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ABSTRACT 

 

 

 

While the transformation of cancer cells through epigenetic modifications has 

been recognized for some time, recent advances in genome-wide genomic and 

epigenomic sequencing has revealed the extensive presence of mutations in epigenetic 

regulators and the comprehensive scope of epigenomic changes in cancer cells. It is 

now evident that genetic and epigenetic mechanisms are not mutually exclusive and 

work in tandem to facilitate the acquisition of the characteristic traits of cancer. 

 

Mitosis plays a pivotal role in transmitting lineage specific transcriptional 

control, imparting phenotypic memory and determination of cell fate. Nuclear 

organization and three-dimensional architecture of the genome is disrupted during 

mitosis, yet daughter cells preserve their gene expression patterns and phenotypic state. 

During mitosis most transcription factors dissociate from promoter sequences as well 

as from bulk chromatin. However, around 20% of transcription factors and chromatin 

binding proteins are retained at their specific target sites. 

 

Retention of the RUNX1 tumor suppressor with target gene loci on mitotic 

chromosomes during cell division, a process we designate “Mitotic gene 

bookmarking,” which epigenetically sustains competency for gene expression during 

cell division. 

 

In this study, we are investigating the role of RUNX1 in maintaining the 

epithelial phenotype and its loss in transformation to the mesenchymal phenotype using 

degron technology, targeting the RUNX1 factor for rapid degradation, to directly 

establish the requirement for this tumor suppressor to sustain gene expression that is 

obligatory for physiological control of normal and tumor phenotypes. 

 

By combing the expression profiles of mature RNA and nascent transcript 

analysis we were able to measure rapid changes in the core of RUNX1 regulatory 

network and obtain a list of differentially expressed genes. Furthermore, loss of 

RUNX1 results in the emergence of a heterogenous population of cells that are resistant 

to apoptosis and undergo a transition between cellular states exhibiting partial EMT 

and phenotypic plasticity. 

 

  



ii 

 

ACKNOWLEDGEMENTS 
 

 

I would like to thank my thesis committee Drs. Gary and Janet Stein for the support 

they provided as I prepared for my defense. I would like to express my gratitude to 

Dr. Jonathan Gordan and Dr Frances Carr for their helpful feedback. A special thank 

you to Dr Jason Stumpff for taking the time to be a part of my defense committee. 

Lastly, I would like to thank Dr Andrew Fritz and Dr Louis Dillac for their endless 

patience and great mentorship throughout my research experience.  

  



iii 

 

TABLE OF CONTENTS 
 

ACKNOWLEDGEMENTS .......................................................................................... II 

LIST OF FIGURES ...................................................................................................... V 

LIST OF TABLES ..................................................................................................... VII 

CHAPTER 1: INTRODUCTION .................................................................................. 1 

1.1. OVERVIEW ...................................................................................................... 1 

1.2.  MECHANISMS OF EPIGENETIC CONTROL AND PATHOGENESIS OF   

CANCER ................................................................................................................... 2 

1.2.1. HISTONE POST-TRANSLATIONAL MODIFICATIONS .................... 4 

1.3. MITOTIC GENE BOOKMARKING ...................................................................... 5 

1.4. RUNX1 TRANSCRIPTION FACTOR ................................................................... 9 

1.4.1. ROLE OF RUNX1 IN BREAST CANCER ............................................ 11 

1.5. STUDY RATIONALE AND HYPOTHESIS ........................................................... 12 

CHAPTER 2: MATERIALS AND METHODS ......................................................... 13 

2.1. CELL LINE AND CULTURE .............................................................................. 13 

2.2. RUNX1 DEGRON SYSTEM ............................................................................ 13 

2.3. CELL SYNCHRONIZATION .............................................................................. 14 

2.4. WESTERN BLOTTING ..................................................................................... 14 

2.5. FLOW CYTOMETRY AND IMMUNOSTAINING ................................................... 15 

2.6. RNA SEQUENCING ........................................................................................ 16 

CHAPTER 3: RESULTS ............................................................................................. 17 

3.1. CRISPR-MEDIATED FKBP12F36V
 TAGGING OF ENDOGENOUS 

RUNX1. ........................................................................................................... 17 



iv 

 

3.2. LOSS OF RUNX1 INDUCES A MORPHOLOGICAL CHANGE IN MCF10A 

CELLS. ............................................................................................................... 19 

3.3. MCF10A CELLS TREATED WITH DTAG1 SURVIVE IN GROWTH 

FACTOR DEPLETED MEDIA. ................................................................................ 20 

3.4. IDENTIFICATION OF THE CORE SET OF GENES DYSREGULATED BY 

RUNX1 IN NORMAL-LIKE MAMMARY EPITHELIAL CELLS ................................. 22 

3.5. MCF10A CELLS UNDERGO PARTIAL EMT UPON THE LOSS OF 

RUNX1. ........................................................................................................... 38 

3.6.      LOSS OF RUNX1 CONFERS STEM-LIKE PROPERTIES TO MCF10A. .................... 43 

3.7. ELIMINATION OF RUNX1 LEADS TO AN INCREASE IN THE MITOTIC 

POPULATION. ..................................................................................................... 48 

3.8. LOSS OF RUNX1 IN MCF10A CELLS SHOWS ONCOGENIC 

TRANSFORMATION POTENTIAL. ......................................................................... 49 

CHAPTER 4: DISCUSSION ....................................................................................... 53 

REFERENCES ............................................................................................................ 59 

 

  



v 

 

LIST OF FIGURES 

 
Figure 1: Schematic representation of the Nucleosome. ............................................... 3 

Figure 2: Domain structure of RUNX1 protein. .......................................................... 10 

Figure 3: Mechanism of action of dTAG1. .................................................................. 18 

Figure 4: Western blot showing the protein expression of RUNX1 and HA 

in MCF10A Degron cells treated with DMSO and dTAG1 ........................................ 19 

Figure 5: Phase contrast microscopy images of morphological changes in 

MCF10A degron cells after treatment with DMSO and dTAG1 for 2, 4 

and 6 days. ................................................................................................................... 20 

Figure 6: Survival of MCF10A degron cells in the absence of growth 

factors. .......................................................................................................................... 21 

Figure 7: Pathway analysis of the differentially initiated genes based on 

the PRO-seq results post RUNX1 protein degradation across the different 

phases of the cell cycle. ............................................................................................... 26 

Figure 8: Pathway analysis of the differentially initiated genes based on 

the PRO-seq post RUNX1 protein degradation across the different phases 

of the cell cycle. ........................................................................................................... 27 

Figure 9: Pathway analysis of the differentially expressed genes based on 

RNA-seq results post RUNX1 protein degradation across the different 

phases of the cell cycle. ............................................................................................... 28 

Figure 10: Differentially expressed genes from RNA-seq analysis over the 

course of 3 hours, 48 hours and 6 days.. ...................................................................... 30 

Figure 11: Overlap of differentially initiated genes from the PRO-seq 

results with the long-term treatment RNA-seq results. ................................................ 32 

Figure 12: Pathway analysis of the differentially expressed genes based on 

RNA-seq results post RUNX1 protein degradation across the 3 hours, 48 

hours, and 6 days of dTAG1 treatment. ....................................................................... 34 

Figure 13: String database analysis of the differentially expressed genes 

based on the RNA-seq result after RUNX1 loss for 6 days. ........................................ 35 

Figure 14: Western blots analysis of markers of EMT across the cell cycle 

after 3 hours of treatment with either DMSO or dTAG1. ............................................ 38 

Figure 15: Western blot analysis of CLDN1, SNAI1 and CDH1 after 3, 48 

and 144 hours of treatment with either DMSO or dTAG1 .......................................... 39 



vi 

 

Figure 16: ALDH1A3 expression in dTAG1 treated cells along with p-

values. .......................................................................................................................... 44 

Figure 17: Flow cytometry analysis of ALDH enzyme detection assay. .................... 45 

Figure 18: Flow cytometry analysis for double staining of CD44 and 

CD24 invMCF10A Degron Cells. ............................................................................... 46 

Figure 19: Flow cytometry analysis for CD24 expression.   ....................................... 46 

Figure 20: Flow cytometry analysis for ALDH activity and CD24 

expression in parental MCF10A cells treated with DMSO or dTAG1 for 

48 hour and 6 days. ...................................................................................................... 47 

Figure 21: Flow cytometry analysis for H3pS28 antibody in MCF10A 

degron cells treated with DMSO or dTAG1 at various timepoints. ............................ 49 

  



vii 

 

LIST OF TABLES 

 

Table 1: List of overlapping differentially expressed genes between G1 

phase (PRO-seq) and 48 hours and 6days of dTAG1 treatment along with 

their fold change values. .............................................................................................. 32 

Table 2: Differentially initiated genes from G1_dTAG1 that are positively 

enriched with ONDER_CDH1_TARGETS_DN ......................................................... 41 

 

 



1 

 

CHAPTER 1: INTRODUCTION 
 

1.1. Overview 
 

 

Epigenetics is defined as the study of structural changes to the DNA which reversibly 

affects gene function but cannot be attributed to alterations in DNA sequence. Several 

epigenetic modifications may be passed on from parental cell to daughter cell and 

maintained across multiple cell generations [1,2]. These changes involve DNA 

methylation, posttranslational histone modification, nucleosome and chromatin 

remodeling, transcription factor binding and microRNA silencing.  

The role of epigenetics in exerting biological control of cell and tissue structure, 

function, and phenotype can be recognized by the fact that all somatic cells in an 

organism have the same DNA, but the pattern of gene expression varies depending on 

the cell type. A study comparing phenotypic variation in monozygotic twins 

highlights that the differences in observable traits in genetically identical individuals 

is not merely influenced by the mechanisms underlying translation of genetic code but 

also on the complex regulatory machinery that interplays between the DNA and 

nuclear microenvironment [3].  

Emerging evidence shows that epigenetic regulation is closely related to 

cardiovascular and neurological disease-related gene function and can influence the 

onset and progression of the disease. Epigenetic modifications also serve as important 

biomarkers for early detection, diagnosis, prognosis and interventional therapy [4,5]. In 

light of the significant role played by epigenetics in shaping cellular functions, 

gaining a deeper understanding of both normal and disrupted epigenetic mechanisms 

can offer valuable insights into potential therapeutic strategies for various diseases, 

including cancer. Cancer has long been viewed as a disease arising from the mutation 
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of oncogene or inactivation of tumor-suppressor genes. While the transformation of 

cancer cells through epigenetic modifications has been recognized for some time, 

recent advances in genome-wide genomic and epigenomic sequencing has revealed 

the extensive presence of mutations in epigenetic regulators and the comprehensive 

scope of epigenomic changes in cancer cells [6]. It is now evident that genetic and 

epigenetic mechanisms are not mutually exclusive and work in tandem to facilitate the 

acquisition of the characteristic traits of cancer. 

Cancer cells also exhibit morphological alterations within the nuclear 

microenvironment. Nuclear organization, higher-level genomic configurations, and 

the spatial positioning of enhancers and promoters and other associated proteins 

within the cell nucleus, has a significant impact on gene regulation, genomic 

instability, cell proliferation and differentiation and lineage commitment, contributing 

to the onset and development of cancer[7,8]. Gaining insight into these fundamental 

processes is not only essential for comprehending the atypical gene expression 

associated with tumor initiation and progression but also provides a foundation for 

innovative strategies in cancer diagnosis and treatment. 

 

1.2. Mechanisms of epigenetic control and pathogenesis of cancer 
 

 

Eukaryotic genomes are packaged into compact, dense structures within the nucleus 

which can be influenced by modifications in the chromatin and the positioning and 

composition of chromatin components depending on the cell’s specific needs. Despite 

the fact that the entirety of the human genome's sequence was finally completed in 

2022 through DNA sequencing[9], it is not yet fully understood. Approximately 3.2 × 

109 nucleotides of the human genome are distributed across 23 pairs of chromosomes. 

The nucleosome is the smallest structural component of chromatin, consisting of 
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octamers of histones (two molecules each of H2A, H2B, H3, and H4) around which 

the DNA is wrapped in a left-handed spiral.  Together they yield a chromatin fiber of 

approximately 10 nm diameter separated by linker DNA segments averaging about 80 

base pairs in length[10]. This loosely packed form of chromatin appears as beads on a 

string when viewed under a microscope. Multiple nucleosomes can be further 

condensed into compact 30-nanometer fibers. Thus, the accessibility of the DNA for 

transcription factors is dependent on the positioning of the nucleosomes and the 

chromatin state. 

 

 

Figure 1: Schematic representation of the Nucleosome. Lightly packed, euchromatin, appears 

as a 10nm beaded fiber and is usually under active transcription. Tightly packed, 

heterochromatin, is condensed into 30nm fibres and is less accessible for transcription. From: 

The Cell: A Molecular Approach. 2nd edition. Cooper G.M. 

 

To attain the precise level of regulation needed to coordinate nuclear functions like 

DNA replication, repair, and transcription, cells have evolved several mechanisms to 

fine-tune chromatin structure and function in localized and specific ways. The 

inability to inherit these hierarchal marks of epigenetic and architectural control can 

give rise to inappropriate initiation or inhibition of gene expression potentially 

causing pathological alterations, including the development of cancer[11,12]. 
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1.2.1.  Histone post-translational modifications 

 

The positioning of nucleosomes along the chromatin is not random. Although histones 

can bind to any sequence of DNA, they tend to have preferential binding for certain 

sequences over others. The nucleosome contains hundreds of hydrogen bond-

mediated direct histone-DNA interactions and just as many water-mediated ones. The 

conformation of the DNA within the nucleosome core is dependent on the number, 

site, and strength of the histone-DNA binding sites around the octamer surface. The 

bridging hydrogen bonds from the water molecules stabilize the nucleosome as well 

as enhance DNA motility and conformational variation[13], making the electrostatic 

and hydrogen bonding interactions between the DNA molecule and histone dimer 

highly dynamic[14]. The nature of the DNA-wrapping sterically blocks DNA-binding 

proteins and can inhibit or facilitate the attachment of RNA polymerases and 

transcription factors in specific locations. Spontaneous, transient site exposure by 

DNA unwrapping and rewrapping, nucleosome sliding and remodeling, are the major 

mechanisms that mediate the range of DNA accessibility and occupancy of DNA-

binding proteins, through post-translational modifications of histones or histone 

variant substitution.  

Histone proteins consist of a globular C-terminal core domain and an extended NH2-

terminal tail of variable length, both which are subject to extensive post translational 

modifications (PTMs), including methylation, acetylation, phosphorylation, 

ubiquitylation, ADP ribosylation, crotonylation, succinylation, malonylation, and 

biotinylation of specific residues on the amino acid chain. While most of the PTM 

sites are found within the NH2 terminus, recent studies using mass spectrometry have 

identified novel sites residing in the histone globular core domain[15]. The signaling 

pathways involved in modifying, maintaining, and resetting histone marks are 
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interconnected in a dynamic balance such that all PTMs are reversible. Modifications 

to the amino acid residues of histones dramatically changes its characteristic and 

reactivity and has the potential for altering nucleosome-nucleosome and histone-DNA 

landscape, yielding different functional consequences. Histone acetylation or 

phosphorylation is usually associated with an open chromatin state which generally 

activates transcription, whereas deacetylation does the opposite. Histone methylation 

often leads to gene silencing, while demethylation activates them.  

Linker histones like H1 and its various isoforms play an important role in compacting 

and regulating chromatin structure and act as binding sites for interacting proteins. 

They are positioned at the junction where the linker DNA connects with the portion of 

the DNA that wraps around the histone core[16]. Histone H1 and other non-canonical 

histone variants affect chromatin accessibility[17] and recurrent, loss-of-function, 

missense mutations of linker histone genes has been linked with tumor evolution in 

follicular lymphoma[18]. 

From a clinical perspective, targeting factors and enzymes involved in modulating 

epigenetic pathways using small molecule epigenetic modifiers in conjunction with 

traditional chemotherapeutic agents can have synergistic effects. These epigenetic 

drugs block the active site. Additionally, epigenetic processes can prepare and 

improve the receptiveness of treatment-resistant tumors to radiation, cytotoxic 

chemotherapy, and immunotherapy by reducing the obstacles that hinder the reception 

of signals from signaling pathways. 

 

 

1.3.  Mitotic Gene Bookmarking 
 

 

The cell cycle is a tightly regulated series of events where all the genetic information 

within the cell is replicated and segregated into two identical daughter cells. The cell 
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progresses through 4 stages consisting of Gap 1 (G1), synthesis (S), Gap 2 (G2), and 

mitosis (M). G1 phase or Gap 1 phase is the first growth phase of a cell just after it 

exits cell division. During this phase the chromosomes are decondensed and cell 

resumes its biosynthetic activities in preparation for the next cell cycle, nearly 

doubling in size. The G1 phase holds particular significance within the cell cycle as it 

determines whether a cell will proceed with division or exit the cell cycle. Under 

favorable conditions and extracellular signaling, cyclin-CDK complexes are activated, 

driving the cell into S phase[19]. DNA replication origin sites are selected and a pre-

replication complex, consisting of ORC (origin recognition complex), CDC6 (cell 

division control protein 6), CDT1 and MCM2–7 (minichromosome maintenance 

complex 2–7) are recruited to these sites[20].  During S phase or synthesis phase DNA 

replication is initiated and MCM proteins dissociate from the origin site so that DNA 

replication occurs only once during a single cell cycle[10]. After the genome is 

duplicated the cells enter G2 phase or Gap 2 phase, where cell growth continues, and 

proteins are synthesized for progression into M phase. Stringent G2 checkpoint 

machinery ensures that incomplete or damaged chromosomes are not replicated. The 

two Gap phases offer the cell an opportunity to monitor and repair its internal and 

external environment before it fully commits to transmitting its genetic and 

phenotypic identity to progeny cells. 

There is an essential need for communication between the mechanisms orchestrating 

cell growth and proliferation, and these requirements are specific to each particular 

cellular phenotype. Both normal and cancerous cells can display unrestrained 

proliferation. Nevertheless, in tumor cells, there is frequently a compromise in the 

rigorous regulation of the cell cycle. This often results in an imbalance between 

proliferation, cell survival, and the ability to respond to physiological signals, along 
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with the development of resistance to therapies aimed at targeting cell cycle 

checkpoints. 

 

Epigenetic control during mitosis 

Mitosis plays a pivotal role in transmitting lineage specific transcriptional control, 

imparting phenotypic memory and determination of cell fate[20]. Nuclear organization 

and three-dimensional architecture of the genome is disrupted during mitosis, yet 

daughter cells preserve their gene expression patterns and phenotypic state. 

Several dramatic events take place during the M phase starting with the condensation 

of duplicated DNA strands into elongated chromosomes. This is triggered by the 

dissociation of the ORC (origin recognition complex) from the chromatin[21]. 

Subsequently, the nuclear envelope disintegrates, and the duplicated chromosomes, 

each comprising a pair of sister chromatids, attach to the microtubules of the mitotic 

spindle. The sister chromatids are pulled apart towards the opposite poles of the cell 

followed by the division of the cytoplasm, resulting in completion of cell division.  

During mitosis most transcription factors dissociate from promoter sequences as well 

as from bulk chromatin[22], resulting in transcriptional activity being significantly 

downregulated[21,23]. Protein synthesis and RNA polymerase activity also 

decreases[24]. Recent DNase-seq and ATAC-seq analyses of mitotic chromosomes 

suggest that overall chromatin accessibility remains largely unchanged when 

compared to interphase. Local dynamic reduction in accessibility occurs over narrow 

regions of transcription factor binding sites and distal regulatory elements, whereas 

proximal promoters tend to maintain their accessibility[25]. Around 20% of 

transcription factors and chromatin binding proteins are retained at their specific 

target sites[21,22], especially those essential for cell fate maintenance. A majority of the 
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histone acetylation marks are lost, and histone acetyltransferases dissociate from the 

chromosome[26]. In contrast, histone H3 lysine 4 trimethylation (H3K4me3), a 

transcriptional activation mark, and histone H3 lysine 9 trimethylation (H3K9me3) 

and H3K27 trimethylation (H3K27me3), transcriptional repressive marks are retained 

during mitosis[27]. Similarly, Histone H4 lysine 5 acetylation (H4K5Ac) is a mark for 

active transcription at promoter regions during interphase and is maintained in 

mitosis[28]. Other than aging and cancer-associated hypomethylation, DNA 

methylation patterns are essentially maintained throughout mitosis[29]. Thus, 

bookmarking factors like histone modifications, DNA methylation patterns and 

lineage-specific transcription factors facilitates rapid resumption of transcriptional 

machinery responsible for maintaining fidelity of cell proliferation upon mitotic exit. 

 

Transcription factors binding to chromosomes during mitosis. 

Transcription factors that have been observed to associate with mitotic chromosomes 

are often involved in cell fate regulation. GATA1, a major hematopoiesis regulator, is 

partially retained on the mitotic chromatin for rapid recruitment of its coregulators 

and reactivation of its bookmarked genes after mitotic exit[30]. TATA-binding protein 

(TBP) binds to RNA polymerase II preinitiation complex at the promoters that are 

transcribed during interphase and recruits several proteins including promoter-bound 

activators, TFIIA, and IIB. TBP-TATA complex is regulated by negative cofactor 2 

(NC2), which inhibits and stimulates transcription in a context dependent manner[31]. 

Chromatin immunoprecipitation (ChIP) assays revealed that TBP, TFIID and TFIIB 

remain associated with active gene promoters during mitosis and NC2 remains 

associated with only some genes[32]. BRD4 (Bromodomain Containing 4), a chromatin 

reader, recognizes acetylated lysine residues and strongly binds to H4K5Ac. H4K5Ac 
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is maintained during cell division and serves as a gene bookmark for post-mitotic 

transcriptional re-activation[28]. 

The compartmentalization of RNA polymerase I and II machinery, RUNX 

transcription factors, and chromatin remodeling machinery in nuclear 

microenvironments is a pre-requisite for physiologically responsive gene expression. 

 

1.4. RUNX1 Transcription factor 

 
 

Runt-related transcription factor 1 (RUNX1) or Acute myeloid leukemia 1 (AML1) 

belongs to the RUNX family of genes (consisting of RUNX1, RUNX2, and RUNX3). 

The RUNX1 protein, also known as the CBFα subunit of the heterodimeric complex 

Core binding factor (CBF), is encoded by the RUNX1 gene located on chromosome 

21. Various isoforms of RUNX1 can be transcribed through alternative splicing via 

two different promoters, distal promoter 1 or proximal promoter 2. All RUNX 

proteins contain the highly conserved runt-homology domain (RHD) near the N-

terminal, which is responsible for its sequence specific DNA-binding and interaction 

with its non-DNA-binding partner protein CBFβ. CBFβ is instrumental to the function 

of all three RUNX factors because it allosterically enhances DNA binding of the 

CBFα subunit to the core site of various enhancers and promoter proteins. Isoforms 

1B and 1C contain a large transactivation domain, which is necessary for protein-

protein interactions. These two isoforms also share a five amino acid long VWRPY 

motif on its C-terminal, which binds Transducin-like Enhancer of split (TLE1)[33]. 

Through its interactions with different proteins, RUNX1 plays a crucial role in 

hematopoiesis, ribosome biogenesis, cell cycle regulation, and transforming growth 

factor β (TGFβ) signaling pathways[34]. 
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Figure 2: Domain structure of RUNX1 protein. (A) The 3 major isoforms of RUNX1 (1A, 1B, 

and 1C). (B) Domain architecture of RUNX1. (C) RUNX1 heterodimerization with its binding 

partner, CBFβ, and interaction with DNA at promoters of target genes. 

 

 

RUNX2 is the master regulator of osteoblast differentiation and bone formation[35] 

and RUNX3 is involved in neuronal and T-lymphocyte development[34] as well as 

alveolar cell differentiation[36].  

RUNX1 is one of the most commonly mutated genes in a variety of hematological 

disorders and malignancies. Genetic aberrations of RUNX1 range from somatic point 

mutations seen in myelodysplastic syndrome (MDS), to chromosomal translocations 

seen in leukemia. Unlike RUNX1 and RUNX2, RUNX3 inactivation occurs mainly 

through defects in DNA methylation and histone modification[37] leading to 

deregulated differentiation and preneoplasia, suggesting a tumor suppressor role for 

RUNX3. 
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1.4.1. Role of RUNX1 in Breast Cancer 

 

 

Among the RUNX family proteins, RUNX1 has the highest expression in the normal 

human breast epithelium, specifically in basal and mammary duct-lining cells. It is the 

only member for which point mutations, frame-shift mutations and deletions have 

been identified in human luminal breast cancer[38]. All of the mutations are loss of 

function mutations that either affect amino acid residues that directly bind to the 

DNA, or disrupt the fold pattern of its RHD or abolish its dimerization to CBFβ, both 

of which would also inhibit its DNA-binding. While we know that RUNX1 is a 

master regulator of ER+ luminal mammary epithelial cells[39], the exact mechanisms 

of its transcriptional control and its role in determining cell fate through mitotic gene 

bookmarking has not yet been established. 
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1.5. Study Rationale and Hypothesis 
 

 

Runx1 transcription factor plays a crucial role in mediating breast tissue specific gene 

expression and stabilizing the normal mammary epithelial phenotype. RUNX1 

mutations are often associated with ER+, luminal subtype of breast cancer and 

indicates a tumor suppressor role for RUNX1. While the RUNX transcription factors 

have been shown to bookmark target genes during mitosis, there is a compelling 

requirement to functionally link RUNX1 bookmarking with the control of the breast 

cell phenotype and consequential loss of RUNX1 tumor suppression with an epithelial 

to mesenchymal transition, a critical step in tumor initiation. In this study we 

hypothesize that blocking RUNX1 mitotic bookmarking by degron-mediated RUNX1 

proteolysis prior to mitosis prevents epigenetically mediated expression of breast cell 

phenotypic genes, initiates EMT, and confers stemness in progeny cells. 
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CHAPTER 2: MATERIALS AND METHODS 
 

 

2.1. Cell line and culture 
 

 

To address the role of RUNX1 this study primarily utilized the normal-like human 

mammary epithelial MCF10A cell line and MCF10A degron cells (clone 7) with 

FKBP12 F36V knock-in. Both, parental and degron cell were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM)/F-12 50/50 mixture base medium supplemented 

with 5% (v/v) horse serum-25ml/500ml media, 10μg/mL human insulin, 20ng/mL 

human epidermal growth factor (hEGF), 100ng/mL Cholera toxin, 0.5μg/mL of 

Hydrocortisone, 10ug/ml Penicillin-Streptomycin and 2 mM L-glutamine. Cells were 

fed every 2 days and grown to confluence before subculturing. Cells were washed 

once with Phosphate Buffered Saline (PBS) and treated with trypsin for 10-15 

minutes before trypsin was neutralized with growth medium. Cells were then 

centrifuged at 500xg for 5 min and the cell pellet was resuspended in medium and 

transferred to 100mm cell culture plates. 

 

2.2. RUNX1 Degron System 

 
Using CRISPR-mediated locus-specific knock-in, members from our lab were able to 

tag the endogenous RUNX1 gene with an FKBP12F36V epitope just prior to the stop 

codon of the RUNX1 in MCF10A cells. Thus, the transcribed protein will be 

expressed as RUNX1-FKBP12F36V fusion protein, along with double hemagglutinin 

(HA) epitope tag. Addition of dTAG1, a small molecular degrader, induces rapid, 

reversible, and selective ubiquitination and proteasomal degradation of FKBP12F36V 

fusion proteins by recruitment of E3-ligase, within the span of 1 hour.  
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2.3. Cell synchronization 

 
Cells were synchronized using RO-3306 which selectively inhibits CDK1/cyclin B1 

activity and reversibly arrests human cells at the G2/M border of the cell cycle.  

MCF10A cell plates at 60-70% confluency were given fresh growth medium 

supplemented with 5μM RO-3306. The G2/M population was harvested after 20 

hours of treatment. For the G1 population, RO-3306 treated cells were washed once 

with PBS followed by 5 washes of growth factor-free media in order to release them 

from the RO-3306 block. Then they were cultured in RO-3306-free medium for three 

hours at 37ºC and harvested. Additionally, both G2/M and G1 populations were 

treated with DMSO or dTAG1 3 hours prior to being harvested. 

 

2.4. Western blotting 
 

Cells were harvested and lysed in 1x RIPA cell lysis buffer containing complete 

EDTA-free protease inhibitor cocktail tablets and 5μM MG132 proteasome inhibitor. 

Lysates were sonicated, cleared by centrifugation, and mixed with Laemmli sample 

loading buffer, followed by a 5-minute incubation at 100°C. Proteins were subjected 

to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred onto PVDF membranes. Membranes were blocked in 5% milk at room 

temperature for 1 hour and were incubated overnight at 4ºC in 5% bovine serum 

albumin (BSA) solution containing primary antibodies (1:1000 dilution). On the 

following day, membranes were washed and incubated in horseradish peroxidase-

conjugated anti-mouse or anti-rabbit secondary antibodies. Proteins were visualized 

using Enhanced chemiluminescence (ECL) assay. 
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2.5. Flow cytometry and immunostaining 
 

 

AldeRed ALDH Detection Assay 

Cultured cells were detached from plates with trypsin and resuspended in growth 

media. 1 million cells were pelleted and resuspended in 1ml of AldeRed Assay Buffer 

supplemented with Verapamil and 5 μL/m l of the prepared AldeRed 588-A dye. The 

cell suspension was divided into two microcentrifuge tubes, where one tube was 

treated with 2.5μL of DEAB which served as a control. Cells were incubated for 30 

min at 37º C, following which cells were centrifuged and resuspended in 300μL of 

AldeRed Assay Buffer for flow cytometry. 

 

CD24 and CD44 staining. 

Cultured cells were detached from plates with Accutase and resuspended in growth 

media. 1 million cells were pelleted and resuspended in PBS supplemented with 1% 

Fetal Bovine Serum and 1:5 dilution of anti-CD44-APC and anti-CD24-PEvio770 

antibodies. The cell suspension was incubated for 15 mins at 4º C, following which 

cells were centrifuged and resuspended in PBS for flow cytometry. 

 

H3pS28 staining. 

Cultured cells were detached from plates with trypsin and resuspended in Phosphate-

buffered saline (PBS). 1 million cells were pelleted and fixed with 80% ethanol for 30 

minutes at 4º C followed by 10 mins of permeabilization using 0.25% Triton. The 

cells were centrifuged and washed with PBS and incubated overnight at 4º C in PBS 

supplemented with 0.5% BSA and H3pS28 antibody conjugated with FITC (1:100 
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dilution). On the following day, cells were centrifuged and resuspended in propidium 

iodide (PI) for flow cytometry. 

2.6. RNA sequencing 
 

Cells were harvested and lysed using Trizol Reagent. RNA was isolated using Direct-

zol RNA MiniPrep including the DNA digestion step. RNA isolates were quantified 

using Qubit Fluorometer and were checked for integrity using the Bioanalyzer 

System. Libraries were prepared using Takara Bio, HI Mammalian - SMARTer 

Stranded Total RNA Sample Prep Kit according to the manufacturer’s instructions. 

The libraries were sequenced using Illumina NovaSeq paired end 150 bp sequencing. 
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CHAPTER 3: RESULTS 

 
3.1. CRISPR-mediated FKBP12F36V tagging of endogenous RUNX1. 

 
 

Although numerous genetic techniques such as conditional knockouts and RNA 

interference, have been implemented to yield comprehensive scientific insight into the 

functions of target proteins in mammalian tissue, they fall short in terms of lack of 

reversibility, slow kinetics, off target effects and residual gene expression. 

The emergence of the dTAG (degradation TAG) system offers an effective alternative 

to genetic knockdown/knockout. The system utilizes CRISPR/Cas9-mediated locus-

specific knock-in of mutant FKBP12F36V in frame with the protein of interest. This 

fuses FKBP12F36V with our target protein, RUNX1. The fusion protein was also 

engineered to express double hemagglutinin (HA) epitope tag. Subsequent treatment 

with dTAG1, a heterobifunctional small molecule degrader, targets the entire fusion 

protein for degradation. The dTAG1 molecule is composed of an E3 ligase ligand 

linked to a FKBP12F36V ligand, that is highly selective for the FBKP12 protein with a 

single point F36V mutation and does not affect endogenous wild type FKBP12. 

dTAG1 forms a ternary complex between an E3 ubiquitin ligase, von Hippel Lindau 

(VHL) protein, and the RUNX1- FKBP12F36V fusion protein, leading to its 

polyubiquitination and subsequent degradation by the proteasome within 1 hour. This 

process is rapid and reversible, allowing for the identification of direct targets of 

RUNX1 and investigating the effects of the loss of epigenetic bookmarking by 

eliminating RUNX1 just prior to mitosis. 
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  Figure 3: Mechanism of action of dTAG1. 

 

 

To validate the degron system and the efficacy of dTAG1, we performed Western blot 

analysis at different timepoints. Treatment of MCF10A RUNX1-FKBP12F36V cells 

with 500nM of dTAG1 caused rapid RUNX1 degradation within the first 1 hour 

(Figure 4). A 12kb mobility shift consistent with the addition of FKBP12F36V was also 

observed.  

https://www.tocris.com/resources/tocris-blog/dtag-protein-degradation-platform-target-validation 
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Figure 4: Western blot showing the protein expression of RUNX1 and HA in MCF10A 

Degron cells treated with DMSO and dTAG1 (A) Cells in the asynchronous, G2/M and G1 

phase of the cell cycle showing complete degradation of RUNX1 and HA after 3hrs of dTAG1 

treatment. (B) Short-term and long term timepoints (1, 3, 6, 12, 24, 48, and 144 hours) show 

complete absence of RUNX1 protein in dTAG1 treated cells.    

  

  

3.2. Loss of RUNX1 induces a morphological change in MCF10A cells. 
 

 

During our validation experiments, actively proliferating MCF10A parental and 

degron cells were treated with dTAG1 or DMSO-control and were monitored via 

phase contrast light microscopy. MCF10A cells have a cobble-stone appearance 

characteristic of epithelial cells. The MCF10A degron cells treated with DMSO 

maintain this morphology, however dTAG1-treated cells begin to exhibit 

mesenchymal-like features. After 48 hours of treatment a few cells become elongated, 

spindle-like, with abundant cytoplasm and indistinguishable cell borders. This is 

consistent with previous findings in the lab where significant macroscopic changes 

were first observed at 48 hours[40]. By 6 days, their number has grown significantly. 
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The parental MCF10A without the FKBP12 do not change morphologically upon the 

addition of dTAG1, confirming that the cellular transformation is a result of the loss 

of RUNX1 and not an off-target toxic effect of the dTAG1 molecule. 

 

Figure 5: Phase contrast microscopy images of morphological changes in MCF10A degron 

cells after treatment with DMSO and dTAG1 for 2, 4 and 6 days. Cells were photographed at 

10x magnification. By Day 6, dTAG1 treated cells have transformed into elongated, spindle-

like cells, with abundant cytoplasm and indistinguishable cell borders.  

 

3.3. MCF10A cells treated with dTAG1 survive in growth factor 

depleted media. 
 

In addition to the morphological changes, we observed that MCF10A degron cells 

treated with dTAG1 and left in continuous culture for prolonged periods without re-

feeding were resistant to cell death and maintained confluency longer than the DMSO 

treated cells. 1 x 106 cells were plated in 100mm tissue culture plates and treated with 

500nM of DMSO or dTAG1 on the following day. Within two days in culture, cells 

had grown to confluency and were subcultured at 7 x 105 cells/plate with fresh growth 

media supplemented with DMSO or dTAG1. On Day 4, cells were refed with 

DMSO/dTAG1 supplemented media and left in continuous culture without media 

change. 
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Figure 6: Survival of MCF10A degron cells in the absence of growth factors. Images were 

taken at 4x magnification at different time points (9, 10, 11, 12, 15, 16, 17, 18 days) of treatment 

with DMSO or dTAG1 without refeeding the cells with fresh growth media.  

 

Cells in the DMSO plates begin to visibly die by Day 9 of treatment (5 days since last 

media change), observed as small, empty, cell-free pockets within the 2D culture. By 

Day 12, around 50% cells are still alive, and by Day 18, nearly all of the cells have 

died. In contrast, dTAG1-treated cells continue to survive even after growth factor 

depletion. They remain confluent until approximately Day14-15 of dTAG1 treatment 

(10-11 days since last media change) at which point we begin to see the appearance of 

empty pockets. By Day 18 (12 days since refeeding), the confluency of dTAG1 

treated cells has gone down to around 50-60%. By Day 27-28, nearly all of these cells 

are dead. Notably, both DMSO and dTAG1-treated cells recover and return to active 

proliferation once all the cells receive fresh media on Day 18.  
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3.4. Identification of the core set of genes dysregulated by RUNX1 in 

normal-like mammary epithelial cells 
 

 

Based on these observations (Figure 5 and 6), it is resonable to speculate that RUNX1 

stabilizes the phenotype of normal breast epithelial cells and its absence modifies the 

epigenome. To support our hypothesis we designed a series of experiments to explore 

the role of RUNX1 in mitotic gene bookmarking. We were able to synchronize the 

cells using RO-3306, a reversible inhibitor of cyclin-dependent kinase-1 (CDK1), 

which is crucial for the G2 to M phase transition. After achieving effective cell cycle 

arrest at the G2/M border, with a treatment duration of 20 hours, we removed RO-

3306 from the culture medium by washing the cells several times. At this point we 

added dTAG1 to the fresh RO-3306-free growth media. The reactivation of CDK1 

allows cells to progress from the G2/M phase, into early G1 phase. The rapid onset of 

action of dTAG1 ensures that the cells proceed through mitosis in the absence of 

RUNX1, thereby providing a comprehensive picture on the consequences of loss of 

epigenetic bookmarking. We performed RNA-seq and PRO-seq on asynchronous, 

G2/M arrested and G1 cells that were depleted of RUNX1 after 3 hours of treatment 

with dTAG1. Each of these treatment conditions were compared with their respective 

DMSO control. While RNA-seq is a popular high-throughput sequencing technique 

for analyzing and quantifying the RNA content, the assay relies on accumulation of 

mature RNA over hours, making it inappropriate for measurement of rapid changes in 

gene expression at a specific time point. An advantage of PRO-seq over RNA-seq is 

that it captures a genome-wide snapshot of actively transcribing RNA polymerases, 

and detects nascent transcripts. By comparing the expression profiles with the DMSO-

control and combining PRO-seq and RNA-seq measurements (using a log2Fold-
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change cutoff of 0.5 and adjusted p-value < 0.001), we were able to obtain a list of 

differentially expressed genes. 

 

 

Figure 7: Differentially expressed genes from PRO-seq analysis of the cell cycle. (A) A graph 

representing the total counts of upregulated and downregulated genes in asynchronous, G2/M 

and G1 populations treated with dTAG1 for 3 hours in comparison with its corresponding 

DMSO control. (B) An overlap of the upregulated genes between the phases of the cell cycle. 

(C) An overlap of the downregulated genes between the phases of the cell cycle. 

 

In accordance with previous research[21–23], the rate of transcription slows down 

during the G2/M phase and picks back up as the cells enter G1. Through PRO-seq, we 

observed an approximately equal number of genes were repressed and activated upon 

RUNX1 degradation. Out of the total of 169 differentially initiated genes that were 

identified in late G2 and early mitosis, 11 were transcription factors. GLIS3, VAX2 
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TBX3, ID1, BHLHE41, IRF1, and FOSL1 have decreased expression and NR3C2, 

RUNX2, BCL6, and POU2F3 have increased expression.  

Because these key transcriptional regulators were already induced prior to cell 

division, we can infer that they may also contribute to the mitotic bookmarking profile 

of the cell. Thus, the subsequent alteration in its postmitotic gene regulation is 

indirectly mediated by the loss of RUNX1.  

 

 

Figure 8: Differentially expressed genes from RNA-seq analysis of the cell cycle. (A) A graph 

representing the total counts of upregulated and downregulated genes in asynchronous, G2/M 

and G1 populations treated with dTAG1 for 3 hours in comparison with its corresponding 

DMSO control. (B) An overlap of the upregulated genes between the phases of the cell cycle. 

(C) An overlap of the downregulated genes between the phases of the cell cycle. 
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Unlike PRO-seq, where 635 genes were differentially initiated after 3 hours of 

dTAG1 treatment of the asynchronous cells, only 22 stable mRNA transcripts were 

differentially expressed in the RNA-seq results. Additionally, more genes are 

activated than repressed due to the loss of RUNX1 in G1 phase of the cell cycle. 

Apart from the 6 genes that are differentially expressed across the cell cycle, the 

upregulated genes overlap between the asynchronous cells and early G1, while there 

is no overlap with G2/M phase genes, implying that most of the genes that are 

upregulated (98%) upon the loss of RUNX1 are associated with G1 phase of the cell 

cycle. These genes are normally suppressed by RUNX1, and are now activated as the 

cells exit mitosis. Similarly, downregulated genes are shared between the 

asynchronous and G2/M phase, while there is no overlap with G1. This indicates that 

these genes are highly specific to certain phases of the cell cycle and RUNX1 is 

necessary for their transcription. NKX3-1, a transcription factor and diagnostic 

biomarker for prostate cancer, is downregulated in G2/M. It may also have a 

cascading effect on the transcriptional changes brought about by degradation of 

RUNX1. 

In order to understand the functional profile and underlying biological processes of 

the transcriptomic remodeling following the disruption of RUNX1 bookmarking, we 

performed a Gene Set Enrichment Analysis (GSEA), overlapping the differentially 

expressed genes in the dTAG1 treated cells with genome-wide expression profiles of 

gene sets from Molecular Signature Database (MSigDB). 
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Figure 7: Pathway analysis of the differentially initiated genes based on the PRO-seq 

results post RUNX1 protein degradation across the different phases of the cell cycle. (A) 

Pathways with the most statistically significant overlaps of gene sets in the G2/M phase of the 

cell cycle based on the gene ratios using an FDR q-value cutoff of 0.05 and p-value cutoff of 

0.001. (B) Pathways with the most statistically significant overlap of gene sets in the G1 

phase of the cell cycle along with their normalized enrichment scores. 
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Figure 8: Pathway analysis of the differentially initiated genes based on the PRO-seq post 

RUNX1 protein degradation across the different phases of the cell cycle. Pathways were 

picked based on a statistically significant Normalized Enrichment score with FDR q-value 

cutoff of <0.05 and p-value of <0.001. 
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Figure 9: Pathway analysis of the differentially expressed genes based on RNA-seq results 

post RUNX1 protein degradation across the different phases of the cell cycle. (A) Pathways 

with the most statistically significant overlaps of gene sets in the G2/M phase of the cell cycle 

based on the gene ratios using an FDR q-value cutoff of 0.05 and p-value cutoff of 0.001. (B) 

Pathways with the most statistically significant overlap of gene sets in the G1 phase of the 

cell cycle along with their normalized enrichment scores. 

 

 

Assessment of the gene set enrichment shows that differentially expressed genes in 

G2/M phase are negatively enriched in the Gozgit ESR1 targets DN gene set. This 

gene set compares the gene expression profile between TMX2-28 cells, an estrogen 

receptor 1 negative (ESR1 or ER) variant of the ER-positive MCF-7 cell line, and the 

parental MCF-7 cell line. This indicates that the genes that are down regulated in ER-

negative cells are also down regulated in our differentially expressed gene sets 

obtained from PRO-seq analysis, further corroborating the ER negative nature of the 

MCF10A cells. Despite being an ER-negative cell line, genes involved in estradiol 

response are expressed in G2/M indicating that RUNX1 plays a role in regulating 

estrogen receptor target genes and estrogen response. In terms of the phenotypic 

profile, the DEGs overlap with gene sets associated with basal-like breast cancer cell 
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lines. In addition, genes that are upregulated after the knockdown of EZH2 are also 

upregulated in our gene set, whereas many of the genes that are downregulated upon 

the knockdown of CDH1 are upregulated upon the loss of RUNX1. These 

characteristics are maintained as the cells transition from mitosis to G1 in the absence 

of RUNX1.  

In G1, gene sets associated with Transforming growth factor beta (TGFβ) related 

EMT as well as Adult stem tissue module are positively enriched.  

While the cells maintain their basal-like gene expression pattern throughout cell 

division, results from the cell cycle analysis of RUNX1 degradation indicate that the 

cells are poised to undergo epithelial to mesenchymal transformation and are taking 

on stem-like properties as they exit mitosis. There is a significant overlap with gene 

sets related to cell migration, extracellular matrix regulation, and escape from 

programmed cell death and cellular senescence. Particularly, differentially initiated 

genes in G2/M are enriched in pathways related to prostate, thyroid, nasopharyngeal 

and breast ductal carcinoma. Through GSEA analysis we can deduce that these genes 

are regulated by a complex balance between RUNX1 mediated DNA methylation, 

histone acetylation and gene silencing by RNA.  

To assess if this change in the pattern of gene expression is sustained through multiple 

cell cycles, we performed high-throughput next-generation sequencing of the 

transcriptome in asynchronous cells at long term time points.  

MCF10A degron cells were plated at a density of 1 million cells per 100mm tissue 

culture plate. They were given fresh growth media containing 500nM of either 

dTAG1 or DMSO (control) on the following day and cultured for 48 hours. 

Considering that the doubling time for MCF10A cells is 24 hours, the cells reached a 

confluency of approximately 90% after 2 days of treatment, at which point, a set of 
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plates were harvested for the 48-hour mark. The cells from the remaining sets of 

plates were dissociated using trypsin and replated at a density of 6x105 – 7x105 cells 

per plate along with fresh media supplemented with 500nM of DMSO or dTAG1. The 

cells were refed on Day 4 and finally harvested on Day 6 of treatment. An additional 

set of asynchronous cells were treated for 3 hours to investigate the immediate 

changes upon the loss of RUNX1. 

 
Figure 10: Differentially expressed genes from RNA-seq analysis over the course of 3 hours, 

48 hours, and 6 days. (A) A graph representing the total counts of upregulated and 

downregulated genes in asynchronous cells treated with dTAG1 for 3, 48 and 144 hours 

compared to its corresponding DMSO control. (B) An overlap of the upregulated genes between 

the different timepoints. (C) An overlap of the downregulated genes between the different 

timepoints. 
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Long term RNA-seq analysis of RUNX1 degradation showed a gradual rise in the 

number of differentially expressed genes from 3 hours to 48 hours of RUNX1 

degradation, followed by a sudden burst at 6 days. There is very little overlap of genes 

between the 3 timepoints. Thus, a wave of changes in the steady state mRNA 

concentration, beginning 3 hours after addition of dTAG1 was observed; genes that 

were upregulated at 3 hours begin to wane by the 48-hour mark and new sets of genes 

are activated. Only 1.6% of these genes are maintained up to 6 days of dTAG1 

treatment. A higher percentage (5.1%) of downregulated genes at 48 hours continue to 

remain suppressed by 6 days, likely due to the loss of their transcriptional activation 

by RUNX1. A little over one third of the 28 differentially expressed genes (DEGs) at 

3 hours of dTAG1 treatment are downregulated. This is reversed at 48 hours, where 

77.24% of DEGs are downregulated. By 6 days, the number or upregulated and 

downregulated genes is roughly equal (48.06% and 51.93% respectively). 

However, when compared with the PRO-seq results there is a greater overlap, 

indicating that the genes that were differentially initiated in early G1, upon the loss of 

RUNX1, are being fully transcribed at a later stage.  
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Figure 11: Overlap of differentially initiated genes from the PRO-seq results with the long-

term treatment RNA-seq results. (A) Overlap of overall differentially initiated genes between 

early G1 phase of the cell cycle and, 48 hours and 6 days of dTAG1 treatment in asynchronous 

cells. (B) An upset plot depicting the changes in direction of regulation in the 153 genes that 

are in common between G1 phase (PRO-seq) and 6 days. (C) Overlap of the upregulated genes 

between 3 hours (PRO-seq), 3 hours (RNA-seq), 48 hours, and 6 days of dTAG1 treatment. 

 

 

Table 1: List of overlapping differentially expressed genes between G1 phase (PRO-seq) and 

48 hours and 6days of dTAG1 treatment along with their fold change values. 
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Of the 442 differentially initiated genes (Figure B), 32 continue to be expressed at 48 

hours, and 153 (34.61%) are expressed at 6 days of dTAG1 treatment. From the genes 

that are shared between G1 phase of the cell cycle and 6 days, 105 gene maintain the 

directionality of their expression, and 47 switch their direction of expression. 

Similarly, 45 nascent transcripts expressed in asynchronous cells that were depleted of 

RUNX1 have reached steady state expression at 48 hours, and 106 overlap with the 6-

days timepoint.   

This overlap is reflected in the gene set enrichment analysis. Pathways that were 

statistically significant in the early stages of the G1 are still enriched after the 

prolonged absence of RUNX1. Some of these common pathways are involved in adult 

tissue stemness, TGFβ signaling, estradiol response, and regulating targets of ESR1, 

CDH1 and EZH2. Thus, these shared genes play a key role in regulating the genotypic 

and phenotypic transformation of MCF10A upon the loss of RUNX1.  
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Figure 12: Pathway analysis of the differentially expressed genes based on RNA-seq results 

post RUNX1 protein degradation across the 3 hours, 48 hours, and 6 days of dTAG1 

treatment. (A) Protein-Protein interaction network of differentially expressed gene after 3 

hours of dTAG1 treatment. (B) Pathways with the most statistically significant overlap of gene 

sets based on the gene ratios using an FDR q-value cutoff of 0.05 and p-value cutoff of 0.001 

after 48 hours of dTAG1 treatment. (C) Statistically significant overlapping gene sets with a 

positive normalized enrichment score after 6 days of dTAG1 treatment. (D) Statistically 

significant overlapping gene sets with a negative normalized enrichment score after 6 days of 

dTAG1 treatment. 
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Figure 13: String database analysis of the differentially expressed genes based on the 

RNA-seq result after RUNX1 loss for 6 days. Pathways were picked based on a statistically 

significant Normalized Enrichment score with FDR q-value cutoff of <0.05 and p-value of 

<0.001. 

 

After 3 hours of dTAG1 treatment, 64.3% of DEGs are upregulated and 35.7% are 

downregulated. Short-term loss of RUNX1 results in an upregulation of cholesterol 

biosynthesis pathways, which is not only required for G1 to S phase transition[41] but 

also plays an important role in maintaining tumor stem cells[42]. Increased cholesterol 

metabolism is necessary for rapid cell growth and tumorigenesis by activating 

downstream signaling of hedgehog, Notch, and receptor tyrosine kinases pathways. 

Dysregulated expression of tumor promoters and suppressors can be detected as early 

as 3 hours of RUNX1 depletion. Long noncoding RNAs (lncRNAs), NEAT1 and 

MALAT1 (also known as NEAT2), are overexpressed in various types of cancer[43,44]. 

NEAT1 is a target of BRCA1 and is also known to promote EMT, cellular 

proliferation and resistance to apoptosis[44]. MALAT1 regulates cell proliferation and 

metastasis in a context specific manner. Elevated levels of MALAT1 are linked with 
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decreased disease specific survival in ER-negative, lymph node negative, HER2 

overexpressing subtype and triple negative subtype of breast cancer[45].  

Loss of RUNX1 activates tumor promoter BHLHE40 and inhibits tumor suppressor 

BHLHE41. In fact, BHLH41 is also downregulated in all phases of the cell cycle. 

Thus, early stage of RUNX1 degradation is characterized by the loss of the tumor 

suppressive role of RUNX1 and increased transcriptional activation, which can be 

corelated to the overall genomic and epigenomic changes observed when RUNX1 is 

eliminated during mitosis.  

Several of the GSEA identified gene sets associated with cell cycle expression data 

are also enriched at 48 hours of dTAG1 treatment. These include the target genes 

regulated by CDH1, EZH2 and ESR1, and TGFβ signaling, However, the pattern of 

gene expression is associated with both luminal and basal subtype of breast cancer. 

Targets of bone morphogenetic protein 2 (BMP2) are dysregulated upon the loss of 

RUNX1. BMP2 belongs to the TGFβ super family and plays an important role in 

cellular differentiation. This may be the first indication that the dTAG1 treated cells 

are no longer maintaining their normal mammary epithelial phenotype and have 

gained the ability to differentiate into both basal and luminal cells. This is supported 

by the morphological changes that are visible on phase contrast microscopy. 

By 6 days of dTAG1 treatment, the gene expression pattern of the cells is similar to 

the luminal subtype of breast cancer, indicating that the cells have transformed from a 

basal/epithelial genotype to a luminal/mesenchymal genotype. GSEA also indicates 

that the cells have developed a resistance to estradiol and hormone therapy. 

Metastasis gene sets are both positively and negatively enriched, which would suggest 

that there are heterogenous populations of cells with more metastatic potential than 

others. Other pathways indicate that loss of RUNX1 causes a conformational change 
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in the DNA and chromosomal structure, and organization. RUNX1 also appears to be 

necessary for cell cycle progression and cell cycle check point signaling, and its loss 

results in metaphase/anaphase transition arrest.  

Most importantly, loss of RUNX1 downregulates the expression of BRCA1 and 

BRCA2, and their downstream targets. Coldren Gefitinib Resistance Down gene set is 

positively enriched, which is related to the gene expression pattern in involved in 

HER pathway signaling. Thus, loss of RUNX1 results in slowly proliferating, 

tamoxifen resistant, HER2/HER3-positive, luminal subtype of breast cells that may 

have metastatic potential and bipotent stem-like properties. These effects may be 

attributed to the disruption of mitotic gene bookmarking of RUNX1 in MCF10A 

cells. 
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3.5. MCF10A cells undergo partial EMT upon the loss of RUNX1. 
 

To verify our findings, we performed western blot analysis to detect markers of 

epithelial to mesenchymal transformation, both in the cell cycle and at long term 

timepoints. 

 

Figure 14: Western blots analysis of markers of EMT across the cell cycle after 3 hours of 

treatment with either DMSO or dTAG1. 

 

At the protein level, most of the markers of EMT do not change across the cell cycle. 

Snail and Slug, also known as SNAI1 and SNAI2 respectively, belong to the zinc 

finger transcription factor family and participate in events associated with epithelial 

mesenchymal transition (EMT). Slug protein appears to be slightly decreased across 

the phases of the cell cycle after the loss of RUNX1. Snail is decreased in G2/M but 
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otherwise remains unchanged. Elimination of RUNX1 for 3 hours increases the 

expression of Claudin1 protein in asynchronous cells. However, its nascent transcripts 

and steady state mRNA are downregulated. In the absence of RUNX1, the amount of 

CLDN1 and SNAI1 proteins continue to drop over the period of 6 days. CDH1 is 

elevated after 3 hours of RUNX1 loss and then comes back down to baseline. 

 

Figure 15: Western blot analysis of CLDN1, SNAI1 and CDH1 after 3, 48 and 144 hours 

of treatment with either DMSO or dTAG1 

 

Because SNAI1 and SNAI2 are down regulated, their suppressive action on CDH1 is 

lost, resulting in cells that retain their epithelial features. However, the decreased 

expression of Claudin-1 (CLDN1), a major component of tight junction complexes, 

results in loss of cell polarity, cellular framework and cell to cell communication, all 

of which leads to EMT and tumorigenesis[46]. In addition, mRNA expression of 

CLDN4 is upregulated upon the loss of RUNX1. MCF7 cells overexpressing CLDN4 

have an increased rate of proliferation and resistance to apoptosis[47]. 

While the level of CDH1 may not be elevated, the loss of its usual suppressors may 

explain the reason for the activation of its downstream targets. Taking a deeper look 

at some of the individual differentially expressed genes may reveal the underlying 



40 

 

mechanisms of genetic and epigenetic remodeling taking place after the loss of 

RUNX1. 

T-box 3 gene (TBX3), a transcription factor with a highly conserved DNA binding 

domain called T-Box, is known to activate and/or repress its target genes through 

direct DNA binding or by recruiting other co-factors[48].  Depletion of TBX3 in early 

stages of embryogenesis inhibits cell differentiation and organogenesis. TBX3 mRNA 

and nascent transcripts are down regulated in G2/M post RUNX1 loss. Though very 

little is known about the role of TBX3 in mitosis, several T-Box factors have been 

implicated as tumor promoters and/or suppressors[49]. TBX3 is necessary for the 

expression of Inhibitor of DNA binding 1 (ID1)[50], a transcription regulator that 

inhibits binding of basic helix-loop-helix transcription factors to the DNA[51]. Thus, 

transcription factors that are usually inhibited from mitotic bookmarking may now 

bind to the chromatin and contribute to the altered pattern of gene expression as the 

cells emerge into G1. Additionally, previous studies conducted by Lee et al. shows 

that ID1 can interact with the basic helix-loop-helix L zipper transcription factor, 

MITF[52], which binds and activates E-cadherin[53]. This, in turn, may result in 

upregulation of downstream targets of E-cadherin (CDH1).  

Epithelial cell adhesion molecule, E-cadherin, is a single-span transmembrane 

glycoprotein that promotes cell-cell adhesion through interactions with adjacent E-

cadherin molecules of neighboring cells. While E-cadherin itself is not differentially 

expressed, 46 differentially initiated genes in G1 are positively associated (NES: 

2.8653083, p-value:0, FDR q-value:0) with the Onder CDH1 Targets 2 DN gene set. 

The number of enriched genes in this gene set goes down to 23 genes at 48 hours of 

dTAG1 treatment and then rises to 173 genes at 6 days. 
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Table 2: Differentially initiated genes from G1_dTAG1 that are positively enriched with 

ONDER_CDH1_TARGETS_DN 

 

From the DEGs within this gene set, 3 Type I cytokeratins (KRT15, KRT16, KRT17) 

are upregulated at 6 days, indicating that the cells are acquiring epithelial 

characteristics. While KRT15 acts as a tumor promoter in other types of cancer, 

KRT15 expression in breast cancers is usually lower compared to normal breast 

tissue. High KRT15 expression is associated with tumor suppressive pathways and 

better overall survival in patients with breast cancer[54]. On the other hand, KRT17 

plays a dual role depending on the type of breast tumor. It is a marker of triple-

negative breast cancers[55], and overexpression of KRT17 is significantly associated 

with poor prognosis in ER−/HER2− type of breast cancer[56]. However, high KRT17 

expression in HER2+ breast cancer predicts a favorable prognosis[57]. Overexpression 

of high molecular weight cytokeratins is associated with basal-like features, whereas 

the downregulation of KRT5 and KRT6, as seen with the loss of RUNX1, is widely 
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accepted as a non-basal subclass of breast cancer. Combined with the overexpression 

of HER2, the RUNX1 depleted cells may be classified as a luminal subtype with 

basal-like features, implying that the cells have undergone partial EMT or that the loss 

of RUNX1 gives rise to a small population of stem cells which later differentiate into 

a heterogenous population, containing cells from the different subtypes of breast 

cancer. 

While some of the genes may confer an epithelial phenotype, other genes within this 

pathway that were upregulated upon the loss of RUNX1 tend to drive the cells 

towards EMT. PLAU overexpression predicts a poorer clinical outcome in head and 

neck squamous cell carcinoma. A study by Chen et al. indicates that PLAU and its 

associated genes ITGA5, SERPINE1, and TNFRSF12A may be linked with 

epithelial-to-mesenchymal transition (EMT) process and tumor migration. 

Particularly, the downregulation of PLAU decreases the expression of TNFRSF12A, 

leading to inhibition of cell proliferation and migration[58]. Moreover, PLAU mRNA 

expression is a powerful prognostic marker in HER2-positive tumors[59]. 

Similarly, EZH2 is a Polycomb group (PcG) protein that is involved in gene silencing 

through trimethylation of H3K27 and is linked with epithelial to mesenchymal 

transition (EMT)[60]. Nuytten et al. conducted a study on PC3 cells (prostate cancer) to 

examine the effects of RNAi mediated knockdown of EZH2 and mapped out a set of 

genes that were subsequently upregulated[61]. ChIP-seq analysis in prostate cancer cell 

lines revealed that the enhancer of EZH2 binds to the promoter of RUNX1[62]. Several 

differentially initiated genes from the cell cycle analysis and DEGs from 6days are 

positively enriched with this gene set, implying that RUNX1 may indirectly alter 

histone methylation through EZH2 and that the histone methylation marks that were 
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altered during G2/M are retained as the cells progress into early G1. This is also 

supported by the evidence of downregulation of EZH2 mRNA at 6 days.  

Additionally, we found enrichment for transcripts related to the Targets of SMAD2 or 

SMAD3. The SMAD2 and SMAD3 proteins are involved in the intracellular 

transmission of transforming growth factor β (TGF-β) signaling from the cell 

membrane to the nucleus and regulating the transcription of target genes. PLAU, 

LAMC2, and LAMB3 are strongly linked with TGFβ signaling, particularly LAMC2. 

Inhibiting TGFβ signaling using Vactosertib in LAMC2-expressing pancreatic cells 

suppress CSC-related metastasis in Pancreatic ductal adenocarcinoma patients[63]. 

Thus, TGFβ signaling may be a contributing factor for the transformation of dTAG1 

treated cells. 

 

3.6. Loss of RUNX1 confers stem-like properties to MCF10A. 
 

A critical step in tumor initiation is the transformation of cells from epithelial to 

mesenchymal-like phenotype. Cancer stem cells (CSC) are the driving force behind 

the capacity for tumor cells to become invasive, metastatic, and resistant to therapy. 

Based on the variable expression pattern showcasing both basal/epithelial and 

luminal/mesenchymal characteristics, we hypothesize that the loss of RUNX1 gives 

rise to a small population of stem cells that later differentiate into the different 

subclasses of breast cancer cells. 

CD44, CD24 and ALDH1 are the most frequently used markers to identify CSCs. 

Cells with high CD44 (CD44high) but low CD24 expression (CD24−/low) exhibit 

enhanced cell proliferation and tumorigenesis. High ALDH1 activity (ALDHHigh) is 

linked with cancer metastasis. Moreover, ALDH1A3 gene expression is upregulated 
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upon the loss of RUNX1. This isoform is considered to be primarily responsible for 

the ALDH activity in breast cancer cells[64].  

In order to validate our hypothesis and the sequencing results, we performed the 

AldeRed ALDH Detection Assay. AldeRed reagent AldeRed 588-A diffuses freely 

into intact live cells where it is oxidized by intracellular ALDH enzymes into its 

corresponding acid causing the cells to become brightly fluorescent. The amount of 

fluorescence produced depends on the ALDH activity within the cell. Verapamil, an 

efflux inhibitor, traps the AldeRed reaction product inside the cell and prevents the 

loss of fluorescence. The Aldered Assay kit is provided with an ALDH inhibitor, 

diethylamino benzaldehyde (DEAB) as a negative control. All test samples were 

compared against their corresponding DEAB-treated control sample to eliminate 

background fluorescence. 

 

Figure 16: ALDH1A3 expression in dTAG1 treated cells along with p-values. The graph on 

the left shows that ALDH1A3 mRNA is upregulated after 6days of dTAG1 treatment. The 

graph on the right shows that ALDH1A3 is elevated in G2/M and G1 phase of the cell cycle 

after the loss of RUNX1. 
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Figure 17: Flow cytometry analysis of ALDH enzyme detection assay. (A) Comparative Flow 

cytometry analysis of ALDH activity in DMSO and dTAG1 treated samples at different 

timepoints (B) Percentage of ALDH bright cells relative to DEAB-treated control 

 

Flow cytometry analysis shows that MCF10A cells with dTAG1 treatment and 

subsequent RUNX1 loss have increased ALDH activity. The ALDH activity 

progressively increases over the course of 6 days.  

Double staining of CD44 and CD24 in MCF10A Degron Cells showed that 99.86% of 

both DMSO and dTAG1 treated cells are CD44+. Therefore, we focused on the CD24 

expression in the RUNX1 depleted cells at various timepoints. 
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Figure 18: Flow cytometry analysis for double staining of CD44 and CD24 in MCF10A 

Degron Cells. 99.86% of both DMSO and dTAG1 treated cells are CD44+. 

 

Figure 19: Flow cytometry analysis for CD24 expression.  (A) Comparative Flow cytometry 

analysis of CD24 expression in DMSO and dTAG1 treated cells at different timepoints (B) 

Ratio of dTAG1/DMSO calculated based on percentage CD24+ cells 

 

At 3 hours, there is no significant change in CD24 expression upon the loss of 

RUNX1. As treatment time increases (up to 72 hours), there is a gradual decrease in 
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the CD24
+ 

subpopulation. This is similar to the CD44
+

/ CD24
−/low

 expression pattern 

found in basal mesenchymal, triple negative breast cancer subtype. However, after 6 

days of treatment, there is nearly a 2-fold increase in CD24
+

 subpopulation upon 

RUNX1 loss, which is similar to the expression pattern of CD44
+

/ CD24
+

 seen in 

basal epithelial type of breast tumors[65]. 

 

Figure 20: Flow cytometry analysis for ALDH activity and CD24 expression in parental 

MCF10A cells treated with DMSO or dTAG1 for 48 hour and 6 days.  

 

Performing the same ALDH/CD24/CD44 assay on parental MCF10A at 48 hours and 

6 days of dTAG1 treatment showed that there is no difference between in the ALDH 

activity and CD24 expression between the dTAG1 treated and DMSO control 

samples, confirming that the changes observed in the MCF10A degron cells are an 

effect of the loss of RUNX1 and not an off target toxic effect of dTAG1.  
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Al-Hajj et al. determined that breast cells expressing CD44+/high/CD24-/low markers 

gave rise to visible tumors within 12 weeks of injection into mammary pads of 

mice[66]. It is widely accepted that CD44+/ CD24− cells exhibit undifferentiated 

basal/mesenchymal properties. Thus, loss of RUNX1 lead to an increase in the 

undifferentiated population of cells that can be detected after 2-3 days of dTAG1 

treatment. This is also correlated to the simultaneous basal and luminal gene 

expression pattern identified through GSEA analysis of DEGs at 48 hours. Several 

studies suggest that CD44+/CD24+ expressing cells can readily give rise to a 

CD44+/CD24− population during tumor initiation and CD24 negative cells are 

interconverted back to CD24 positive phenotype after metastasis [67]. This 

subpopulation may not exhibit metastatic properties but may have the ability to 

colonize and survive in foreign tissue. 

 

3.7. Elimination of RUNX1 Leads to an increase in the mitotic 

population. 
 

 

We observed that the rate of cellular proliferation decreases after the loss of RUNX1. 

This is confirmed by the String database analysis of differentially expressed genes at 

6 days. Genes contributing to the negative regulation of the cell cycle and metaphase 

to anaphase transition are overexpressed at 6 days. Therefore, we performed a flow 

cytometric analysis of the cells at various timepoints using H3pS28 antibody staining. 

The serine 28 residue on the N-terminal tail of histone H3 is phosphorylated during 

prophase to anaphase of mitosis. 
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Figure 21: Flow cytometry analysis for H3pS28 antibody in MCF10A degron cells treated 

with DMSO or dTAG1 at various timepoints. There is no observable difference between the 

percentage of mitotic cells at early timepoints. By 6 days there is a 10-fold increase in the 

mitotic population.  

There is no observable difference between the percentage of mitotic cells in dTAG1-

treated and DMSO-control samples at early timepoints (3, 12, 24, 48 hours). 

However, after prolonged loss of RUNX1 the percentage of mitotic cells increased 

from 0.27% to 3.13% (more than 10-fold increase), suggesting that prolonged loss of 

RUNX1 arrests the cells in metaphase/anaphase transition. 

 

3.8. Loss of RUNX1 in MCF10A cells shows oncogenic transformation 

potential. 
 

Several of the differentially initiated genes overlap with pathways involved in the 

process of development of other cancers such as prostate, thyroid, and nasopharyngeal 

carcinoma. Both BRCA1 and BRCA2 and the network of their downstream targets 

are downregulated after loss of RUNX1.  ITGB4 is another gene that is upregulated 

by the loss of RUNX1. Integrin beta 4 (ITGB4) belongs to the family of 

heterodimeric transmembrane receptors and plays a key role in tumorigenesis and 

tumor invasion. Integrins are composed of α and β subunits. The integrin beta 4 

subunit tends to associate with alpha 6 subunit. Both the ITGA6 and ITGB4 genes are 
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regulated by RUNX1 in myeloid cells. RUNX1 binds to ITGA6 through a RUNX1 

binding motif in its promoter. Whereas, RUNX1 indirectly activates ITGB4 by 

interactions with upstream regulatory elements[68]. Previous studies show that ITGB4 

is upregulated in various types of tumors [69] and is linked to poor prognosis or 

aggressive behavior[70,71]. It is also associated with a worse 5-year probability of 

relapse-free survival in patients with triple-negative breast cancer who received 

chemotherapy[72].  

Integrins act as receptor for laminins like LAMB3 and LAMC2, both of which are 

upregulated in G1. Additionally, the overexpression of ITGB4 and LAMC2 promotes 

epithelial–mesenchymal transition [73–75]. High LAMC2 may be associated with 

stemness, tumor initiation and self-renewal, and plays a critical role in tumor 

migration and invasion[63]. LAMB3 is also involved in invasion and metastasis[76]. 

Gene set enrichment analysis also shows that LAMC2, LAMB3, ITGB4, ITGA6, 

ITGA2B, LAMA5, THBS1, and DDIT4 are major contributors to the activation of 

PI3K/Akt signaling pathway. As a result, the expression of some downstream targets 

of the Akt pathway, such as BCL2L1, is upregulated. Aberrant activation of this 

pathway promotes survival, antiapoptotic signaling and proliferation of tumor cells in 

many types of cancers.  

Other genes that are differentially expressed by the loss of RUNX1 include BCL6, 

BHLHE40, and NKX3-1. Miyazaki et al. conducted IP experiments in COS7 cells 

and found that BHLHE40 is bound to RUNX1 in vitro[77]. Class E basic helix-loop-

helix protein 40, BHLHE40, is a pro-metastasis transcription factor in breast 

carcinoma and downstream target of TGFβ signaling[78], which promotes tumor cell 

survival and migration[79].  
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Transcriptional repressor BCL6 is highly expressed in breast cancer cell lines and is 

expressed in 68% of histologically high-grade ductal breast carcinomas[80]. It is 

upregulated in all phases of the cell cycle and at 6 days. NKX3-1 is a transcription 

factor and a prostatic tumor suppressor gene[81]. Loss of 1 or both alleles of NKX3-1 

leads to the development of preinvasive lesions in mice[82]. IGFBP5, SERPINB2, 

PTGS2, SOX4, CD24, LAMA4, HPGD, COL1A1, and TSPAN12 were found to be 

positively enriched in the Tavazoie Metastasis gene set, which defines a group of 

genes associated with risk of distal metastasis. Downstream targets of SOX4, an 

oncogene overexpressed in prostate tumor, are also elevated. 

MCF10A cells that have been depleted of RUNX1 begin to express ERBB2 and 

ERBB3 (also known as HER2 and HER3) by 6 days of dTAG1 treatment. ERBB3 is a 

member of the ERBB protein-tyrosine kinase receptors and usually heterodimerizes 

with ERBB2, forming a prooncogenic signaling complex. Activation of 

ERBB2/ERBB3 dimer by ligand binding (neuregulins, NRG1 and NRG2), strongly 

triggers PI3K/Akt signaling, which promotes tumor progression, invasion, and 

metastasis[83] as well as tamoxifen resistance[84]. Over expression of ERBB2 is also 

associated with increased signaling of MAPK, ERK and Jak/Stat signaling[85].  

 

Loss of RUNX1 alters Estrogen response and ESR1 target expression. 

By genome-wide ChIP-seq analysis of AR-binding sites, RUNX1 was identified as a 

target gene for Androgen receptor signaling[62]. RUNX1 also has a binding motif in 

the ESR1 control region upstream of its transcription start site[39]. Gene sets involved 

in estrogen mediated signaling and estrogen dependent gene expression are enriched 

in early G1. By 6 days of dTAG1 treatment, targets of ESR1 (estrogen receptor 1 or 

Erα) are upregulated and cells become resistant to estradiol and hormone therapy. 
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Thus, RUNX1 plays a vital role in the regulation of estrogen receptor target genes and 

hormone response even in ER-negative cell lines. 

 

 

Loss of RUNX1 alters the epigenetic landscape of MCF10A cells. 

RUNX1 degradation upregulates targets of PHF8, a histone demethylase that removes 

the transcriptional repressive marks of histone H3 dimethyl lysine 9 (H3K9me2). 

PHF8 also acts as a transcriptional coactivator by binding to H3K4me3 and RNA 

polymerase II [86]. As discussed earlier, loss of RUNX1 downregulates transcriptional 

repressor EZH2, thus inhibiting H3K27me3 methylation. RUNX1 degradation is also 

associated with decreased expression Protein arginine N-methyltransferase 1 

(PRMT1), which is responsible for methylating arginine residues of histone 

(specifically H4R3me2a) and non-histone proteins. It is known to stabilize EZH2[87], 

thus, the downregulation of PRMT1 may also exacerbate the effects of EZH2 

suppression. 

Histone-lysine N-methyltransferase, Suv39H1, is found to be downregulated after 6 

days of dTAG1 treatment. It functions as a histone methyltransferase responsible for 

H3K9me3 methylation. It also acts as a cofactor with SNAI1, necessary for the 

repression of CDH1[75]. 

Histone deacetylases, HDAC5, HDAC9, and HDAC11, are upregulated after 6 days 

of dTAG1 treatment and subsequent loss of RUNX1. Nascent transcripts of HDAC3 

and HDAC7 are also elevated in asynchronous cells and cells synchronized in G1, 

respectively. Histone acetyl transferase, HAT1, is downregulated by 6 days. 

Elimination of RUNX1 may result in chromatin condensation and decreased 

accessibility to transcription factors. TET2 and TET3 are also upregulated at 6 days, 

suggesting that loss of RUNX1 results in hypermethylation of DNA.  
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CHAPTER 4: DISCUSSION 
 

Derangement of epigenetic processes play a pivotal role in the initiation and 

advancement of numerous cancers. These deviations often act as key drivers of 

resistance to therapy and the sustenance of cancer cell survival. The phenotypic 

transformations observed during tumor initiation and progression stem from shifts in 

gene expression patterns, regulated by the inherent regulatory states encoded within 

the nucleoprotein structure of chromatin. Changes in chromatin structure that result in 

varying accessibility to transcription factor binding have been recognized as among 

the most pertinent genomic features associated with the regulation of epithelial to 

mesenchymal transformation (EMT). 

EMT is a reversible and plastic process that has also been involved in generation of 

cancer stem cells (CSCs)[88]. Understanding the mechanisms behind the capacity for 

differentiated cells to transform into a more progenitor-like state that can later 

produce other cell types is essential for developing preventative and therapeutic 

approaches during the onset and progression of breast cancer. 

Breast cancer is a highly heterogeneous disease, reflected by vastly different disease 

manifestations among different patients as well as intratumor heterogeneity within 

each individual. Carcinoma cells exist in both epithelial and mesenchymal cell states 

concurrently. Conversions between these states have been shown to occur as a result 

of constantly changing combination of intrinsic and extrinsic cell-biological programs 

that give rise to epithelial to mesenchymal (EMT) and mesenchymal-to-epithelial 

(MET) transitions. Activation of an EMT program drives both normal and cancerous 

mammary epithelial cells into stem-like states[89] 
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In the current study, we investigated the role of RUNX1 during mitosis and its 

function in transmitting lineage specific transcriptional control, imparting phenotypic 

memory and determination of cell fate. 

Loss of RUNX1 resulted in a morphological shift. RUNX1 depleted cells presented a 

mesenchymal-like morphology with elongated spindle-like cells compared with 

RUNX1 expressing MCF10A cells that exhibit typical cobblestone-like epithelial 

features. This change was accompanied by an alteration in the pattern of gene 

expression. Transcriptomic analysis revealed the existence of approximately 3500 

differentially expressed genes (DEGs) between MCF10A degron cells treated with 

dTAG1 and DMSO-control. Analysis of the gene sets and pathway enrichment 

reinforces the notion that loss of RUNX1 promotes an epithelio-mesenchymal 

phenotype.  

Gene set enrichment analysis of the DEGs reveals that the effects of the loss of 

RUNX1 can be roughly characterized into 3 phases. An early tumor initiation phase 

accompanied by increased transcriptional activation, where the tumor suppressive role 

of RUNX1 is lost. These early changes can be correlated to the loss of RUNX1 

epigenetic bookmarking. An intermediate transitional phase where there is an increase 

in undifferentiated cells that express both basal and luminal genes and a late phase 

characterized by slowly proliferating, estrogen resistant, HER2/HER3-positive, 

luminal subtype of breast cells with basal features that may have metastatic potential 

and bipotent stem-like properties. 

To further validate the transcriptomic data, we assessed expression of epithelial and 

mesenchymal proteins. The partial loss of epithelial phenotype was confirmed by the 

decreased levels of CLDN1 protein. High SNAI1 expression is usually accompanied 
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by suppression of CDH1 but in our study SNAI1 protein levels progressively decrease 

with increased duration of dTAG1 treatment. MDA-MB-231 cells with CRISPR/Cas9 

mediated SNAI1 knockout acquired an epithelio-mesenchymal phenotype with 

stem/progenitor properties and decreased tumor invasion[90]. These cells express 

Forkhead box A1 (FOXA1), which is also overexpressed in our data set. ChIP 

analysis in T47D cells determined that RUNX1 has a binding motif in the ESR1 

control region, as well as several RUNX-binding motifs in the FOXA1 control region 

upstream of their transcription start site[39].  FOXA1 is only expressed in luminal 

subtype of breast cancer cells and is absent in the basal subtype[91]. It functions as an 

oncogenic transcription factor that can bind condensed chromatin, inducing genome-

wide enhancer reprogramming[92]. FOXA1 is a key regulator of estrogen receptor 1 

(ESR1 or Erα) function but is also present in ER negative tumors[91]. FOXA1 exerts 

its ER regulating activity by binding to and activating enhancers enriched in histone 

H3 lysine 4 mono/di-methylation (H3K4me1/me2)[93]. This mechanism may be 

responsible for the heightened ESR1 mediated activity seen after 6 days of dTAG1 

treatment. While MCF10A cells do not express ER, the loss of RUNX1 can disrupt 

ESR1 signaling through FOXA1 and produce aggressive, endocrine resistant 

tumors[92].  

Another notable finding is the upregulation of HER2 and HER3 in RUNX1 depleted 

MCF10A degron cells. This is accompanied by the downregulation of CK5/6. 

Evidence suggests that FOXA1 is capable of directly modulating HER2 and HER3 

gene transcription, via Junctional Adhesion Molecule-A (JAM-A) activation. JAM-A 

interacts with FOXA1, translocating it to the nucleus, where it binds to the promoter 

region of HER2[94]. Overexpression of FOXA1 and HER2 is strongly associated with 

ER negative breast tumors[95] and overall poor patient survival[94].  
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Previous research in transformed human mammary epithelial cells showed increased 

tumor-initiating ability through EMT[96,97]. Both BRCA1 and BRCA2 are 

downregulated after loss of RUNX1. Mutations in BRCA1 and 2 tumor suppressive 

genes are associated with about 20% of familial breast cancer[98]. BRCA genes play a 

crucial role in maintaining genomic stability, regulating genetic and epigenetic 

transcriptional machinery, and regulating cell cycle progression. Results from our 

study suggest that loss of RUNX1 may directly or indirectly affect the transcription of 

BRCA genes. Another hallmark of tumor cells is their ability to resist apoptosis. 

MCF10A cells treated with dTAG1 were able to survive for longer in the absence of 

growth factors. 

A critical step in tumor initiation is for the cells to acquire the ability of self-renewal 

and differentiation. Cancer stem cells (CSC) are the driving force behind the capacity 

for tumor cells to become invasive, metastatic, and resistant to therapy. Numerous 

cell-surface and intracellular markers have been used for the identification of different 

types of cancer stem cells in breast cancer. Notably, depletion of CK18 is known to 

promote partial EMT and confers stemness in breast cancer MCF-7 cells through the 

activation of the Wnt/β-catenin signaling[99]. CK18 is downregulated after 6 days of 

dTAG1 treatment. Secreted frizzled related protein 1 (SFRP1), a Wnt antagonist, is 

also downregulated by RUNX1 loss, thus, further enhancing Wnt mediated EMT and 

acquisition of stem cell-like properties, including the CD44+/high/CD24−/low signature. 

Increased ALDH1 activity has been found to be an effective marker to characterize 

malignant progenitor breast cells. In accordance with the RNA-sequencing data, the 

expression of the ALDH enzyme increases over time after the loss of RUNX1. CD44, 

a hyaluronic acid receptor, is critical in regulating cell proliferation, survival, 

adhesion, and migration. CD44+ cells are considered to be tumorigenic and display 
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stem cell properties. CD24 is involved in cell adhesion and metastasis. Al-Hajj et al. 

determined that breast cells expressing CD44+/high/CD24-/low markers gave rise to 

visible tumors within 12 weeks of injection into mammary pads of mice[66]. In our 

study, CD44 is highly expressed in both DMSO-control and dTAG1 treated cells. 

There is an increase in the CD24-/low subpopulation of cells after loss of RUNX1 up to 

72 hours of dTAG1 treatment. However, by 6 days of treatment there is a switch in 

the expression pattern resulting in a nearly two-fold increase in the ratio of 

dTAG1/DMSO CD24+/high expression. This confirms the existence of a heterogenous 

population of cells that are expressing both CD44+/ CD24−/low/ALDHHigh and CD44+/ 

CD24+/ALDHHigh phenotype that are associated with basal mesenchymal, triple 

negative breast cancer subtype and basal epithelial type of breast tumors, 

respectively[65]. CD44+/ CD24+ cells can interconvert between CD24-positive and 

CD24-negative expression patterns in a context specific manner[67]. The CD44+/ 

CD24−/low/ALDHHigh are seen in the intermediate undifferentiated phase of RUNX1 

loss. In an experiment conducted by Sokol et al, RUNX1 loss in primary human 

breast epithelial cells increased the stem cell population by two-fold and prevented 

cell differentiation, thus establishing RUNX1 as a mammary stem cell regulator[100]. 

Loss of RUNX1 alters the methylation and acetylation states of histones. During 

Early G1 phase of the cell cycle there is an increase in transcription activation. This is 

possibly mediated through 2 factors, PHF8 and EZH2. PHF8 removes the 

transcriptional repressive mark H3K9me2 and coactivates H3K4me3 and RNA 

polymerase II [86]. Loss of RUNX1 downregulates transcriptional repressor EZH2, 

thus inhibiting H3K27me3 methylation. This indicates that RUNX1 normally inhibits 

the transcription of several genes and corroborates its roles as a tumor suppressor. 
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In later stages, loss of RUNX1 equally activates and suppresses transcription. 

Downregulation of PRMT1 inhibits methylation of H4R3me2a. Methylation of 

Histone H4 is usually associated with an open chromatin state. Downregulation of 

Suv39H1 inhibits H3K9me3 methylation, thus activating transcription. Upregulation 

of HDAC5, HDAC9, and HDAC11, with concurrent downregulation of HAT1, results 

in chromatin condensation and decreased accessibility to transcription factors. TET2 

and TET3 are also upregulated at 6 days, suggesting that loss of RUNX1 results in 

hypermethylation of DNA.  

In summary, we found that normal-like human mammary epithelial cells undergo a 

morphological transformation, exhibit altered cellular proliferation, population 

heterogeneity and neoplastic properties following the loss of RUNX1. The 

transformed cells showed stem cell properties and expressed both epithelial and 

mesenchymal markers, in what is termed as a partial EMT phenotype. Pathway 

enrichment analysis showed that changes in gene expression seen after disruption of 

RUNX1 mitotic bookmarking are retained even at later stages bolstering the 

hypothesis that RUNX1 regulated gene expression and cell fate through epigenetic 

mechanisms. 
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