
   
 

 
 
 
 
 
 
 
 

ABSTRACT 
 

Investigating miR-23a/b Regulation of KDM6A Protein Expression in Epithelial-

Mesenchymal Transition Using Breast Cancer Cell Models 

 
Joelle S. Kim 

 
Director: Joseph H. Taube, Ph.D. 

 
 

Tumor progression of epithelial cancers is facilitated by epithelial-mesenchymal 
transition (EMT) and mesenchymal-epithelial transition (MET), reverse processes that 
enable invasive cellular behavior. A key regulator of EMT/MET is lysine (K)-specific 
demethylase 6A (KDM6A), an activator of epithelial gene expression that is abundant in 
epithelial cell phenotypes. During EMT progression, the level of KDM6A protein 
expression decreases but there is no change in KDM6A transcript. Understanding the 
post-transcriptional regulators of KDM6A may reveal new modulators of EMT and 
potential therapeutic targets. MicroRNAs are short non-coding RNAs that bind mRNA 
transcripts to repress protein translation. To identify miRNAs that likely target KDM6A, 
we utilized seven databases as well as in vitro and clinical data to identify miR-23a and 
miR-23b as putative regulators of KDM6A. We then overexpressed miR-23a/b in breast 
cancer cells and, unexpectedly, observed no impact on KDM6A protein expression. 
Further research may explore other means of post-transcriptional regulation of KDM6A, 
including additional miRNA screening and alternative splicing analysis. 
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CHAPTER ONE 

Introduction 
 
 

Cancer cell metastasis, or the development of secondary tumors that are distant 

from the initial tumor location, is the leading cause of cancer patient mortality. It is 

estimated that breast cancer, the most common form of cancer in females, will prove fatal 

for 30-40% of patients through tumor metastases at distant sites (Jin and Mu, 2015). The 

metastatic cascade is characterized by local tumor invasion of cancer cells, intravasation 

and circulation in blood and lymphatic vessels, extravasation at a secondary site, and 

tumor survival and growth at this distant location (Talmadge and Fidler, 2010).  Despite 

its detrimental effects on human health, the mechanisms of metastasis are poorly 

understood. Therefore, there is an urgent need to explore the fundamental molecular 

pathways and cellular properties that contribute to metastatic progression of cancer. 

 
Epithelial-Mesenchymal Transition (EMT) in the Metastatic Cascade 

 
Epithelial-mesenchymal transition (EMT) and its reverse process, mesenchymal 

epithelial transition (MET), are conserved biological processes that contribute to 

migratory cellular behavior. During EMT, polarized epithelial cells undergo a series of 

biochemical changes to acquire the spindle-shaped morphology and invasive properties 

of mesenchymal cells (Yang et al., 2020). These changes include loss of cell polarity and 

intercellular adhesion, increased motility, resistance to apoptosis, and restructuring of the 

extracellular matrix. Progression of EMT is characterized by loss of epithelial markers, 
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most notably the cell-adhesion molecule E-cadherin, and gain of mesenchymal markers 

such as N-cadherin and vimentin (Kalluri and Weinberg, 2009). EMT is accomplished 

through complex regulation and pleiotropic signaling of specific activating transcription 

factors (e.g. Snail, Slug, Twist, Zeb1/2), inhibitory miRNAs, and epigenetic and post-

translational factors (Nieto et al., 2016). Several signaling pathways participate in the 

induction of EMT, including 

signaling pathways (Dongre and Weinberg, 2018). 

 

 
Figure 1.1: EMT Progression and Protein Markers (Kalluri and Weinburg, 2009) 

 
 

EMT is implicated in embryonic development, differentiation, wound healing 

(tissue repair) and fibrosis, and pathological processes such as fibrosis and cancer 

migration/tumor invasiveness (Kalluri and Weinburg, 2009). Based on these functional 

roles regarding its biological relevance, EMT is classified into three types. Type 1 is 

involved in formation of motile mesenchymal cells during embryogenesis, type 2, in 

wound healing and tissue regeneration, and type 3, in cancer neoplasm (Blick et al., 2008; 

Trimboli et al., 2008). Within discussion of the EMT subtypes, the analogous capacities 

of embryogenesis and carcinogenesis for cellular migration led researchers to posit EMT 

as a significant contributor to epithelial tumor progression (Cano et al., 2000; Thiery, 

2002). Therefore, it is feasible that cancer co-opts the natural role of EMT in beneficial 
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human functions for neoplastic malignancy and metastatic colonization (Hanahan and 

Weinberg, 2011). 

However, EMT’s role in cancer is not fully known and remains a topic of frequent 

debate, largely due to limited ability to assess EMT in clinical samples (Diepenbruck and 

Christofori, 2016). A study published in 2015 by Fischer et al. challenged the relevance 

of EMT in cancer metastasis by demonstrating a predominantly epithelial cell profile in 

breast-to-lung metastases, with only a small proportion of cells undergoing EMT. In 

response, researchers who support the role of EMT in cancer metastasis cite contributions 

of inter- and intra-tumor heterogeneity on the invasive tumor front, resulting in a gradient 

from full, partial, to no EMT cell states (Huang et al., 2013). Further, various states of 

EMT have been observed in heterogeneous circulating tumor cells (CTCs), a tumor cell 

sub-population with stem cell-like properties contributing to aggressive malignancies at 

distant metastases (Barriere et al., 2014). CTCs found in breast cancers are shown to have 

higher frequency of mesenchymal cells, with the triple-negative breast cancer subtype 

favoring the mesenchymal phenotype (Yu et al., 2013). A revised model for EMT 

emphasizes hybrid intermediate stages of the partial EMT program during the induction 

and metastasis of CTCs (Nieto et al., 2016). Overall, despite ongoing discussion 

regarding EMT relevance to cancer in vivo, its viable involvement in tumor intravasation 

and subsequent extravasation through MET contribute to its prominence in cancer 

metastasis research. 

 
Epigenetic Plasticity and Modifications of the “Histone Code” 

 
The dynamic and reversible nature of EMT suggests regulation through epigenetic 

modifications, or structural changes to chromatin excluding genetic alteration of the DNA 
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sequence (Tam and Weinberg, 2013). The chromatin landscape is composed of DNA and 

histones, as well as transient proteins that enhance and inhibit the transcription of genes 

through spatial and temporal molecular interactions. Alterations to this landscape can 

influence cell fate and differentiation through gene activation and silencing (Waddington, 

1957; Flavahan et al., 2017).  

Chromatin reorganization can be achieved through modulation of the “histone 

code,” or the complex sequence of proteins subject to post-translational modifications, 

particularly on their tail domains (Strahl and Allis, 2000). Of these post-translational 

markers, trimethylation of histone H3 at lysine 27 (H3K27me3) enforces gene silencing 

(Cao et al., 2002; Ringrose et al., 2004). Its presence in concert with H3K4me3, a gene 

activator, establishes a bivalent domain that is characterized by both silencing and 

activating marks at the same gene promoter, maintaining a more flexible pre-

differentiation state (Santos-Rosa et al., 2002; Voigt et al., 2013). Loss of one of these 

marks leads to lineage-specific commitment by the mark that is retained, leading either to 

gene silencing by H3K27me3 or activation by H3K4me3 (Bernstein, 2006). 

Previous research identifies high presence of bivalent promoter domains in EMT-

induced mesenchymal cells, with modulation of H3K27me3 as the predominant 

mediating presence between epithelial and mesenchymal cell states in gene expression 

(Malouf et al., 2013). Thus, removal of the H3K27me3 mark may be significant in MET 

and re-establishment and colonization of distant tumors. 

 
KDM6A: An Enzyme That Regulates Chromatin Structure and EMT 

 
Lysine-specific demethylase 6A, or KDM6A (also known as Ubiquitously 

Transcribed Tetratricopeptide Repeat Protein X-Linked, or UTX), is a ~154 kDa histone 
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demethylase enzyme that acts canonically as a component of the COMPASS-like 

complex to remove the H3K27me3 mark and activate target genes (Schulz et al., 2019). 

As a part of the COMPASS-like complex, KDM6A’s secondary functions include 

methylation of lysine 4 on histone H3 (H3K4) and acetylation of H3K27 (Shilatifard, 

2012; Ford and Dingwall, 2015). KDM6A performs its demethylase function through the 

JmjC catalytic domain, which is shared by KDM6A paralogs KDM6B/JMJD3 and 

KDM6C/UTY (Hong et al., 2007; Walport et al., 2014).  

 

 
Figure 1.2: KDM6A/UTX in Gene Activation Through Chromatin Remodeling  

(Schulz et al., 2019) 
 
 
 Pathologically, hereditary mutations in KDM6A are known to cause Kabuki 

syndrome (Van Laarhoven et al., 2015). However, in cancer, KDM6A’s role as a tumor 

suppressor or oncogene is less clear. Evidence suggests that KDM6A’s cancer promoting 

or inhibitory properties are contingent on cancer type and interactions with transcription 

factors. In urothelial bladder cancers and certain T-cell leukemias, KDM6A loss supports 

tumor suppressor capabilities, with mutations leading to cancerous outcomes 

(Ntziachristos et al., 2014; Hurst et al., 2017; Kobatake et al., 2020). Conversely, the 

expression of KDM6A in breast, prostate, and cervical cancers confers pro-oncogenic 

activity (Kim et al., 2014; Toska et al., 2017; Morozov et al., 2017; Soto et al., 2017).  
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Interestingly, recent research implicates KDM6A in EMT and the metastatic 

pathway. KDM6A coordinates 

E-cadherin to favor the epithelial cell state (Li et al., 2020; Zha et al., 2016). Further, loss 

of KDM6A has been shown to induce metastatic pancreatic cancer in females, and re-

expression of KDM6A may be an important factor in colonization of metastatic tumors 

through MET (Andricovich et al., 2018; Taube et al., 2017). Therefore, by understanding 

KDM6A expression and its regulation throughout EMT, we can clarify its role in the 

metastatic cascade and propose new targets for cancer medicine applications. 

 
Regulation of mRNA Translation by MicroRNAs 

 
MicroRNAs (miRNAs) are short ~22 nucleotide regulatory RNAs that bind to 

target mRNA sequences and block translation or signal mRNA degradation (Bartel, 

2018). In the canonical pathway for miRNA biogenesis, the miRNA begins as a pri-

miRNA precursor sequence transcribed by RNA polymerase II, which is then loaded into 

the Microprocessor complex (consisting of Drosha and DGCR8 proteins) and cleaved to 

form the pre-miRNA hairpin. (Denli et al., 2004). The pre-miRNA is exported from the 

nucleus to the cytoplasm by the Exportin 5/RAN-GTP complex, and the pre-miRNA is 

further cleaved near the terminal hairpin loop by the endonuclease Dicer to generate the 

miRNA duplex (Okada et al., 2009; Hutvágner, 2001). Finally, with the help of 

chaperone proteins, one strand of the miRNA duplex is loaded into an Argonaute (AGO) 

protein to form the RNA-induced silencing complex (RISC) while the other is degraded. 

Selection between the 5’ and 3’ miRNA strands of the duplex is based on binding affinity 

and complex stability. The RISC goes on to regulate gene translation, using the mature 

miRNA as a guide (Iwasaki et al., 2010; Kawamata and Tomari, 2010). The miRNA 
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“seed sequence,” or nucleotide positions 2-7 of the miRNA 5’ end, bind the 3’ 

untranslated region (UTR) of the target mRNA sequence through Watson-Crick base-

pairing (Lewis et al., 2003). In humans, miRNA and target mRNA pairing is imperfectly 

complementary, allowing one miRNA to bind to multiple mRNA targets (Bartel, 2018). 

 

 
Figure 1.3: miRNA Biogenesis and Functions (Bartel, 2018) 

 
 

Of the hundreds of miRNAs that have been identified in humans, many have 

conserved sequence homology with the miRNAs other animals. Additionally, human 

miRNA interactions with most mRNA transcripts are highly conserved. Thus, research 
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suggests that bioregulation by miRNAs in virtually all developmental processes, with 

miRNA dysregulation leading to developmental defects and conditions such as epilepsy, 

infertility, and immune disorders (Friedman et al., 2009; Bartel, 2018). Of particular 

interest, aberrant amplifications and deletions of certain miRNAs are associated with 

malignant neoplasms, including leukemia, lung, and breast cancer (Peng and Croce, 

2016). Further, miRNAs play a crucial role in EMT progression. For example, miR-34 

and the miR-200 family repress expression of EMT transcription factors such as ZEB1 

and SNAI1, and loss of miR-203 is required for EMT and cancer stem cell properties 

(Lamouille et al., 2013; Taube et al., 2013). Given their widespread influence in 

biological processes and dynamic roles in translational regulation, miRNAs are ideal 

candidates of research for understanding molecular relationships and development of 

cancer therapies. 

 
Rationale and Hypothesis 

 
Despite its controversial nature, a rapidly growing body of EMT research supports 

the valuable insight EMT provides in clarifying the molecular mechanisms of primary 

tumor metastasis. One mechanism for EMT modulation is facilitated by post-

transcriptional modifications of the histone code, including the marker H3K27me3, a 

histone modification that enforces gene silencing and accumulates in cells undergoing 

EMT. H3K27me3 is targeted by KDM6A, a histone demethylase enzyme that induces the 

epithelial cell phenotype. By understanding KDM6A expression and its regulation 

throughout EMT, we can clarify its role in the metastatic cascade. 

Previous research in our lab has determined that KDM6A is not dynamically 

regulated at the transcription level. We now aim to investigate the post-transcriptional 
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mechanisms that modulate KDM6A expression patterns. We hypothesize that KDM6A 

mRNA transcripts are regulated by specific miRNAs that inhibit expression of KDM6A 

protein, influencing EMT and downstream cellular morphology.
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CHAPTER TWO 

Materials and Methods 
 
 

miRNA Prediction Tools and Database Search 
 

Seven databases (miRsearch, DIANA, MIRANDA, MIRBRIDGE, PICTAR, 

PITA, RNA22, and TARGETSCAN) were utilized through the miRSystem tool to extract 

miRNAs that putatively target KDM6A based on computational sequence analysis using 

available genomic data to predict putative miRNA binding at the KDM6A 3’ UTR 

(Paraskevopoulou et al., 2013; Krek et al., 2005; Kertesz et al., 2007; Miranda et al., 

2006; Agarwal et al., 2015; Lu et al., 2012).  

To further narrow miRNA candidates, miRbase, miRmine, and UCSC Xena (uses 

data from The Cancer Genome Atlas, an NIH reference based on cancer patient data), 

repositories for experimental and clinical data, were used to make final preliminary 

miRNA selections (Kozomara, 2019; Panwar, 2017; Goldman, 2020).  

 
Cell Culture 

 
MCF10A cells (ATCC) were cultured in DME/F12 media (GE Healthcare Life 

Sciences) supplemented 5% horse serum (GE Healthcare Life Sciences), 1% 

penicillin/streptomycin (Lonza), 20 ng/mL EGF (Sigma), 10 ng/mL insulin (Sigma), 500 

ng/mL hydrocortisone (Acros Organics), and 100 ng/mL cholera toxin (Enzo Life 

Sciences). Cells were plated at 10,000 cells/cm2 and passaged every other day to maintain 

consistent densities

-1 (R&D Systems; resuspended in 4 mM HCl, 0.1% BSA). 
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MCF7, MDA-MB-231, and Hs578t cell lines were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate, 

10% fetal bovine serum and penicillin/streptomycin. The cells were indefinitely 

incubated at 37° C and 5% CO2. The cells were passaged periodically when confluent, at 

80% plate coverage, using 0.15% Trypsin. 

For viral transfection of doxycycline-inducible miR-23a-3p shMIMIC and control 

cell lines, HEK-293T cells (ATCC) were cultured in DMEM (Corning) supplemented 

with 10% FBS (Equitech-Bio) and 1% penicillin/streptomycin (Lonza). 

 
Transfection and Transduction 

 
Bacterial stocks containing miR-23a-3p shMIMIC inducible lentiviral vector were 

purchased from Dharmacon (reference number: MIMAT0000078). To package the miR-

23a plasmids into the lentivirus, HEK293T cells were plated and exposed to a mixture of 

Fugene 6 (Promega), lentiviral packaging plasmids (delta8.2 and pVSVG (Addgene)), 

and the plasmid of interest for 24 hours. Fugene 6 allowed the mix to enter the 293T’s 

and the cells began to produce lentivirus. The supernatant was then removed and placed 

on MCF7 and MDA-MB-231 cells and incubated for 24 hours. Puromycin  

was then administered to select for cells containing the plasmid of interest. Following 

gene-positive cell selection, overexpression of miR-23a was induced through doxycycline 

(doxy) administration in treatment groups. Cells were harvested 48 hours after 

doxycycline induction, and GFP images were acquired using an inverted Nikon Eclipse 

Ts2R fluorescent microscope. 
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Figure 2.1: Elements of the shMIMIC Inducible Lentiviral miRNA Vector (Dharmacon, 

Horizon Discovery) 
 
 

 
Figure 2.2: Inducing miR-23a/b Overexpression Through Lentiviral Transduction 

 
 

Antibodies and Immunoblotting 
 

Primary antibodies, used for immunoblotting and immunofluorescence, were 

raised against the following antigens: KDM6A (NBP1-80628; Novus Biologicals, 

Centennial, CO, USA) and beta-actin (612657; BD Transduction Laboratories, San Jose, 

CA, USA). For immunoblotting, proteins were extracted by lysing cells in ice-cold 

radioimmunoprecipitation (RIPA) buffer containing protease and phosphatase inhibitors 

(Alfa Aesar, Ward Hill, MA, USA). Protein was quantified using the BCA Assay 

(Thermo Scientific, Rockford, IL, USA). Cell lysates (20-30 
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SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes. 

Membranes were probed with primary antibodies overnight at 4°C, followed by extensive 

washing with TBST, and incubation with secondary antibodies for 1 hour at room 

temperature. Chemiluminescent signals were detected with ECL™ prime (Cytiva, 

Marlborough, MA, USA) using the Biorad ChemiDoc system. 

 
RNA Extraction and Quantitative Reverse-Transcription PCR 

 
Cells were lysed in the presence of Trizol Reagent (Life Technologies) and total 

RNA extracted following manufacturer protocol recommendations. RNA was reverse 

transcribed to obtain cDNA, which was then amplified in a quantitative polymerase chain 

reaction (RT-qPCR). RT-qPCR of KDM6A mRNA levels was performed using the 

SYBR Green assay with GAPDH as the reference gene. 

For RT-qPCR of miRNAs, two methods were utilized. Initial miRNA 

quantification of miR-23a, -23b, -199a, and -144 was performed using the poly-A tailing 

method, where a poly-adenine nucleotide “tail” is added to the 3’ end of the miRNA 

before reverse transcription and subsequent amplification (Figure 2.3A). Using the poly-

A tailing method, miRNAs were quantified using the SYBR Green assay with reference 

to SNORD44. After identification of miR-23a/b as miRNA of interest and further 

investigation, a miR-23a-specific stem-loop primer was used for reverse transcription 

(Figure 2.3B), and miR-23a/b relative levels were quantified using the TaqMan assay 

with reference to U6 (RNU6-1) snRNA (Applied Biosystems, Thermo Scientific).  
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Figure 2.3: RT-qPCR Quantification Methods for miRNAs (Roberts et al., 2014). (A) 
Poly-A tailing method with SYBR Green detection assay. (B) Stem-loop primer method 

with TaqMan detection assay. 
 
 

Preliminary experiment primers for KDM6A (F: 

TTCCTCGGAAGGTGCTATTCA, R: GAGGCTGGTTGCAGGATTCA), miR-23a-3p 

(ACATTGCCAGGGATTTCCAA), miR-23b-3p (TCACATTGCCAGGGATTACCA), 

miR-144-5p (CAGTTTTCCCAGGAATCCCTAA), and miR-199a-3p 

(CAGTAGTCTGCACATTGGTTAAAAA) were obtained from Eton Biosciences, and 

miR-23a-3p stem-loop primers were obtained from Applied Biosystems (sequence 

proprietary). Relative quantification was calculated from qPCR data using the 

comparative Ct method with the formula 2 . All RT-qPCR experiments were run in 

quadruplicate and a mean value was used for the determination of mRNA levels.
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CHAPTER THREE 

Results 

Disparity in KDM6A RNA and protein dynamics confirm unlikely KDM6A regulation 
during transcription 

 
 KDM6A is highly expressed in epithelial cells, decreases during EMT, and is re-

expressed during MET. TGF is a cytokine that induces EMT when applied to epithelial 

cells and promotes MET during its withdrawal. During previous work in our lab, we 

Figure 3.1: Preliminary RNA- -induced 
EMT and MET. Treatment samples as shown on the x-
treatment and withdrawal. For example, “10d+T, 2d-
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induced EMT and MET in MCF10A, a non-cancerous epithelial mammary cell line, 

through administration and withdrawal of TGF . We then collected RNA samples at 

specific EMT and MET timepoints and measured expression of KDM6A. RNA-Seq 

analysis of our data showed inconsistent patterns of KDM6A RNA expression and no 

significant difference between EMT and MET timepoints (Figure 3.1). 

 

 
-induced EMT. Experimental 

groups include: Vehicle (0d+T), 4d+T, and 10d+T. (A) Western blot detecting relative 

in 12% SDS-PAGE gels. (B) RT-qPCR showing KDM6A RNA relative to Vehicle 
control. 
 
 

To further validate KDM6A RNA and protein expression, we performed RT-

qPCR and Western blot experiments, respectively, on TGF -induced EMT samples. 

Results show increased RNA expression (Figure 3.2B) but decreased protein expression 

(Figure 3.2A) for KDM6A following EMT. Should KDM6A have been regulated during 

transcription, we would expect KDM6A RNA levels to decrease during EMT, with all 

downstream forms of KDM6A following similar expression patterns; however, according 



17
 

to our data, this is not the case. Therefore, we conclude that KDM6A regulation does not 

occur during gene transcription but through post-transcriptional mechanisms. 

 
miR-23a, -23b, -145, and -199a are predicted to target KDM6A 

 
 

 
Figure 3.3: In silico database analyses to identify miRNAs that target KDM6A RNA. 
 
 

To investigate post-transcriptional regulators of KDM6A, we aimed to identify 

gene expression modulators at the translational level. One mechanism of translational 

regulation occurs through miRNAs, which canonically inhibit translation by binding to 

target mRNA sequences. Given this reciprocal relationship, we hypothesized that 

miRNAs that target KDM6A would be present at inverse levels compared to KDM6A 

during EMT and present in high amounts in the mesenchymal cell phenotype. To identify 

candidate miRNA regulators of KDM6A, we searched for sequence homology to the 

KDM6A 3’ UTR using seven miRNA target prediction algorithms through the 

miRSystem tool (Figure 3.3A). Of the resulting ~160 projected miRNAs, we further 

selected for top miRNA candidates by filtering results through the following biologically 

relevant parameters: number of deep sequencing reads (miRbase), observed amounts in 
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breast cancer cell lines (miRmine), and frequency in patient data (UCSC Xena) (Figure 

3.3B). Final outcomes of database analysis determined miR-23a-3p, miR-23b-3p, miR-

145-5p, and miR-199a-3p as putative regulators of KDM6A.  

 
miR-23a and -

withdrawal 
 
 

 
Figure 3.4: RT-qPCR data of miR-23a and - -induced EMT 
and MET, relative to Vehicle control. Experimental groups include: Vehicle (0 days); 
2d+T; 4d+T; 10d+T; 10d+T, 4d-T; and 10d+T, 10d-T. 
 
 

To experimentally validate putative miRNA regulators of KDM6A in biological 

samples, RNA was taken at various timepoints during TGF -induced EMT and MET in 

MCF10A cells. RT-qPCR was performed using miR-23a, -23b, -145, and -199a primers. 

Results were then analyzed by Ct analysis and relative miRNA expression was 

graphed (Figure 3.4). Based on the data presented, miR-23a and -23b generally increase 

during EMT and decrease during MET in vitro, corroborating computational miRNA 

prediction of miR-23a and -23b. According to RT-qPCR data, miR-145 and -199a were 

not detected at significant levels. Thus, of the four miRNA candidates predicted in silico, 
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miR-23a and -23b were identified as likely post-transcriptional regulators of KDM6A, as 

their relative quantification levels follow expected patterns throughout EMT/MET. 

 

 
Figure 3.5: Putative binding regions between the 3’ UTR of KDM6A and seed sequences 
of miR-23a-3p and miR-23b-3p. 
 
 

The 3’ strand predominates in the miR-23a and -23b miRNA duplex, as denoted 

by “-3p” in the miRNA naming convention. miR-23a and -23b sequences are shown in 

Figure 3.5, differing in only one nucleotide and possessing identical seed sequences. Due 

to sequence similarity and analogous expression profiles during preliminary 

experimentation (Figure 3.4), miR-23a and -23b is assumed to serve parallel biological 

functions and will herein be referred to as miR-23a/b. 

miR-23a/b are well-studied miRNAs that are part of the miR-23-3p family 

alongside miR-23c and miR-130a-5p. miR-23a/b have been characterized as tumor 

suppressors, though conflicting evidence presents miR-23a/b as oncomiRs, indicating 

variable roles of miR-23a/b depending on cellular environment and cancer type 

(Gregorova et al., 2021; Hu et al., 2017). Recent studies have reported that high levels of 

miR-23a/b correspond to poor gastric cancer patient prognosis and that miR-23a 

promotes TGF -induced EMT by targeting E-cadherin in breast cancer cells (Hu et al., 

2017; Ma et al., 2017). Further, miR-23b has been shown to promote metastatic breast 

cancer dormancy and enable metastasis in pancreatic tumors (Ono et al., 2014; Michael et 

al., 2019). Therefore, based on current literature and preliminary experimentation, we 
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conclude that miR-23a/b potentially inhibits the expression of KDM6A protein as cells 

undergo EMT and gain metastatic properties. 

 
MCF7 and MDA-MB-231 breast cancer cells are suitable models to study the 

relationship between miR-23a/b and KDM6A expression 
 
 

 
Figure 3.6: KDM6A and miR-23a/b expression in breast cancer cell lines. (A) Western 
blot detecting relative abundance of KDM6A protein. Western blots were prepared by 

g of protein in 10% SDS-PAGE gels (Credit: Shuxuan Song). (B) RT-qPCR 
of endogenous miR-23a/b levels relative to MCF7 in breast cancer cell lines. Error bars 
represent variability between three technical replicates of one biological sample. 
 
 

To determine whether experimental manipulation of miR-23a/b downregulates 

KDM6A protein expression, we aimed to overexpress miR-23a/b and observe changes in 

KDM6A protein levels. In order to induce viable miR-23a/b overexpression to observe 

appreciable KDM6A expression changes, we aimed to identify the cell lines with 

relatively high KDM6A protein expression and corresponding low miR-23a/b levels. We 

measured endogenous KDM6A and miR-23a/b levels in three common breast cancer 

models: MCF7, an epithelial cell line, and MDA-MB-231 and Hs578t, mesenchymal cell 

lines. We observed high relative quantities of miR-23a/b in Hs578t cells compared to 

MCF7 and MDA-MB-231 (Figure 3.6B), inversely corresponding to KDM6A protein 
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expression in Figure 3.6A. Thus, of the three breast cancer cell lines measured, MCF7 

and MDA-MB-231 cells provide the best models to study miR-23a/b overexpression 

effects on KDM6A protein levels.  

 
Inducible miR-23a/b overexpression is stable in MDA-MB-231 cells in the presence of 

doxycycline 
 
 

 
Figure 3.7: Validation of miR-23a/b overexpression in MDA-MB-231 cells. (A) GFP 
images of treatments and controls 48 hours after doxycycline (doxy) administration. (B) 
RT-qPCR of miR-23a/b expression levels relative to Scramble 0 doxy control. 
Experimental groups were treated with varying doxycycline dosages. Error bars represent 
variability between three biological replicate samples. Statistics of overexpression 
treatments were analyzed using unpaired, two-tailed t-

 
 
 

After determining relevant cell lines to perform miR-23a/b overexpression 

experiments, we overexpressed miR-23a/b (Figure 2.2) in MDA-MB-231 cells, a 

mesenchymal breast cancer cell line, for the purpose of performing KDM6A protein 

quantification experiments. The GFP gene element is co-localized on the shMIMIC 

lentiviral miRNA vector, and GFP visualization acts as an indicator of successful miR-

23a/b overexpression and incorporation into the target cell genome (Figure 2.1). GFP 
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visualization confirms transduction of scramble and miR-23a/b lentiviral vectors into 

MDA-MB-231 cells (Figure 3.7A). There is a significant difference between relative 

quantities of miR-23a/b treatment groups compared to control groups in RT-qPCR data, 

confirming miR-23a/b overexpression and viable controls (Figure 3.7B). 

 
miR-23a/b may not inhibit KDM6A protein expression in MDA-MB-231 cells 

 
 

 
Figure 3.8: Western blot detecting relative abundance of KDM6A protein. Two 
biological sample replicates are shown. 600 ng/mL of doxycycline was administered in 
treatment groups (+) relative to 0 ng/mL doxy in controls (-). Western blots were 
prepared by r -PAGE gels. 
 
 

After establishing miR-23a/b overexpression, we quantified relative KDM6A 

protein abundance. As a likely target of miR-23a/b, KDM6A protein was expected to 

decrease following miR-23a/b induction. Contradictory to our hypothesis, results indicate 

that KDM6A does not decrease in cells overexpressing miR-23a/b, showing no change or 

increased expression in doxy-treated cells (Figure 3.8). However, doxy-treated controls 

also exhibited increased abundance of KDM6A protein, suggesting possible doxycycline 

or off-target interference in KDM6A expression. Still, it is necessary to revisit technical 

execution and experimental preparation to ensure biological validity of shown data.
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CHAPTER FOUR 

Discussion 
 
 

In this present study, we explored the post-transcriptional regulation of KDM6A 

by identifying miR-23a/b as a putative regulator of KDM6A translation, inducing 

overexpression of miR-23a/b in breast cancer cells, and observing KDM6A expression 

changes in the presence of miR-23a/b upregulation. Contradictory to our initial 

hypothesis, results tentatively indicate that KDM6A is not translationally repressed by 

miR-23a/b. However, as shown in Figure 3.9, the control samples show questionable 

induction of KDM6A protein expression following doxy treatment, indicating that further 

experiments are necessary to draw firm conclusions on the relationship between KDM6A 

and miR-23a/b. Further, miR-23a/b overexpression experiments can be repeated in other 

cell lines, particularly MCF7, to clarify the effect of miR-23a/b on KDM6A protein 

expression. Additionally, more biological replicates in measuring endogenous miR-23a/b 

levels in various cell lines, as well as expanding the cell line panel to include additional 

EMT models would lend further evidence in miR-23a/b’s role in EMT. 

While miRNAs are best characterized for translational repression and mRNA 

degradation of their targets, current literature has described alternative biological 

functions of miRNAs. Surprisingly, a 2007 study by Vasudevan et al. has shown that 

under certain quiescent cell conditions, miRNA binding to the 3’ UTR of target mRNAs 

activates translational upregulation. Quiescence is the reversible exiting of the cell cycle 

that can be induced by cellular stress. The conditions that Vasudevan et al. describe as 
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necessary for miRNA-mediated translational activation include quiescent cell state, high 

(A+U)-rich elements in the target mRNA 3’UTR, and recruitment of FXR1 to the RISC. 

Quiescence is a hallmark of stem cells, including cancer stem cells (CSCs), a 

cancer cell subset that are resistant to chemotherapies (Chen et al., 2016). In relation to 

EMT, mesenchymal cells have been shown to contain higher proportions of CSCs, 

including MDA-MB-231 cells (Sheridan et al., 2006). In our data, the binding region 

between miR-23a/b and the 3’ UTR of KDM6A mRNA show high (A+U) enrichment 

(Figure 3.3), and in literature, miR-23b has been shown to induce dormancy (Ono et al., 

2014). Further, Figure 3.3B shows similar abundance of miR-23a/b in epithelial (MCF7) 

and mesenchymal (Hs578t) cell lines, and in Trial 2 of Figure 3.7A, KDM6A expression 

increased after induction of miR-23a/b. Therefore, it is possible that miR-23a/b may be 

implicated in both the activation and repression of KDM6A translation during EMT, 

dynamically mediating opposite regulatory functions as CSCs achieve quiescence and 

then re-establish aggressive tumor functions at distant metastatic sites. 

Further research on miRNA regulation of KDM6A may utilize alternative means 

of miRNA prediction analysis. First, data from our bioinformatic analysis (Figure 3.3) 

may be revisited to propose other potential miRNAs for KDM6A regulation. 

Alternatively, new miRNA candidates may be identified by performing a synthetic 

miRNA screen. Such an experiment may be implemented by transfecting a reporter 

vector containing the KDM6A 3’ UTR into a viable cell model, exposing the cells to 

multiple synthetic miRNAs of interest, and then measuring for downregulation of 

KDM6A expression using a luciferase assay. 
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Additional studies of KDM6A inhibition may explore different mechanisms of 

post-transcriptional regulation other than miRNA translational repression. One such 

program is alternative splicing, or the process by which a single gene can generate 

multiple protein products through mRNA transcript editing (e.g. intron excision, exon 

skipping) (Baralle and Giudice, 2017). According to the UCSC Genome Browser, there 

are nine distinct KDM6A splice isoforms. In KDM6A, the JmjC catalytic domain 

responsible for KDM6A’s histone demethylase activity is contained on amino acid 

positions 1095-1258 on the KDM6A protein, and alternative splicing of KDM6A 

transcripts may attenuate KDM6A’s catalytic functions (Kent et al., 2002). Differential 

processing of KDM6A exons in epithelial versus mesenchymal cells may contribute to 

translational repression of KDM6A during EMT. Within this alternative splicing 

framework, we can hypothesize that an inactive isoform of KDM6A, with the JmjC 

domain spliced out during mRNA transcript processing, is the predominant isoform 

present in mesenchymal cells as the cell undergoes EMT. 

Overall, given our data, miR-23a/b is highly predicted to repress translation of 

KDM6A. It remains to be seen whether miR-23a/b truly does not inhibit KDM6A protein 

expression, and further validation and testing is necessary to clarify this relationship. 

Additionally, the biological role of miR-23a/b may be influenced by cellular proliferation 

and quiescence, highlighting the dynamic nature of KDM6A modulation. Future studies 

in post-transcriptional modifications of KDM6A can clarify KDM6A’s role in metastatic 

activity and contribute new targets for research in clinical applications.



 

26 
 

 
 
 
 

REFERENCES 
 
 

Agarwal, V., Bell, G.W., Nam, J.-W., and Bartel, D.P. (2015). Predicting effective 
microRNA target sites in mammalian mRNAs. ELife 4, e05005. 

Andricovich, J., Perkail, S., Kai, Y., Casasanta, N., Peng, W., and Tzatsos, A. (2018). 
Loss of KDM6A Activates Super-Enhancers to Induce Gender-Specific 
Squamous-like Pancreatic Cancer and Confers Sensitivity to BET Inhibitors. 
Cancer Cell 33, 512-526.e8. 

Baralle, F.E., and Giudice, J. (2017). Alternative splicing as a regulator of development 
and tissue identity. Nature Reviews Molecular Cell Biology 18, 437–451. 

Barriere, G., Fici, P., Gallerani, G., Fabbri, F., Zoli, W., and Rigaud, M. (2014). 
Circulating tumor cells and epithelial, mesenchymal and stemness markers: 
characterization of cell subpopulations. Ann Transl Med 2, 109. 

Bartel, D.P. (2018). Metazoan MicroRNAs. Cell 173, 20–51. 

Benedetti, R., Dell’Aversana, C., De Marchi, T., Rotili, D., Liu, N.Q., Novakovic, B., 
Boccella, S., Di Maro, S., Cosconati, S., Baldi, A., et al. (2019). Inhibition of 

Cancer. Cancers (Basel) 11. 

Bernstein, B.E., Mikkelsen, T.S., Xie, X., Kamal, M., Huebert, D.J., Cuff, J., Fry, B., 
Meissner, A., Wernig, M., Plath, K., et al. (2006). A Bivalent Chromatin Structure 
Marks Key Developmental Genes in Embryonic Stem Cells. Cell 125, 315–326. 

Blick, T., Widodo, E., Hugo, H., Waltham, M., Lenburg, M.E., Neve, R.M., and 
Thompson, E.W. (2008). Epithelial mesenchymal transition traits in human breast 
cancer cell lines. Clin Exp Metastasis 25, 629–642. 

Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P., Jones, R.S., 
and Zhang, Y. (2002). Role of histone H3 lysine 27 methylation in Polycomb-
group silencing. Science 298, 1039–1043. 

Chen, W., Dong, J., Haiech, J., Kilhoffer, M.-C., and Zeniou, M. (2016). Cancer Stem 
Cell Quiescence and Plasticity as Major Challenges in Cancer Therapy. Stem 
Cells Int 2016, 1740936. 

Das, P., and Taube, J.H. (2020). Regulating Methylation at H3K27: A Trick or Treat for 
Cancer Cell Plasticity. Cancers 12, 2792. 

Denli, A.M., Tops, B.B.J., Plasterk, R.H.A., Ketting, R.F., and Hannon, G.J. (2004). 
Processing of primary microRNAs by the Microprocessor complex. Nature 432, 
231–235. 



27 
 

Diepenbruck, M., and Christofori, G. (2016). Epithelial-mesenchymal transition (EMT) 
and metastasis: yes, no, maybe? Curr Opin Cell Biol 43, 7–13. 

Dongre, A., and Weinberg, R.A. (2019). New insights into the mechanisms of epithelial–
mesenchymal transition and implications for cancer. Nature Reviews Molecular 
Cell Biology 20, 69–84. 

Fischer, K.R., Durrans, A., Lee, S., Sheng, J., Li, F., Wong, S.T.C., Choi, H., El Rayes, 
T., Ryu, S., Troeger, J., et al. (2015). Epithelial-to-mesenchymal transition is not 
required for lung metastasis but contributes to chemoresistance. Nature 527, 472–
476. 

Flavahan, W.A., Gaskell, E., and Bernstein, B.E. (2017). Epigenetic plasticity and the 
hallmarks of cancer. Science 357. 

Ford, D.J., and Dingwall, A.K. (2015). The cancer COMPASS: navigating the functions 
of MLL complexes in cancer. Cancer Genet 208, 178–191. 

Friedman, R.C., Farh, K.K.-H., Burge, C.B., and Bartel, D.P. (2009). Most mammalian 
mRNAs are conserved targets of microRNAs. Genome Res. 19, 92–105. 

A., Luo, Y., Rogers, D., Brooks, A.N., et al. (2020). Visualizing and interpreting 
cancer genomics data via the Xena platform. Nature Biotechnology 38, 675–678. 

Gregorova, J., Vychytilova-Faltejskova, P., and Sevcikova, S. (2021). Epigenetic 
Regulation of MicroRNA Clusters and Families during Tumor Development. 
Cancers 13, 1333. 

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of Cancer: The Next Generation. 
Cell 144, 646–674. 

Hong, S., Cho, Y.-W., Yu, L.-R., Yu, H., Veenstra, T.D., and Ge, K. (2007). 
Identification of JmjC domain-containing UTX and JMJD3 as histone H3 lysine 
27 demethylases. Proc Natl Acad Sci U S A 104, 18439–18444. 

Hu, X., Wang, Y., Liang, H., Fan, Q., Zhu, R., Cui, J., Zhang, W., Zen, K., Zhang, C.-Y., 
Hou, D., et al. (2017). miR-23a/b promote tumor growth and suppress apoptosis 
by targeting PDCD4 in gastric cancer. Cell Death & Disease 8, e3059–e3059. 

Huang, R.Y.-J., Wong, M.K., Tan, T.Z., Kuay, K.T., Ng, A.H.C., Chung, V.Y., Chu, Y.-
S., Matsumura, N., Lai, H.-C., Lee, Y.F., et al. (2013). An EMT spectrum defines 
an anoikis-resistant and spheroidogenic intermediate mesenchymal state that is 
sensitive to e-cadherin restoration by a src-kinase inhibitor, saracatinib 
(AZD0530). Cell Death Dis 4, e915. 

Hurst, C.D., Alder, O., Platt, F.M., Droop, A., Stead, L.F., Burns, J.E., Burghel, G.J., 
Jain, S., Klimczak, L.J., Lindsay, H., et al. (2017). Genomic Subtypes of Non-
invasive Bladder Cancer with Distinct Metabolic Profile and Female Gender Bias 
in KDM6A Mutation Frequency. Cancer Cell 32, 701-715.e7. 



28 
 

Hutvágner, G., McLachlan, J., Pasquinelli, A.E., Bálint, É., Tuschl, T., and Zamore, P.D. 
(2001). A Cellular Function for the RNA-Interference Enzyme Dicer in the 
Maturation of the let-7 Small Temporal RNA. Science 293, 834–838. 

Iwasaki, S., Kobayashi, M., Yoda, M., Sakaguchi, Y., Katsuma, S., Suzuki, T., and 
Tomari, Y. (2010). Hsc70/Hsp90 chaperone machinery mediates ATP-dependent 
RISC loading of small RNA duplexes. Mol Cell 39, 292–299. 

Jin, X., and Mu, P. (2015). Targeting Breast Cancer Metastasis. Breast Cancer (Auckl) 9, 
23–34. 

Kalluri, R., and Weinberg, R.A. (2009). The basics of epithelial-mesenchymal transition. 
J Clin Invest 119, 1420–1428. 

Kawamata, T., and Tomari, Y. (2010). Making RISC. Trends in Biochemical Sciences 
35, 368–376. 

Kent, W.J., Sugnet, C.W., Furey, T.S., Roskin, K.M., Pringle, T.H., Zahler, A.M., and 
Haussler, and D. (2002). The Human Genome Browser at UCSC. Genome Res. 
12, 996–1006. 

Kertesz, M., Iovino, N., Unnerstall, U., Gaul, U., and Segal, E. (2007). The role of site 
accessibility in microRNA target recognition. Nat Genet 39, 1278–1284. 

Kim, J.-H., Sharma, A., Dhar, S.S., Lee, S.-H., Gu, B., Chan, C.-H., Lin, H.-K., and Lee, 
M.G. (2014). UTX and MLL4 coordinately regulate transcriptional programs for 
cell proliferation and invasiveness in breast cancer cells. Cancer Res 74, 1705–
1717. 

 
Kobatake, K., Ikeda, K.-I., Nakata, Y., Yamasaki, N., Ueda, T., Kanai, A., Sentani, K., 

Sera, Y., Hayashi, T., Koizumi, M., et al. (2020). Kdm6a Deficiency Activates 
Inflammatory Pathways, Promotes M2 Macrophage Polarization, and Causes 
Bladder Cancer in Cooperation with p53 Dysfunction. Clin Cancer Res 26, 2065–
2079. 

Kozomara, A., Birgaoanu, M., and Griffiths-Jones, S. (2019). miRBase: from microRNA 
sequences to function. Nucleic Acids Res 47, D155–D162. 

Krek, A., Grün, D., Poy, M.N., Wolf, R., Rosenberg, L., Epstein, E.J., MacMenamin, P., 
da Piedade, I., Gunsalus, K.C., Stoffel, M., et al. (2005). Combinatorial 
microRNA target predictions. Nature Genetics 37, 495–500. 

Lamouille, S., Subramanyam, D., Blelloch, R., and Derynck, R. (2013). Regulation of 
epithelial–mesenchymal and mesenchymal–epithelial transitions by microRNAs. 
Current Opinion in Cell Biology 25, 200–207. 

Lewis, B.P., Shih, I. -hung, Jones-Rhoades, M.W., Bartel, D.P., and Burge, C.B. (2003). 
Prediction of mammalian microRNA targets. Cell 115, 787–798. 

Li, Y., Yang, J., Zhang, X., Liu, H., and Guo, J. (2020). KDM6A suppresses 
hepatocellular carcinoma cell proliferation by negatively regulating the TGF-

20, 2774–2782. 



29 
 

Lu, T.-P., Lee, C.-Y., Tsai, M.-H., Chiu, Y.-C., Hsiao, C.K., Lai, L.-C., and Chuang, E.Y. 
(2012). miRSystem: an integrated system for characterizing enriched functions 
and pathways of microRNA targets. PLoS One 7, e42390. 

Ma, F., Li, W., Liu, C., Li, W., Yu, H., Lei, B., Ren, Y., Li, Z., Pang, D., and Qian, C. 
(2017). MiR-23a promotes TGF- -induced EMT and tumor metastasis in breast 

-catenin signaling. 
Oncotarget 8, 69538–69550. 

Malouf, G.G., Taube, J.H., Lu, Y., Roysarkar, T., Panjarian, S., Estecio, M.R., Jelinek, J., 
Yamazaki, J., Raynal, N.J.-M., Long, H., et al. (2013). Architecture of epigenetic 
reprogramming following Twist1-mediated epithelial-mesenchymal transition. 
Genome Biol 14, R144. 

Michael, I.P., Saghafinia, S., and Hanahan, D. (2019). A set of microRNAs coordinately 
controls tumorigenesis, invasion, and metastasis. PNAS 116, 24184–24195. 

Miranda, K.C., Huynh, T., Tay, Y., Ang, Y.-S., Tam, W.-L., Thomson, A.M., Lim, B., 
and Rigoutsos, I. (2006). A pattern-based method for the identification of 
MicroRNA binding sites and their corresponding heteroduplexes. Cell 126, 1203–
1217. 

Morozov, V.M., Li, Y., Clowers, M.M., and Ishov, A.M. (2017). Inhibitor of H3K27 
demethylase JMJD3/UTX GSK-J4 is a potential therapeutic option for castration 
resistant prostate cancer. Oncotarget 8, 62131–62142. 

Nieto, M.A., Huang, R.Y.-J., Jackson, R.A., and Thiery, J.P. (2016). EMT: 2016. Cell 
166, 21–45. 

Ntziachristos, P., Tsirigos, A., Welstead, G.G., Trimarchi, T., Bakogianni, S., Xu, L., 
Loizou, E., Holmfeldt, L., Strikoudis, A., King, B., et al. (2014). Contrasting roles 
of histone 3 lysine 27 demethylases in acute lymphoblastic leukaemia. Nature 
514, 513–517. 

Okada, C., Yamashita, E., Lee, S.J., Shibata, S., Katahira, J., Nakagawa, A., Yoneda, Y., 
and Tsukihara, T. (2009). A High-Resolution Structure of the Pre-microRNA 
Nuclear Export Machinery. Science 326, 1275–1279. 

Ono, M., Kosaka, N., Tominaga, N., Yoshioka, Y., Takeshita, F., Takahashi, R., Yoshida, 
M., Tsuda, H., Tamura, K., and Ochiya, T. (2014). Exosomes from bone marrow 
mesenchymal stem cells contain a microRNA that promotes dormancy in 
metastatic breast cancer cells. Sci Signal 7, ra63. 

Panwar, B., Omenn, G.S., and Guan, Y. (2017). miRmine: a database of human miRNA 
expression profiles. Bioinformatics 33, 1554–1560. 

Paraskevopoulou, M.D., Georgakilas, G., Kostoulas, N., Vlachos, I.S., Vergoulis, T., 
Reczko, M., Filippidis, C., Dalamagas, T., and Hatzigeorgiou, A.G. (2013). 
DIANA-microT web server v5.0: service integration into miRNA functional 
analysis workflows. Nucleic Acids Res 41, W169-173. 



30 
 

Peng, Y., and Croce, C.M. (2016). The role of MicroRNAs in human cancer. Signal 
Transduct Target Ther 1, 15004. 

Ringrose, L., Ehret, H., and Paro, R. (2004). Distinct contributions of histone H3 lysine 9 
and 27 methylation to locus-specific stability of polycomb complexes. Mol Cell 
16, 641–653. 

Roberts, T.C., Coenen-Stass, A.M.L., Betts, C.A., and Wood, M.J.A. (2014). Detection 
and quantification of extracellular microRNAs in murine biofluids. Biol Proced Online 
16, 5. 
 
Schulz, W.A., Lang, A., Koch, J., and Greife, A. (2019). The histone demethylase 

UTX/KDM6A in cancer: Progress and puzzles. International Journal of Cancer 
145, 614–620. 

Sheridan, C., Kishimoto, H., Fuchs, R.K., Mehrotra, S., Bhat-Nakshatri, P., Turner, C.H., 
Goulet, R., Badve, S., and Nakshatri, H. (2006). CD44+/CD24-breast cancer cells 
exhibit enhanced invasive properties: an early step necessary for metastasis. 
Breast Cancer Research 8, R59. 

Shilatifard, A. (2012). The COMPASS family of histone H3K4 methylases: mechanisms 
of regulation in development and disease pathogenesis. Annu Rev Biochem 81, 
65–95. 

Soto, D.R., Barton, C., Munger, K., and McLaughlin-Drubin, M.E. (2017). KDM6A 
addiction of cervical carcinoma cell lines is triggered by E7 and mediated by 
p21CIP1 suppression of replication stress. PLOS Pathogens 13, e1006661. 

Strahl, B.D., and Allis, C.D. (2000). The language of covalent histone modifications. 
Nature 403, 41–45. 

Talmadge, J.E., and Fidler, I.J. (2010). AACR Centennial Series: The Biology of Cancer 
Metastasis: Historical Perspective. Cancer Res 70, 5649–5669. 

Tam, W.L., and Weinberg, R.A. (2013). The epigenetics of epithelial-mesenchymal 
plasticity in cancer. Nat Med 19, 1438–1449. 

Taube, J.H., Malouf, G.G., Lu, E., Sphyris, N., Vijay, V., Ramachandran, P.P., Ueno, 
K.R., Gaur, S., Nicoloso, M.S., Rossi, S., et al. (2013). Epigenetic silencing of 
microRNA-203 is required for EMT and cancer stem cell properties. Scientific 
Reports 3, 2687. 

Taube, J.H., Sphyris, N., Johnson, K.S., Reisenauer, K.N., Nesbit, T.A., Joseph, R., 
Vijay, G.V., Sarkar, T.R., Bhangre, N.A., Song, J.J., et al. (2017). The 
H3K27me3-demethylase KDM6A is suppressed in breast cancer stem-like cells, 
and enables the resolution of bivalency during the mesenchymal-epithelial 
transition. Oncotarget 8, 65548–65565. 

Toska, E., Osmanbeyoglu, H.U., Castel, P., Chan, C., Hendrickson, R.C., Elkabets, M., 
Dickler, M.N., Scaltriti, M., Leslie, C.S., Armstrong, S.A., et al. (2017). PI3K 



31 
 

pathway regulates ER-dependent transcription in breast cancer through the 
epigenetic regulator KMT2D. Science 355, 1324–1330. 

Trimboli, A.J., Fukino, K., de Bruin, A., Wei, G., Shen, L., Tanner, S.M., Creasap, N., 
Rosol, T.J., Robinson, M.L., Eng, C., et al. (2008). Direct evidence for epithelial-
mesenchymal transitions in breast cancer. Cancer Res 68, 937–945. 

 
Van Laarhoven, P.M., Neitzel, L.R., Quintana, A.M., Geiger, E.A., Zackai, E.H., 

Clouthier, D.E., Artinger, K.B., Ming, J.E., and Shaikh, T.H. (2015). Kabuki 
syndrome genes KMT2D and KDM6A: functional analyses demonstrate critical 
roles in craniofacial, heart and brain development. Hum Mol Genet 24, 4443–
4453. 

Vasudevan, S., Tong, Y., and Steitz, J.A. (2007). Switching from Repression to 
Activation: MicroRNAs Can Up-Regulate Translation. Science 318, 1931–1934. 

Voigt, P., Tee, W.-W., and Reinberg, D. (2013). A double take on bivalent promoters. 
Genes Dev 27, 1318–1338. 

Waddington, C.H. (2014). The Strategy of the Genes (Routledge). 

Walport, L.J., Hopkinson, R.J., Vollmar, M., Madden, S.K., Gileadi, C., Oppermann, U., 
Schofield, C.J., and Johansson, C. (2014). Human UTY(KDM6C) Is a Male-

-Methyl Lysyl Demethylase *. Journal of Biological Chemistry 289, 
18302–18313. 

Yan, N., Xu, L., Wu, X., Zhang, L., Fei, X., Cao, Y., and Zhang, F. (2017). GSKJ4, an 
H3K27me3 demethylase inhibitor, effectively suppresses the breast cancer stem 
cells. Exp Cell Res 359, 405–414. 

Yang, J., Antin, P., Berx, G., Blanpain, C., Brabletz, T., Bronner, M., Campbell, K., 
Cano, A., Casanova, J., Christofori, G., et al. (2020). Guidelines and definitions 
for research on epithelial–mesenchymal transition. Nature Reviews Molecular 
Cell Biology 21, 341–352. 

Yu, M., Bardia, A., Wittner, B.S., Stott, S.L., Smas, M.E., Ting, D.T., Isakoff, S.J., 
Ciciliano, J.C., Wells, M.N., Shah, A.M., et al. (2013). Circulating breast tumor 
cells exhibit dynamic changes in epithelial and mesenchymal composition. 
Science 339, 580–584. 

Zha, L., Cao, Q., Cui, X., Li, F., Liang, H., Xue, B., and Shi, H. (2016). Epigenetic 
regulation of E-cadherin expression by the histone demethylase UTX in colon 
cancer cells. Med Oncol 33, 21. 


