on our model’s sufficient similarity to patient DDEC with SMARCA4 loss, our findings in 

terms of the presence of a senescent intermediary, phenotype switching driven by 

transcription factor dysregulation, and synthetic lethal vulnerability to cell cycle-

dependent and receptor tyrosine kinases provide a new lens to examine clinical 
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specimens under while also aligning well with various aspects emerging from continued 

efforts studying other SWI/SNF deficient cancers.            
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Appendix 
 
 
Supplemental Table 2.1. Summary of the genetic findings in 40 dedifferentiated 
carcinomas of the endometrium. * symbol indicates the % of sequenced DNA 
fragments or reads that possessed the specific mutations.  Cases 1 to 15 on the light gray 
background belong to the SMARCA4 cohort, Cases 1 to 3 atop the medium gray 
background are considered part of the SMARCB1 cohort and the ARID1B cohort is made 
up of Cases 1  to 22 on the dark gray background.
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Case 
number 

Gene Chromo-
some 
number 

Position 
(human hg 
19) 

Reference Alternate % of 
reads* 

Functional consequence 

1 SMARCA4 chr19 11097624 G GC 44% Frameshift 
1 SMARCA4 chr19 11107032 GA G 33% Frameshift 
2 SMARCA4 chr19 11096874 C A 30% Nonsense_S122X 
2 SMARCA4 chr19 11098539 AC A 32% Frameshift 
3 ARID1A chr1 27107055 CT C 25% Frameshift 
3 SMARCA4 chr19 11100063 C T 28% Nonsense_R397X 
4 ARID1A chr1 27023559 AC A 50% Frameshift 
4 ARID1A chr1 27105930 TG T 49% Frameshift 
4 SMARCA4 chr19 11096026 AG A 41% Frameshift 
5 ARID1A chr1 27101212 G A 45% Nonsense_W1498X 
5 SMARCA4 chr19 11097624 G GC 37% Frameshift 
5 SMARCA4 chr19 11123698 T TG 33% Frameshift 
6 SMARCA4 chr19 11118613 TC T 26% Frameshift 
6 SMARCA4 chr19 11168965 C T 21% Nonsense_Q1487X 
7 ARID1A chr1 27106073 AG A 35% Frameshift 
7 ARID1A chr1 27106803 AC A 37% Frameshift 
7 SMARCA4 chr19 11132638 GA G 36% Frameshift 
8 ARID1A chr1 27023685 C A 41% Nonsense_S264X 
8 ARID1A chr1 27101212 G A 47% Nonsense_W1498X 
8 SMARCA4 chr19 11097624 G GC 41% Frameshift 
8 SMARCA4 chr19 11121199 C T 42% Nonsense_Q756X 
9 ARID1A chr1 27024001 CG C 58% Frameshift 
9 SMARCA4 chr19 11098416 TC T 40% Frameshift 
9 SMARCA4 chr19 11113789 GC G 35% Frameshift 
10 SMARCA4 chr19 11094889 GC G 54% Frameshift 
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10 SMARCA4 chr19 11114037 TG T 35% Frameshift 
11 ARID1A chr1 27059175 TC T 18% Frameshift 
11 SMARCA4 chr19 11101885 TG T 44% Frameshift 
12 ARID1A chr1 27106504 C T 33% Nonsense_Q1822X 
12 SMARCA4 chr19 11121150 TGA T 50% Frameshift 
13 ARID1A chr1 27024001 C CG 20% Frameshift 
13 SMARCA4 chr19 11097624 GC G 27% Frameshift 
13 SMARCA4 chr19 11132493 AC A 26% Frameshift 
14 ARID1A chr1 27023768 A AG 60% Frameshift 
14 ARID1A chr1 27023774 A AC 65% Frameshift 
14 SMARCA4 chr19 11107046 AG A 50% Frameshift 
15 No 

mutations 
identified 

    
 

 

1 SMARCB1 chr22 24134006 C T 84% Nonsense_R53X 
2 ARID1A chr1  27099098 C T 43% Nonsense_Q1172X  
2 SMARCB1 chr22 24133967 C T 44% Nonsense_R40X 
2 SMARCB1 chr22 24145582 C T 44% Nonsense_R192X 
3 ARID1A chr1 27024001 C CG 22% Frameshift 
3 ARID1A chr1 27105930 TG T 15% Frameshift 
3 SMARCB1 chr22 24135858 GC G 24% Frameshift 
1 ARID1A chr1 27105550 C T 42% Nonsense_R1721X 
1 ARID1A chr1 27105930 T TG 35% Frameshift 
1 ARID1B chr6 157469997 A AT 39% Frameshift 
1 ARID1B chr6 157528283 AG A 55% Frameshift 
2 ARID1A chr1 27058048 C T 52% Nonsense_Q586X 
2 ARID1A chr1 27089665 A AT 46% Frameshift 
2 ARID1B chr6 157519961 C T 45% Nonsense_Q1344X 
3 ARID1A chr1 27057919 C T 21% Nonsense_Q543X 
3 ARID1A chr1 27100183 C T 49% Nonsense_Q1327X 
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3 ARID1B chr6 157522101 AG A 42% Frameshift 
3 ARID1B chr6 157528051 C T 56% Nonsense_R1926X 
4 ARID1A chr1 27089484 AACTATAAT A 65% Frameshift 
4 ARID1A chr1 27101054 C T 49% Nonsense_R1446X 
4 ARID1B chr6 157405953 CG C 37% Frameshift 
4 ARID1B chr6 157517382 G T 48% Nonsense_G1316X 
4 SMARCC2 chr12 56559112 AG A 50% Frameshift 
5 ARID1A chr1 27100151 CG C 23% Frameshift 
5 ARID1A chr1 27105930 TG T 24% Frameshift 
5 ARID1B chr6 157405953 C CG 34% Frameshift 
6 ARID1A chr1 27097621 CA C 30% Frameshift 
6 ARID1A chr1 27099393 G GTA 35% Frameshift 
6 ARID1B chr6 157100576 AC A 34% Frameshift 
7 ARID1A chr1 27097621 C CA 34% Frameshift 
7 ARID1B chr6 157527355 AT A 54% Frameshift 
8 ARID1A chr1 27057919 C T 43% Nonsense_Q543X 
8 ARID1B chr6 157528243 C T 45% Nonsense_R1990X 
8 ARID1B chr6 157528283 AG A 53% Frameshift 
9 ARID1A chr1 27105964 TTC T 32% Frameshift 
9 ARID1B chr6 157522598 C T 20% Nonsense_R1624X 
9 ARID1B chr6 157528283 AG A 20% Frameshift 
10 ARID1A chr1 27105519 AG A 42% Frameshift 
10 ARID1A chr1 27105693 TCTAGGTCCTAAAC T  

56% 
Frameshift 

10 ARID1B chr6 157256609 C T 72% Nonsense_Q646X 
11 ARID1A chr1 27057934 C T 78% Nonsense_Q548X 
12 ARID1A chr1 27105541 G T 42% Nonsense_E1718X 
12 ARID1A chr1 27106354 C T 48% Nonsense_R1989X 
13 ARID1A chr1 27106354 C T 44% Nonsense_R1989X 
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14 No 
mutations 
identified 

      
 

  
 

15 No 
mutations 
identified 

    
 

 

16 No 
mutations 
identified 

      
 

  
 

17 ARID1A chr1 27087961 C T 44% Nonsense_R750X 
18 No 

mutations 
identified 

      
 

  
 

19 No 
mutations 
identified 

    
 

 

20 No 
mutations 
identified 

      
 

  
 

21 ARID1A chr1 27100175 AC A 25% Frameshift 
22 No 

mutations 
identified 
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Supplemental Figure 3.1.  Activation of CREB, AKT, ERK and AMPKα1 family 
kinases in mismatch repair protein deficient endometrial cancer cell lines HEC 116 
and HEC  59.  Quantitative analysis of phosphokinase antibody array blots using lysates 
of serum starved HEC 116 and HEC 59 EC cells. Data consists of two technical replicates. 
Activated proteins in these EC cell lines included A) CREB and AMPKα1 B and C) AKT 
and ERK related signaling molecules. 
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Supplemental Figure 3.2. Known isoforms and protein domains of SMARCA4.  A) 
Track from the UCSC genome browser highlighting the numerous SMARCA4 transcript 
isoforms.  gRNAs for CRISPR gene editing were designed within the exon highlighted 
red. B) Domain structure of SMARCA4.  QLQ: Gln, Leu, Gln motif; HAS: helicase/SANT-
associated domain; BRK: Brahma and Kismet domain; DEXDc: DEAD-like helicase 
superfamily domain; SNF2_N: SNF2 family N-terminal domain; HELICc: helicase 
superfamily C-terminal domain; SnAC: Snf2-ATP coupling, chromatin remodeling 
complex; Bromo: bromodomain. Within the N-terminus, the SMARCA4 antibody binding 
site and area wherein CRISPR gene editing introduced premature stop codons are 
indicated.  Adapted from (25). 
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Supplemental Figure 3.3.  Multiple visualizations of bulk gene expression data 
demonstrating grouping of samples based on SMARCA4 status.  A)  Heatmap and 
B) Multidimensional scaling (MDS) plot showing SMARCA4 KO and SMARCA4 WT 
biological replicates group together based on the similarity of their gene expression 
patterns. 
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Supplemental Figure 3.4.  Tumors formed from endometrial cancers lacking 
SMARCA4 by RNP based CRISPR gene editing lack noticeable dedifferentiation. 
H&E stained SMARCA4 KO EC tumors showing few remarkable features of well 
differentiated or undifferentiated endometrial carcinoma.  Scale bar = 100 µM.  
 
 
 
 
 
 
 
 
 



 360 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
Supplemental Figure 3.5. HEC 116 EC cells lacking SMARCA4 expression exhibit a 
further reduction in gene expression of markers of epithelial cells and high-grade 
endometrial carcinoma.  Quantitative real time PCR analysis of HEC 116 Plasmid 
Derived EC cells for E-cadherin and Pax8. Three SMARCA4 KO biological replicates 
were normalized to paired WT samples for each generation of serial passaging (F0 and 
F3) and represented as log2 fold changes.    
 
 
 

 
 
 
 
 
 
Supplemental Figure 3.6.  In vitro SMARCA4 deficient EC cells retain expression of 
markers of gynecological epithelial differentiation. UMAP plots depicting gene 
expression patterns for epithelial associated genes: KRT8 and PAX8 in SMARCA4 KO 
cells not subjected to in vivo selective pressure.   
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Supplemental Figure 3.7. In vivo SMARCA4 intact EC cells are characterized by 
gene expression programs associated with endometrial cellular dedifferentiation 
but no population of serially passaged SMARCA4 wildtype cells emerged 
displaying characteristics associated with phenotype switching.  A) UMAP plots 
depicting gene expression patterns for select makers of undifferentiated regions in clinical 
DDEC tumors: CLDN3, CLDN4, PAX8, MUC1, CDH1 and KRT8 in SMARCA4 WT cells 
subjected to in vivo selective pressure.  B) UMAP plots depicting gene expression 
patterns for select makers of phenotype switching: CTCFL, DLX1, POU3F2, and BMP4 
in SMARCA4 WT cells subjected to in vivo selective pressure. 
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Supplemental Table 4.1. IC50 values determined for carboplatin against the various 
cell-line models of DDEC. A) HEC 116 Plasmid and RNP Derived SMARCA4 KO and 
WT EC cells in addition to the HEC 59 RNP Derived isogenic pair. B) HEC 116 Plasmid 
Derived serially passaged EC tumor cells cultured upon dissociation.   
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Supplemental Figure 4.1.  Precision recall curve measuring the core essential and 
non-essential genes from the pooled shRNA screen. 
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Supplemental Figure 4.2.  Chemical inhibitors against synthetic lethality shRNA 
screen hits that were incapable of preferential suppression of SMARCA4 deficient 
HEC 116 Plasmid Derived EC cells. Cell viability assays with HEC 116 Plasmid Derived 
EC cell lines.  SMARCA4 KO and WT cell lines were treated with increasing 
concentrations of A) CARM1 B) ATM C) SMARCA2 inhibitors (0 to 20 µM) for 72 hours 
prior to detection of luminescence (560 nm) with a microplate reader and Cell-Titer Glo 
reagents.  Data consists of four technical replicates from three independent biological 
replicates.  IC50 values with 95% confidence intervals were determined by fitting data with 
non-linear regression curve fits in GraphPad Prism.  Statistical difference between the 
dose response curves was also calculated in GraphPad Prism using the extra sum-of-
squares F test. 
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Supplemental Figure 4.3.  Additional chemical inhibitors against synthetic lethality 
shRNA screen hits that were incapable of preferential suppression of SMARCA4 
deficient HEC 116 Plasmid Derived EC cells. Cell viability assays with HEC 116 
Plasmid Derived EC cell lines.  SMARCA4 KO and WT cell lines were treated with 
increasing concentrations of A) & B) β-catenin C) & D) EZH2 inhibitors (0 to 20 µM) for 
72 hours prior to detection of luminescence (560 nm) with a microplate reader and Cell-
Titer Glo reagents.  Data consists of four technical replicates from three independent 
biological replicates.  IC50 values with 95% confidence intervals were determined by fitting 
data with non-linear regression curve fits in GraphPad Prism.  Statistical difference 
between the dose response curves was also calculated in GraphPad Prism using the 
extra sum-of-squares F test. 
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Supplemental Table 4.2. Functional enrichment analyses supporting HEC 116 EC 
dependency on A) CDK4 and B) EGFR signalling pathways in the absence of 
SMARCA4. 
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Supplemental Table 4.3. IC50 values determined for CDK4 inhibitors and EGFR 
inhibitors against the various cell-line models of DDEC. A) HEC 116 Plasmid and B) 
RNP Derived SMARCA4 KO and WT EC cells in addition to C) the HEC 59 RNP Derived 
isogenic pair.  
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Supplemental Figure 4.4.  Immunohistochemical verification of the SMARCA4 
status of the cell line derived DDEC CDX sections utilized in preclinical animal 
studies.  Scale bar = 100 µM. 
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Supplemental Figure 4.5.  QQ-plots for assessing the distributions of palbociclib, 
gefinitib and combination treated tumor growth measurements. QQ-plots showing 
the quantiles expected from a normal distribution with the same mean and variance as 
the empirical distribution as a function of the empirically observed quantiles associated 
with tumor growth measurements.   
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Supplemental Figure 4.6.  In vitro administration of gefitinib and palbociclib to the 
HEC 116 Plasmid derived cell line model of DDEC results in less activation of EGFR 
and Rb, respectively. A) Increasing concentrations of gefitinib led to reduced activation 
of EGFR when applied to adherent SMARCA4 WT and SMARCA4 KO EC cells. B) Drug 
treatment with palbociclib led to less Rb activation within cells not serially passaged 
regardless of their SMARCA4 status. Western blot represents a single experiment with 
β-Actin acting as a loading control. Densitometry allowed for the obtainment of ratios of 
band intensity relative to untreated samples of same SMARCA4 status.   
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