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ABSTRACT 

Estrogen receptor alpha (ERα) is a ligand-activated nuclear receptor that 

promotes proliferation and differentiation in mammary derived-epithelial cells and 

other estrogen-regulated cell types. These functions of ERα largely require its 

genomic transcriptional activity and, as such are often dependent on trans-acting 

factors such as pioneer factors and chromatin modifiers to establish a genomic 

landscape conducive to ERα transcriptional activity. Here, we identify the H3K4 

methyltransferase KMT2C as necessary for hormone-driven ERα activity in ER+ 

breast cancer proliferation and pubertal mammary gland development KMT2C 

knockdown suppresses estrogen-dependent gene expression in multiple ER+ 

models and causes H3K4me1 and H3K27ac loss at ERα enhancers. 

Correspondingly, KMT2C loss impairs estrogen-driven breast cell proliferation 

and mammary ductal branching. While loss of KMT2C is not seen to dramatically 

affect global ERα binding to the DNA, it does change the ERα cofactor binding 

profile suggesting that the role of KMT2C is ERα cofactor recruitment. 

Downstream ERα signaling is known to be a key driver of proliferation in ER+ 

breast cancer. The most widely used treatment against ER+ breast cancer are 

drugs that reduce the amounts of estrogen in the body. When mimicking these 

hormone-deprivation therapies we found that KMT2C loss promotes outgrowth 

under hormone-depleted conditions. In accordance, KMT2C is one of the most 

frequently mutated genes in breast cancer with KMT2C mutation frequency 

increasing specifically in hormone resistant tumors. In addition, KMT2C mutation 

and gene expression signatures of KMT2C loss are associated with poorer 
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clinical outcomes in Luminal A/B breast cancer. From a therapeutic standpoint, 

KMT2C depleted cells that develop hormone independence retain their 

dependence on ERα, displaying ongoing sensitivity to direct ERα antagonists. 

Moreover, we find that ERα has a completely reprogrammed binding profile in 

these resistant cells, that may be partially dependent on AP-1. We conclude that 

KMT2C is a key regulator of ERα enhancer activity whose loss uncouples breast 

cell proliferation from hormone sensitivity.   
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Introduction to epigenetic regulation 

Organization of chromatinized DNA 

 Chromatin occurs in two basic states, tightly closed heterochromatin or 

open euchromatin(1). Nucleosomes are the basic units of chromatin. They 

consist of approximately 146 basepairs (bp) of DNA organized into two 

superhelical turns wrapped around an octamer of core histone proteins. The core 

histone proteins include an H3-H4 tetramer and two H2A-H2B dimers(2). 

Chromatinized DNA also includes a linker histone protein, H1, which resides in 

between nucleosomes, binding to the DNA entry and exit sites(3, 4).   

Nucleosomes form the primary sites for protein-DNA interactions. For 

upstream signaling to be able to exert an effect on gene expression, it must be 

able to interact with only the appropriate target DNA sites. Therefore, 

nucleosomes associated with actively transcribed genes need to be more open 

while nucleosomes associated with inactive genes need to be tightly bound(5). 

This level of regulation is in large part achieved through modification of the 

chromatin structure.  

 The four core histone proteins, H2A, H2B, H3 and H4 are made up of two 

domains. The histone fold domain, which encompasses the middle to the C-

terminal end of the protein, mediates histone-histone and histone-DNA 

interactions to maintain the nucleosome as a unit(6-8). The N-terminal end 

consists of a flexible tail that functions to mediate higher order interactions with 

neighboring nucleosomes(8-10). These N-terminal histone tails, especially the 

H3 and H4 tails, are subject to post-translational modifications including 
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methylation, acetylation, phosphorylation, ubiquitination, ADP ribosylation, 

deimination, biotinylation, butyrylation, N-formylation and proline isomerization 

(11). These modifications modulate histone tails interactions with other 

nucleosome and also with other chromatin-bound proteins, thereby influencing 

the DNA accessibility of transcription factors and regulatory proteins(12, 13).   

 

Histone modifications and their effect on gene expression 

In general, acetylation is considered to demarcate regions of active 

transcription as the acetyl moiety, placed exclusively on lysine (K) residues, is 

negatively charged and can decrease the affinity for neighboring proteins and 

DNA, serving to open up the surrounding chromatin(14-16). Methylation occurs 

on arginine (R) and K residues and, unlike acetylation, can either demarcate 

regions of active, poised or inactive transcription based on which residue is 

modified (17). The ability for residues to be mono-, di- or tri-methylated also adds 

further complexity to methylation-dependent regulation(18-20). While methyl 

residues do not influence the histone charge, these modifications are important 

for protein recruitment. Specifically, plant homology domains (PHDs) recognize 

H3K4me3, tudor domains recognize H3K4me3 and H4K20me, chromodomains 

recognize H3K9me and WD-40 domains recognize H3K27me3(21-26). The 

proteins that bind to lysine methylation marks have very diverse functions with 

some acting as positive regulators of transcription and others acting as negative 

regulators of transcription(27). In terms of other histone modifications, there is 

some data suggesting that phosphorylation can serve as a positive regulator of 
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mitogen-stimulated early response genes(28, 29) and can mediate cell cycle 

regulation(30, 31) and DNA-damage response(32). The effect of other histone 

modifications, including ubiquitination, sumoylation, and others has yet to be fully 

understood, but the presence of these marks suggest that chromatin regulation is 

a highly dynamic process. Together, the various chromatin modifications make 

up the “epigenetic code” (12). 

 

Histone modification enzymes 

 The enzymes partially responsible for placing the epigenetic code, the 

histone modification enzymes, provide a dynamic layer for gene expression 

regulation. While there are a host of kinases, ubiquitin ligases and other 

modification-specific enzymes, the enzymes responsible for histone methylation 

and acetylation are the most widely studied. GCN5, a histone acetyltransferase 

(HAT), was the first histone modification enzyme to be identified(33).  HATs, in 

general, fall into multiple families that are thought to be responsible for 

acetylating specific sites and generating distinct patterns of acetylation(34). The 

counterbalance to HAT activity is maintained within histone deacetyltransferases 

(HDACs), which generally negatively regulate gene expression(35). HATs and 

HDACs often function within larger, multiprotein complexes, which helps 

determine substrate specificity(36, 37). 

Histone methyltransferases (HMTs) are responsible for the transfer of a 

methyl group from S-adenosylmethionine (SAM) on either R or L residues(38). 

Protein R methyltransferases (PRMTs) can either monomethylate, 
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asymmetrically dimethylate or symmetrically dimethylate residues depending on 

if they are classified as Type I, Type II or Type III PRMTs(39). Lysine-specific 

histone methyltransferases all have a highly conserved SET domain. The most 

widely studied lysine HMT is EZH2, which is specific for di- or trimethylating 

H3K27 residues.  EZH2 is generally found in the Polycomb repressive complex 2 

(PRC2), known for silencing the HOX gene cluster, and can affect a wide range 

of cellular processes including apoptosis, proliferation, differentiation and cell 

cycle regulation(40). HMTs also include the family of proteins responsible for 

H3K9 methylation, which is known to demarcate regions of constitutive 

heterochromatin and be important in promoting genome stability(41). Finally, 

H3K4 HMTs are positive regulators of transcription, found at both enhancer and 

promoter regions of the genome(20).  

 

The KMT2 family of H3K4 histone methyl transferases 

Members of the KMT2 family 

The KMT2 family includes KMT2A, KMT2B, KMT2C, KMT2D, KMT2F and 

KMT2G. These family members are highly conserved with paralogs found in 

unicellular eukaryotes(42, 43). In Drosophila, the KMT2A and KMT2B homolog, 

Trithorax (Trx), the KMT2C and KMT2D homolog, Trithorax related (Trr) and the 

KMT2F and KMT2G homolog, Set1, are known H3K4 methyltransferases(44). Trr 

was implicated as the major Drosophila H3K4 monomethyltrasferase, thought to 

specifically be active at enhancer regions(45). KMT2E is another KMT2 family 

member related to the Set3 family of proteins; however, this protein has no 
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known methyltransferase activity (46) and will therefore be excluded from this 

introduction.  

 The KMT2 family has differential substrate specificity. KMT2A and KMT2B 

have mono- and dimethyltransferase activity but very low trimethyltransferase 

activity and KMT2C and KMT2D having predominantly monomethyltransferase 

activity(47-49). By contrast, KMT2F and KMT2G are able to mono-, di- and 

trimethylate H3K4 residues, similar to their yeast homolog Set1(43). The reason 

behind the differential substrate specificity is poorly understood and may require 

additional structural studies. 

KMT2F and KMT2G are predominantly found at promoter regions of the 

genome(50) and KMT2C and KMT2D are predominantly found at enhancer 

regions of the genome(51, 52). KMT2A and KMT2B are found at both enhancer 

and promoter regions(52, 53). Therefore, their substrate specificity correlates 

with their genome-wide binding profile as promoter regions are abundant in 

trimethylated H3K4 and enhancer regions are abundant in monomethylated 

H3K4(17).  

 

KMT2C family coregulatory proteins 

KMT2 family coregulatory proteins are thought to be especially important 

for their full KMT2 enzymatic activity. Indeed, while purified KMT2C-mediated 

HMT activity was weak, it was soon confirmed that KMT2C, as well as other 

KMT2 family members, interacted with several core proteins that promoted KMT2 

enzymatic activity(54, 55). These core components include ASHL2, WDR5, 
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RbBP5, and hDPY-30. Functional characterization of these core components has 

been primarily carried out in the context of KMT2A-mediated methyltransferase 

activity with the assumption that they play similar roles for the other KMT2 

proteins. WDR5 is thought to make direct contact with histone H3(55, 56) and 

bridge the KMT2 protein to its substrate. WDR5 is also thought to directly 

stimulate KMT2A methyltransferase activity along with RbBP5(57). ASHL2 is 

able to stimulate KMT2A and KMT2F methyltransferase activity in response to 

H2B ubiquitination marks. Interestingly, KMT2C does not seem to respond to 

H2B ubiquitination the same way that KMT2A does, suggesting differential roles 

for the core proteins in mediating the activity of the different KMT2 proteins(48). 

The final component, hDPY-30 has yet to be studied in mammalian cells; 

however, its homolog in yeast is necessary for yeast Set1-mediated HMT 

activity(58).   

 

Physiologic functions of KMT2 family members 

In terms of the marks regulated by KMT2 family members, H3K4me3 at 

promoters regions has been shown to be integral for the binding of transcriptional 

regulators. Specifically, KMT2-family members have been shown to influence 

RNA polymerase II (PolII) binding to promoters(51, 52). H3K4me1 is known to 

demarcate both “active” and “poised” distal enhancer regions and is the most 

widely used histone modification to delineate lineage- and developmental-

specific enhancers. Differentiating between “active” and “poised” enhancers 

requires analysis of H3K27ac, which is enriched in the former(17, 59). The 
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presence of H3K4me1 is thought to prime enhancers for the binding of other 

transcriptional activators, explaining its importance in coordinating lineage-

specific transcription factors. In fact, it has been shown that the activity of KMT2A 

and KMT2D is also important for non-coding transcription at enhancers(52, 60).  

Despite this family of proteins being the major regulators of H3K4 

methylation, deletion of individual KMT2 genes had little effect on global gene 

expression in mouse embryonic fibroblasts (MEFs) suggesting some level of 

redundancy(60). However, deletion of Kmt2c or Kmt2d in the whole mouse 

results in large-scale gene expression changes during adipogenesis and during 

the trans-differentiation of pre-adipocytes into myocytes. Indeed, KMT2C and 

KMT2D were recently shown to be the major HMTs responsible for methylating 

adipocyte- and myocyte-specific enhancers(51). KMT2-deletion, in general, has 

also been shown to be important for embryonic stem cell differentiation and 

ligand-dependent cell stimulation(61-63).  

Aside from their fundamental importance in transcriptional regulation, 

KMT2 family members are also important for a number of other physiological 

functions. For example, KMT2A binding to CpG islands was shown to protect 

these islands from DNA methylation(64-66). In fact, DNA methylation is thought 

to be largely mutually exclusive with H3K4me(67, 68). The expression of KMT2A 

is also tightly coupled to the cell cycle. Similar to the KMT2A homolog, Trx, 

KMT2A remains tightly bound to DNA during S phase and mitosis to ensure 

proper DNA replication. Then, KMT2A is subject to ubiquitin-mediated 

degradation during the S-G1 transition and the M-G1 transition(69-71). Such 
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regulation of KMT2 activity would ensure proper spatiotemporal regulation of 

H3K4me.  

 

KMT2 family members in cancer 

KMT2 mutations have been reported across multiple cancers suggesting a 

key role for this family of proteins in cancer progression. KMT2A is frequently 

involved in rearrangements, tandem duplications and amplifications in the 

context of mixed lineage leukemia (MLL) where somatic mutations in KMT2A are 

rare(49). In contrast, KMT2A is quite frequently mutated in solid tumors including 

lung, bladder, endometrial, breast and colon(72-75) and ~40% of these mutations 

result in truncated protein with loss of enzymatic activity. While zygosity is not 

known for every case of KMT2A mutation, for the ~60% of cases where zygosity 

is known, wildtype (WT) alleles of KMT2A remain intact(49). KMT2B is not as 

frequently mutated as KTM2A; however, KMT2B mutations also mostly consist of 

truncation and missense mutations that are disproportionately enriched in the 

SET domain. Over 90% of KMT2B mutations are heterozygous(49).  

Modeling Kmt2a loss in mice suggests that KTM2A heterozygous deletion 

is not sufficient to induce leukemogenesis or tumirogenesis(76). However, 

modeling of gain-of-function Kmt2a rearrangements with fusion partners did lead 

to malignant MLL transformation. Surprisingly a variety of cancer cell line models 

are sensitive to KMT2A knockdown and cells expressing KMT2A-fusion genes 

are sensitive to loss of the WT KTM2A allele(77). Similarly, in vitro embryonic 

stem cell and in vivo knockout of KMT2B resulted in reduced proliferation and 
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embryonic lethality(78, 79). Given that both KMT2A and KMT2B are known to 

bind to MYC super enhancers and positively regulate cell cycle regulators(80), 

targeting WT KMT2A or KMT2B might result in cancer cell inhibition. 

KMT2F and KMT2G also have multiple frameshift and missense mutations 

that span across the length of the protein. KMT2F/G missesnse mutations tend to 

cluster around the SET and N-SET domains with fewer missense mutations 

found in the N-terminal RNA binding domain. Similar to the other KMT2 family 

members, very few KMT2F/G mutations were found to be homozygous.(49) 

These mutations have yet to be modeled in vitro so we do not yet know how they 

directly contribute to cancer progression.   

KMT2C and KMT2D are among the most frequently mutated genes across 

all cancer. As is seen for other KMT2 family members, KMT2C/D mutations tend 

to be loss of function mutations with a disproportionate amount of missense 

mutations (16% for KMT2C and 6% for KMT2D) found in the PHD domain. 

KMT2C has been suggested to be a tumor suppressor in multiple experimental 

studies for leukemia and bladder cancer(81, 82). KMT2D has been suggested to 

act as a coactivator of p53(83) but other studies show that KMT2D loss impairs 

proliferation of breast cancer xenografts in mice and in multiple cancer cell 

lines(84-86). KMT2C is most frequently mutated in lung, large intestine, breast, 

endometrial and bladder carcinomas(73, 87-89) but the selective advantage of its 

mutation is not very well understood across these multiple cancers and may be 

very context specific.  
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KMT2C 

KMT2C as a member of ASCOM 

KMT2C was initially discovered in 2001 and was thought to play a role in 

transcriptional activation due to its protein domain structure consisting of a C-

terminal SET domain, multiple PHD-fingers, an high mobility group (HMG) box, 

several nuclear localization signals and several nuclear receptor binding 

motifs(90). Soon after, KMT2C was identified in a study aimed to isolate a 

steady-state complex for the nuclear receptor co-activator protein, ASC-2. 

Immunoprecipitation of the ASC-2-containing complex (ASCOM) resulted in the 

identification of both KTM2C and KMT2D as ASCOM members(91). In the same 

study, it was verified that ASCOM specifically interacted with and methylated 

histone H3, residue K4. ASCOM contains all the core regulatory components 

known to be necessary for complete HMT activity. Aside from the core 

components, ASCOM also has specific components that do not bind KMT2A or 

KMT2B. These include ASC-2, PTIP, PA1 and UTX. ASC-2 is thought to act as a 

coactivator for nuclear receptors(92). PTIP is responsible for thethering PA1 to 

the rest of the complex(54) and is also capable to interacting with the 

transcription factor PAX2, an important developmental regulator(93). UTX is 

another histone modification enzyme that demethylates the repressive 

H3K27me2/3 marks(94). Therefore, ASCOM, in pairing the H3K4 HMT activity of 

KMT2C or KMT2D with the H3K27 demethylase activity of UTX, functions to 

make chromatin more accessible to transcription factors and promotes 

transcription.  
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KMT2C monomethyltransferase activity  

In mammalian cells and drosophila cells, it was suggested that KMT2C 

and KMT2D, and their homology Trr, predominantly monomethylate H3K4 

residues at enhancer regions(95). As such, the dominant theory was that 

KMT2C/D along with the ASCOM complex facilitate H3K4me1 at enhancer 

regions while other SET domain containing proteins, such as Set1a/b, facilitate 

H3K4me3 at promoter regions(51, 52) (Fig. 1.1). It should be noted, however, 

that another study showed that MEFs expressing catalytically inactive KMT2C 

lost H3K4me3 primarily at promoter regions(96). Therefore, there is chance that 

the precise role of KMT2C, as well as the ASCOM complex, may vary with tissue 

type. It is also possible that the overall scheme of methylating H3K4 residues 

may involve multiple SET-domain containing proteins and demethylating proteins 

with KMT2C being an early enzyme capable of H3K4me1. In terms of KMT2C 

expression, northern blot analysis of KMT2C mRNA in different adult and fetal 

tissues showed KMT2C expression in placenta, peripheral blood, testes, fetal 

thymus, heart, brain, lung, liver and kidney tissues(97), suggesting that KMT2C is 

ubiquitously expressed. 

 

Physiological functions of KMT2C 

KMT2C as a nuclear receptor coactivator 

The KMT2 family of methyltransferases has been repeatedly implicated as 

mediators of nuclear receptor activity, especially since ASC-2 and the KMT2A/B  
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Figure 1.1 KMT2C is an H3K4 monomethyltransferase that is active predominantly at enhancer regions of the 
DNA.  
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regulator, Menin, are candidate nuclear receptor binding proteins. In Drosophila, 

Trr coimmunoprecipitated and genetically interacted with the ecdosyne-receptor, 

which is homologous to nuclear receptors found in human cells(98). In 

mammalian cells, chromatin immunoprecipitation experiments showed the 

recruitment of ASCOM to retinoic acid receptor (RAR) target genes in the 

presence of retinoic acid(91). Since ASC-2 was already well regarded as a 

nuclear receptor coactivator, these early studies sparked interest in 

characterizing ASCOM, as a whole, as a transcriptional coactivator for multiple 

nuclear receptors.  

Aside from RAR, ASCOM was also shown to coactivate liver X receptors 

(LXRs) in mouse liver tissue and KMT2C/D methyltransferase activity was shown 

to be crucial for LXR-mediated gene transcription(83). Similarly, ASCOM was 

shown to be a coactivator for the farnesoid X receptor (FXR) and glucocorticoid 

receptor (GR) during the activation of bile acid transporter genes in 

hepatocellular carcinoma cells(99, 100) and for the progesterone receptor during 

activation of a stably integrated MMTV-luciferase transgene in T47D cells(4). 

ASCOM can also influence the activity of the peroxisome proliferator-activated 

receptor gamma (PPARγ). Through these various studies, it also became 

apparent that siRNA-mediated knockdown of both KMT2C and KMT2D resulted 

in more significant decreases in transcriptional activation than knockdown of 

either one alone, suggesting their redundancy in serving as nuclear receptors 

coactivators. 
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Interestingly, KMT2C has also been implicated as a coactivator of the 

estrogen receptor (ERα), specifically in the context of HOX gene transcriptional 

regulation. HOX genes are evolutionarily conserved genes that play key roles in 

development(101). ERα, KMT2C and KMT2B were shown to be recruited to the 

HOXC6 promoter in the presence of estrogen. Knockdown of KMT2B or KMT2C 

resulted in reduced HOXC6 transcription in the presence of estrogen(102). 

KMT2C was also seen to play a role in the estrogen-mediated transcription of 

HOXB9(103), HOXC13(104), HOXC10(84), and HOTAIR(105), a long noncoding 

RNA that is transcribed with the HOXC gene cluster. Most of these studies have 

been done in JAR placental choriocarcinoma cells(106), so it remains unclear if 

KMT2C serves as a regulator of HOX gene transcriptions in estrogen-regulated 

tissue such as the mammary gland. More recently, KMT2C was found to bind 

FOXA1, an ERα coregulator, KMT2C loss, in this study, was shown to effect a 

number of non-HOX ERα target genes(107). KMT2C was, however, not seen in 

among ERα binding partners shown to coimmunprecipitate with ERα suggesting 

that these two proteins do not physically interact(108, 109). However, whether 

KMT2C acts as a global regulator of ERα-dependent gene expression has yet to 

be understood.  

 

KMT2C as a tumor suppressor  

KMT2C is among the most commonly mutated genes across all cancer 

with the majority being truncation mutations that are upstream of the SET 

domain. Therefore, all truncation mutations seen would result in loss of 
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enzymatic activity. KMT2C missense mutations are very rare in the SET domain 

(<1%) and, compared to other KMT2 family members, are disproportionately high 

in the PHD domains (~16%).  The majority of KMT2C mutations are 

heterozygous with approximately only 15% being homozygous.  

Multiple lines of evidence suggest that KMT2C acts as a tumor 

suppressor. Heterozygous knockout of the KMT2C Drosophila homolog, trr, in 

eye imaginal disks results in a growth advantage over cells with WT trr cells(45). 

Moreover, KMT2C whole body homozygous knockout in mice resulted in 

urothelial carcinomas in approximately 50% of the mice. This penetrance 

reached 100% when KMT2C was knocked out in a p53 null background(82). 

However, the results presented with whole body KMT2C knockout do not 

recapitulate the haploinsufficiency seen in human urothelial cancer and other 

KMT2C mutated cancers. Instead, this haploinsuffiency was recapitulated when 

KMT2C knockdown and knockout was attempted in hematopoietic stem cells that 

were p53 and NF1 deficient(81). In this model, only approximately 50% KMT2C 

knockdown and only heterozygous KMT2C knockout was achieved implying that 

KMT2C is haploinsufficient. Additionally, in this model, KMT2C loss resulted in 

increased AML progression upon adoptive transfer of these cells into host 

mice(81). In the context of mammary stem cells, it was shown that KMT2C 

knockout, in the context of p53 deletion and PI3K pathway activation, resulted in 

a more aggressive mammary carcinoma(110). However, the mammary 

carcinoma described in this study did not recapitulate any known breast cancer 

subtype and so it remains unclear if this model presents the true contribution of 
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KMT2C loss in breast cancer. Breast cancer is an especially interesting setting to 

study KMT2C loss as KMT2C is among the ten most frequently mutated genes in 

this disease. 

 

Estrogen receptor positive (ER+) breast cancer 

Breast cancer disease 

In 2016 there were over 230,000 new cases of invasive breast cancer 

resulting in over 40,000 deaths, making breast cancer the second largest cause 

of cancer related deaths in American women(111). Prognosis and therapy for 

breast cancer patients is largely guided by the expression of nuclear receptors, 

including ERα and the progesterone receptor (PR), and the extracellular 

membrane-bound receptor tyrosine kinase, HER2. Luminal A and Luminal B 

breast cancer tend to express ERα with Luminal A being largely HER2- and 

Luminal B being either HER2- or HER2+. These subtypes are generally referred 

to as being ER+ and dependent on the ERα signaling pathway for proliferation. 

Luminal A and Luminal B breast cancer comprise over two thirds of all breast 

cancer and are generally associated with favorable prognosis, with Luminal A 

breast cancer having higher survival rates than Luminal B. HER2+ breast cancer 

tends to overexpress HER2, making it sensitive to direct antagonism of the HER2 

signaling pathway. Anywhere between 5-15% of breast cancer is HER2+. Finally, 

triple negative breast cancer is named so for lack of expression of ERα, PR and 

HER2. These cancers are largely basal in cell type and have the worst prognosis 

of all breast cancer subtypes, in part due to the lack of targeted therapeutics. 
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Triple negative breast cancer makes up about 15-20% of all breast cancer 

cases(111).  

  

ER+ breast cancer therapeutics and resistance  

As ER+ breast cancer is highly dependent on estrogen-mediated 

mitogenic signals, therapies targeting ER+ breast cancer have predominantly 

focused on reducing the amount of estrogen present in the body or directly 

antagonizing ERα. Ovary ablation in premenopausal women as well as 

aromatase inhibition in postmenopausal women reduces estrogen production. 

Alternatively, selective estrogen receptor modulators (SERMs, e.g. Tamoxifen) 

and selective estrogen receptor degradors (SERDs, e.g. Fulvestrant) directly 

antagonize ERα activity(112). Despite the high success rate of these drugs, 

many patients eventually develop resistance with the reoccurrence of tumors that 

are no longer sensitive to these hormone therapies.  

Until recently, the most accepted mechanism of resistance to hormone 

therapy was overexpression of HER2 and/or activation of the PI3K pathway. 

Activation of these alternative growth-promoting pathways can serve to bypass 

the dependence on ERα. Additionally, there are multiple lines of evidence 

indicating crosstalk between the PI3K-AKT-mTOR and ERα signaling pathways 

that may be contributing to the ability of PI3K activation to contribute to endocrine 

resistance(113). Specifically, studies have indicated that treatment of ER+ breast 

cancer cells with fulvestrant or the aromatase inhibitor, letrozole, results in 

increased phospho-AKT(114, 115) suggesting that ERα inhibition induces PI3K-
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AKT pathway activity. Similarly, it has also been shown that PI3K-AKT pathway 

inhibitors increase ERα transcriptional activity by inducing increased ERα binding 

to the promoters of target genes such as PGR and GREB1(114). This may be 

partially mediated by the release of AKT-mediated inhibition of KMT2D, whose 

activity may contribute to ERα-dependent transcription (116).  Given the cross 

talk between the ERα signaling pathway and the PI3K pathway and the 

frequency of PI3K mutations among ER+ patients, the BOLERO-2 trial found that 

combined treatment of everolimus, an mTORC1 allosteric inhibitor, and letrozole 

improved progression-free survival(117). Other proposed mechanisms of 

resistance include increased expression of cell cycle regulators such as MYC, 

Cyclin D1 and Cyclin E1, decreased expression or activity of Rb, p21 and p27, 

increased expression of ERα coactivators, such as AIB1, or loss of ERα 

expression(118).  

More recently, across multiple efforts to sequence the tumors of patients 

with hormone-resistant ER+ metastatic breast cancer, ESR1 mutations have 

been found in approximately 25-40% of this cohort(119-122). These ESR1 

mutations are rarely found in primary, hormone-sensitive tumors, where they 

occur at a frequency of less that 1%(119). Most of these mutations occur within 

the ERα ligand-binding domain with residues Y537 and D538 being the most 

frequently altered(123). Patients with the Y537S or the D538G mutation have 

significantly worse prognosis than patients with WT ESR1(124). Structural 

analysis revealed that many of these mutations promote a constitutively active 

conformation even in the absence of ligand(125).  Functional characterization of 
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these mutant ERα proteins revealed that many of them confer ligand-

independent activation and were resistant to doses of tamoxifen and fulvestrant 

that would be sufficient to inhibit WT ERα(119, 122, 123). However, xenograft 

models of these mutations seem to remain sensitive to second generation 

SERDs, such as AZD2549, that have better bioavailability than fulvestrant(126). 

 

Estrogen receptor signaling pathway 

Estrogen receptor alpha 

ERα is a hormone-dependent member of the nuclear receptor superfamily 

of ligand-dependent transcription factors.  The ERα protein includes an activating 

function (AF)-1 domain, a DNA binding domain, a dimerization domain and an 

AF2 domain. AF1 is poorly conserved and is thought to have tissue- or promoter-

specific activities(127). The DNA binding domain is highly conserved and 

contains two zinc-finger binding motifs that are thought to mediate direct contact 

with the DNA(128, 129). Finally, the AF2 domain mediates ligand binding and 

ligand-dependent transcriptional activity(130).  

The ERα protein is subject to multiple levels of post-translational 

modification including phosphorylation, methylation, acetylation, sumoylation and 

ubiquitination. These post-translation modifications are thought to influence ERα 

protein stability, localization, dimerization, interaction to coregulatory proteins, 

and genomic activity(131). Phosphorylation at S104/106, S118 and S167 are 

among the better studied sites of ERα post-translation modification. 

Phosphorylation at S104/106 is induced by estradiol (E2), but not growth factor 
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stimulation(131). While the direct kinase responsible for phosphorylating this 

mark is unknown, it has been speculated that MAPK(132), GSK3(133) or 

CDK2(134) may be involved. Phosphorylation of S118 is thought to be 

downstream of growth factor signaling, specifically downstream of EGF or IGF-1 

mediated RAS-MAPK pathway activation(135, 136). S118 is the most widely 

studied ERα modified site and is thought to be important for ERα 

dimerization(137).  S118 phosphorylation is also thought to be important for 

direct binding to ERα target genes(138) and coactivator binding(139, 140) 

suggesting that it plays a key role in the genomic activities of ERα.  Similarly, 

phosphorylation of S167 is also considered to be important for ERα 

transcriptional activity(141) but this site is thought to be phosphorylated by 

AKT(142) or p90RSK(141). Overall,  post-translation modification of ERα is one 

way that the ERα signaling pathway can converge with other known signaling 

pathways such as the MAPK pathway and the PI3K-AKT pathway.  

 

Ligand-dependent ERα activity 

In the absence of its ligand, estrogen, ERα is thought to be relatively 

unstable and subject to ubiquitin-mediated degradation.  Unliganded, cytoplasmic 

ERα is therefore often found in complex with chaperone proteins, such as HSP90 

(143-146).  Ligand-dependent ERα signaling begins upon estrogen binding which 

induces a conformational change that stabilizes the receptor and mediates its 

dissociation from chaperone proteins(147). Aside from receptor stabilization, 

ligand-binding simultaneously unmasks the domains necessary for ERα 
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dimerization (148), nuclear localization, DNA-binding, and coactivator/ 

corepressor binding(149). Therefore, ligand-bound ERα can then homodimerize 

and move into the nucleus where it can bind to estrogen response elements 

(EREs) in the DNA, bind to coactivators, and recruit the necessary enzymatic 

components necessary for the transcription of ERα-target genes (Fig. 1.2). 

Ligand-bound ERα is also thought to have nongenomic functions where it 

activates growth factor signaling by acting predominantly as a scaffolding protein 

in the cytoplasm(150).  Specifically, ligand-bound ERα can associate with Src 

and Shc and promote MAPK pathway activation through the Shc/ Src/ Ras/ ERK 

node(151).  

 

Physiologic role of ERα 

  ERα plays key roles in the development of reproductive organs including 

the ovaries, the uterus and the mammary gland, among others. Whole body 

knockout of Esr1 in mice resulted in defects in these very organs. Specifically, 

the ovaries had large cysts and diminished ovulation. While prepubertal uteruses 

from Esr1 knockout mice look similar to their control counterparts, they were not 

able to respond to estrogen-stimulation during puberty and displayed inhibited 

epithelial cell proliferation and reduced size. Finally, mammary glands from Esr1 

knockout mice were completely devoid of epithelial ducts branching(152). During 

puberty, epithelial ducts branch outward across the entire mammary gland. 

These ducts remain relatively dormant following puberty and then differentiate  
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Figure 1.2 ERα signaling pathway. In the absence of ligand, ERα is relatively unstable and is thought to complex 
with chaperone proteins, such as HSP90. In the presence of estrogens, ERα can bind the estrogen, stabilize, 
homodimerize and move into the nucleus. In the nucleus, ERα binds to EREs predominantly at enhancer regions of 
the genome where it then recruits coactivators. ERα can then mediate the transcription of target genes, many of 
which are important divers of proliferation and of mammary gland development.  
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again into alveolar cells during pregnancy forming alveolar ducts that produce 

milk used to nurse pups(153, 154).  

Floxed Esr1 mice were used to study the effects of mammary-specific 

Esr1 deletion on the mammary gland development. Use of the mouse mammary 

tumor virus (MMTV) promoter allowed for the assessment of puberty-specific 

mammary development and use of the whey acidic protein (WAP) promoter 

allowed for the assessment of pregnancy-related mammary development(155). 

MMTVcre-mediated Esr1 deletion resulted in mammary glands that had 

significantly diminished epithelial duct branching. Specifically, the ERα depleted 

mammary glands lost secondary branching(156).  It should be noted that the 

MMTV-mediated phenotype was not as severe as that seen in the mammary 

glands of whole body Esr1 knockout mice. This suggests that perhaps ERα 

mediates some degree of mammary gland development that is prepubertal. 

Alternatively, it could also suggest that use of the MMTV promoter results in 

incomplete Esr1 deletion or does not result in deletion immediately at the onset 

of puberty allowing for some pubertal ERα-mediated development to occur 

before it is deleted.  

WAPcre-mediated deletion of Esr1 resulted in dilated alveolar ducts with 

reduced milk production in the mammary glands of nursing mothers. This 

subsequently resulted in reduced weight of pups that were nursed by mothers 

with ERα deficient mammary glands as compared to pups nursed by control 

mothers(156). Together, these data indicate that ERα is a key regulator of 

multiple reproductive organs.  
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ERα coregulatory proteins 

The presence of coactivator and corepressor proteins plays a major role in 

ERα-mediated transcriptional activity. These coactivators generally bind ERα 

through a highly conserved LXXLL domain called the “nuclear receptor 

box(157).” It is thought that these nuclear receptor box-containing proteins may 

act as scaffolding platforms for the recruitment of complex regulatory proteins 

and chromatin modification enzymes. Examples of such ERα coactivators include 

TIFα, Tip60, AIB1, SRC-1. SRC-2, and TRAP220(158).  ERα is also known to 

regulate transcription at non-ERE sites by tethering to other transcription factors 

such as AP-1(159-161), Sp1(162, 163) and NF-κB(158). In fact, knockdown of 

cFOS, a component of the AP-1 transcription complex, reduces expression of 

over one-third of all estrogen-regulated target genes(164). While ERα is 

generally considered a transcriptional activator, it is also important to note that for 

many genes ERα acts as a transcriptional repressor. ERα is known to interact 

with corepressors such as the nuclear receptor corepressor (NCoR) and multiple 

HDACs(165).  

In addition to coactivator or corepressor proteins, ERα is also known to be 

heavily reliant on the activity of pioneer factors, such as FOXA1. FOXA1 

silencing dramatically reduces the ability of ERα to bind to a large majority of 

estrogen-regulated genes(166). FOXA1 was found to be localized to enhancers 

of ERα target genes in the absence of E2, suggesting that it primes the 

chromatin for ERα binding(167).  
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Interestingly, enhancers of ERα target genes that were bound by FOXA1 

were also enriched with H3K4me1/2 residues. Overexpression of the H3K4me1- 

and H3K4me2-specific demethylase KDM1 resulted in loss of H3K4me and 

diminished FOXA1 recruitment at those enhancer marks(167). FOXA1 has been 

shown to directly interact with KMT2C(107). Whether FOXA1 binding promotes 

the addition of H3K4me or whether H3K4me promotes FOXA1 binding is still 

unclear. In MCF7 cells, FOXA1 silencing did not reduce the presence of the 

H3K4me marks at enhancer regions(167). However, when FOXA1 was 

ectopically expressed in the ER- cell line, MDA-MB-231, there was an increase in 

H3K4 methylation at FOXA1 binding sites. Regardless, H3K4 methylation and 

FOXA1 act to prime DNA for ERα binding. The importance of H3K4 methylation 

marks in ERα activation is further evidenced as TIP60, a histone 

acetyltransferase required for the expression of certain ERα targets, is recruited 

by H3K4me1 marks(168).  

KMT2C, was shown to effect the ERα-mediated transcription of certain 

HOX genes. However, in the case of TIP60 recruitment or E2- mediated TFF1 

transcription, it seems as though SET1a and KMT2A/B are the primary 

HMTs(168-170). Another study determined that, in MCF7 cells, there is a 

different set of coregulators necessary for each of six ERα target genes and that 

certain coregulators, such as the histone methyltransferase G9a, can act as a 

coactivator of one gene while serving as a corepressor for another(171). These 

studies convey the importance of coactivator proteins and chromatin modification 

enzymes, including the KMT2 family of histone methyltransferases, in regulating 



27 

ERα transcriptional activity and show that different ERα target genes are 

differentially regulated by the coactivators/ corepressors. 

 

Introduction to dissertation  

 KMT2C is an H3K4 monomethyltransferase and is a member of the KMT2 

family of histone methyltransferases. Multiple lines of evidence implicate many 

members of this family as regulators of nuclear receptor transcriptional activity. In 

particular, KMT2C has been shown to regulate the activity of LXR, PPARγ, ERα, 

and GR for candidate target genes as part of a larger complex called ASCOM. 

However, these studies have not always been conducted in tissues where these 

nuclear receptors are relevant. In addition, whether or not KMT2 family members 

act as global regulators of nuclear receptor gene expression has yet to be 

understood.  

Given the potential for KMT2C, and other KMT2 family, to act as 

coregulators for nuclear receptors and other transcription factors, they may serve 

as key mediators of differentiation and development in tissues types where these 

transcription factors are relevant. One such tissue type is mammary tissue, which 

is highly dependent upon the actions of ERα. Interestingly, KMT2C ranks among 

the top ten most frequently mutated genes in mammary carcinomas, of which 

70% express ERα and depend upon ERα downstream signaling. Despite this 

frequent mutation, we have yet to understand the role of KMT2C in normal 

mammary development, in mammary homeostasis, and the selective advantage 

of KMT2C mutation in breast cancers.  
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Here, we show that KTM2C serves as a regulator of a subset of ERα 

target genes. Loss of KMT2C impairs ERα-dependent mammary gland 

development and inhibits ER+ breast cancer cell proliferation. In our efforts to 

better understand -the selective advantage of KMT2C mutation, we find that loss 

of KMT2C promotes resistance to hormone deprivation, which is commonly used 

to treat ER+ breast cancer. As such, gene expression signatures of KMT2C loss 

predict for poorer survival in Luminal A/B breast cancer patients. Overall, we 

nominate KMT2C as a candidate regulator of ERα activity whose loss allows 

cells to escape hormone sensitivity.  
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Introduction 

KMT2C is a member of the family of H3K4 histone methyltransferases. 

Members of this family have an enzymatically active SET domain that is 

responsible for mono-, di- or tri- methylating H3K4 residues (172). H3K4 

methylation, in general, is known to demarcate regions of active transcription with 

H3K4me1 being more abundant at enhancers regions of the genome and 

H3K4me3 being more abundant at promoter regions of the genome (173-175). 

KMT2C, in particular is known to specifically be an H3K4 

monomethylatransferase and is therefore thought to be more active an enhancer 

regions of the genome (51, 52).  

Within the KMT2 family, KMT2A and KMT2B are thought have some 

functionally redundancies as they can both interact with the nuclear receptor 

coactivator, Menin (176). Similarly, KMT2C and KMT2D are also thought to be 

somewhat functional redundant as they can both interact with ASC-2 (91), 

another nuclear receptor coactivator (177), and participate in the ASCOM 

complex. The ASCOM complex also includes known regulators of H3K4 

methyltransferase activity including ASH2L and WDR5, as well as the H3K27 

demthylase, UTX(178).   As part of the ASCOM complex, it has been suggested 

that KMT2C and KMT2D can influence the activity of multiple nuclear receptors 

including the LXR, FXR, GR, PPARϒ, PR and ERα  (83, 84, 99, 178, 179) by 

promoting a transcriptionally active chromatin state. However, the effects of 

KMT2C on global nuclear receptor activity have yet to be characterized.  
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In this report, we show that KMT2C is among the most frequently mutated 

genes in breast cancer, a disease in which the nuclear receptor, ERα, is known 

to play a major role. We go on to show that KMT2C serves as a regulator of 

global ERα activity with KMT2C loss specifically affecting known ERα-regulated 

phenotypes including proliferation and mammary-gland development.  

 

Results 

KMT2C is among the most frequently mutated genes in breast cancer 

Upon assessing the most frequently mutated genes in over 700 metastatic 

breast tumors sequenced using the MSKCC-IMPACT platform, we found that 

KMT2C was among the top 10 most frequently mutated genes with a mutation 

frequency of approximately 9.8% (Fig. 2.1A). This mutation frequency is relatively 

consistent with the 7% KMT2C mutation frequency reported by the Cancer 

Genome Atlas (TCGA) (180) for primary breast cancer.  

We then wanted to compare KMT2C mutation frequency to that of its most 

closely related homologs to determine if frequent mutation of H3K4 histone 

methyltransferases was common among multiple family members. We found that 

KMT2C was by far the most frequently mutated H3K4 histone methylatransferase 

within its family with the second most frequently mutated family member, 

KMT2D, having a mutation frequency less than 3% (Fig. 2.1B).  

The KMT2C mutation spectrum mostly consists of truncation and 

missense mutations that are spread out along the length of the protein (Fig. 

2.1C). It should also be noted that the KMT2C enzymatically active SET domain  
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Figure 2.1 KMT2C ranks among the most frequently mutated genes in breast cancer. (A) Percentage of cases with 
gene mutations detected in the MSKCC-IMPACT metastatic breast cancer patient cohort(181) (n= 746). (B) Mutation 
frequencies of H3K4 histone methyltransferases in breast cancer tissue samples from the TCGA dataset(180) (n=818). 
(C) Diagram of KMT2C domains with the locations of the identified TCGA mutations. y-axis corresponds to the number of 
cases with indicated mutation (n=818). 
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is located at the C-terminal end of the protein. Therefore, even if any of the 

truncation mutations resulted in a truncated protein that was expressed, it would 

likely have no enzymatic activity. This mutation spectrum suggested that KMT2C 

is a tumor suppressor whose loss of function is somehow selectively 

advantageous to breast cancer cells.  

Given that different breast cancer subtypes have different proliferative 

drivers, we wanted to see if KMT2C mutation was more or less frequent in any 

particular subtype. However, we found that KMT2C mutation frequency was 

relatively evenly distributed across breast cancer subtype with a range of 5-12% 

(Fig. 2.2), consistent with the frequency found in total breast cancer. Given the 

KMT2C mutation spectrum and the even distribution of KMT2C mutation across 

breast cancer subtype, we decided to model KMT2C loss across a variety of 

breast cancer cell lines that are representative of the different subtypes.  

 

KMTC2 knockdown in breast cancer cell lines  

In order to model KMT2C loss in breast cancer, we cloned two short 

hairpin RNAs (shRNAs) against KMT2C (shKMT2C) (182). We found that both 

short hairpins, shKMT2C#1 and shKMT2C#2, specifically reduced expression of 

KMT2C by 60-70% without affecting expression of its most closely related 

homologs, KMT2A, B, or D (Fig. 2.3A). We stably expressed shKMT2C#1 and 

shKMT2C#2 in a panel of cell lines representative of the clinical subtypes of 

breast cancer including ER+, ER-HER2+, ER+HER2+ and triple negative and 

found a similar degree of knockdown across the cell lines (Fig. 2.3B). The breast  
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Figure 2.2 KMT2C mutations are evenly distributed across breast cancer subtype. Percentage of KMT2C mutations 
across different breast cancer subtypes from the TCGA dataset(180) (n=818). 
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Figure 2.3 KMT2C knockdown in breast cancer cell lines. (A) mRNA levels of 
indicated genes, as measured by qRT-PCR, in shRenilla, shKMT2C#1 and 
shKMT2C#2 MCF7 cells. Values correspond to the mean of three replicates ± 
s.e.m. (B) mRNA levels of KMT2C, as measured by qRT-PCR, in shRenilla, 
shKMT2C#1 and shKMT2C#2 T47D, CAMA-1, SKBR3, MDA-MB-231 and 
MCF10A cells. Values correspond to the mean of three replicates ± s.e.m. Data 
correspond to one representative assay from a total of two or three independent 
assays. (C) Immunoblot of the indicated proteins in shRenilla or shKMT2C 
KMT2C-HA or Crispr control MCF7 cells cells. β-actin was used as a loading 
control. 
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cancer cell lines used all underwent next generation sequencing using the 

MSKCC-IMPACT platform and showed no clear deleterious mutation in KMT2C 

(Table 2.1).  

To confirm sufficient knockdown of KMT2C protein levels, we used MCF7 

cells engineered to express HA at the C-terminal end of an endogenous KMT2C 

allele (KMT2C-HA cells, Fig. 2.4). The generation of this cell line allowed us to 

probe for KMT2C using antibodies against HA. We confirmed expression of 

KMT2C-HA at both mRNA and protein levels and also confirmed that mRNA 

levels of total KMT2C were unchanged (Fig. 2.4A-C). Finally, we confirmed that 

the KMT2C-HA cell line maintained nuclear expression of KMT2C-HA (Fig. 2.4D) 

suggesting proper localization. 

Expression of shKMT2C #1 and shKMT2C #2 in these cells resulted in 

knockdown of KMT2C-HA by immunoblotting (Fig. 2.3C). It should be noted that 

we were, at best, able to achieve close to 75% knockdown of KMT2C. This is in 

keeping with previously published data suggesting that cancer cells may select 

for haploinsufficiency (81).  

 

KMT2C loss inhibits proliferation specifically in breast cancer cell lines dependent 

on ERα signaling 

We subsequently used the shKMT2C expressing breast cancer cell lines 

to assay whether KMT2C loss had any effects on cell proliferation. We found that 

KMT2C knockdown resulted in a 40-70% reduction in proliferation selectively in 

the three ER+HER2- cell lines examined, MCF7, T47D and Cama-1 (Fig. 2.5A).   
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Table 2.1. KMT2C mutation status in breast cell lines. 
 
 
 
 
 
 
 
  

 Cell Line  Chromosome  Nucleotide  Ref  Alt  
Cama-1  KMT2C WT  
MDA-MB-361  KMT2C WT  
MCF7  KMT2C WT  
MDA-MB-231  KMT2C WT  
MCF10A  KMT2C WT  
T47D  7 151932996 C  T  
SKBR3 7 151878785 G  C  
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Figure 2.4 MCF7 KMT2C-HA cells have proper expression and localization 
of KMT2C-HA. (A) mRNA levels of KMT2C-HA, as measured by qRT-PCR, in 
MCF7 KTM2C-HA cells and MCF7 Crispr control cells. (B) mRNA levels of 
KMT2C, as measured by qRT-PCR, in MCF7 KTM2C-HA cells and MCF7 Crispr 
control cells. (C) Immunoblot  of indicated proteins in shRenilla or shKMT2C-HA 
cells. β-actin was used as a loading control. (D) Immunoblot of indicated proteins 
in shRenilla or shKMT2C-HA cells following nuclear fractionation. GAPDH was 
used as a cytoplasm-specific control, Histone H3 was used as a nucleus-specific 
control.  
  



39 

 
 
Figure 2.5 KMT2C loss inhibits proliferation specifically in breast cancer cell lines dependent on ERα signaling. 
(A-D) Indicated breast cancer cells stably expressing either shRenilla or shKMT2C were assayed for proliferation using 
the alamarBlue cell viability assay. Values correspond to the mean of six experimental replicates ± s.e.m. 
  



40 

In contrast to the effects seen in the ER+HER2- cells lines, KMT2C knockdown 

had no effect on the proliferation of the ER+HER2+ cell line, BT-474, the ER-

HER2+ cell line, SKBR3 and the triple negative cell lines, MDA-MB-231 and 

MCF10A (Fig. 2.5B-D).  

We wanted to confirm that the cell lines in which we saw the inhibited 

proliferation were in fact dependent on ERα signaling. Therefore, we assessed 

the sensitivity of MCF7, T47D and Cama-1 cells to E2 stimulation and fulvestrant 

inhibition and found that all three cell lines were responsive to E2 and sensitive to 

fulvestrant (Fig. 2.6). Together, we found that KMT2C selectively inhibits the 

proliferation of ER+HER2- cells that are dependent on ERα signaling.  

 

CRISPR/CAS9nickase mediated deletion of KMT2C inhibits proliferation of 

MCF7 cells 

We next wanted to confirm that knockout of KMT2C alleles would have the 

same effect as shRNA-mediated knockdown. To this end, we used the 

CRISPR/Cas9nickase system (183) to specifically target exon 6 of KMT2C (Fig. 

2.7). In keeping with our knockdown results, we were unable to recover any cells 

in which all alleles of KMT2C could be knocked out (Fig. 2.7A). Again, this was 

consistent with previously published data where KMT2C was unable to be 

homozygously knocked out in leukemia cells (81). In addition, MCF7 cells are 

known to be aneuploid making homozygous knockout more difficult. 

Nevertheless, we were still able to show that reduced KMT2C expression  
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Figure 2.6 ER+HER2- cells are dependent on estrogen and ERα for proliferation (A) Indicated breast cancer cells 
were assayed for proliferation in full serum in the presence of either DMSO or fulvestrant using the alamarBlue cell 
viability assay. Values correspond to the mean of six experimental replicates ± s.e.m. (B) Indicated breast cancer cells 
were assayed for proliferation in phenol-red free media with charcoal stripped serum in the presence of either DMSO or 
estradiol (E2) using the alamarBlue cell viability assay. Values correspond to the mean of six experimental replicates ± 
s.e.m. Data correspond to one representative assay from a total of two or three independent assays. 
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Figure 2.7 CRISPR/CAS9nickase mediated deletion of KMT2C in MCF7 
cells. (A) Mutant DNA sequences induced by KMT2C exon 6 sgRNAs in MCF7 
(resulting cell line referred to as MCF7 KMT2C CRISPR cells). The PAM 
sequences are shown in the green outline and deleted nucleotides shown as 
dashes. WT, wild-type. MCF7 KMT2C CRISPR cells retained one WT copy as 
indicated. (B) mRNA levels, as measured by qRT-PCR, in parental and MCF7 
KMT2C CRISPR cells. Values correspond to the mean of three technical 
replicates ± s.e.m. Data correspond to one representative assay from a total of 
three independent assays.  
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mediated by Cas9nickase (Fig. 2.7B) resulted in inhibited proliferative ability 

compared to our control cells (Fig. 2.8) consistent with the knockdown results.  

 

Differential sensitivity of breast cancer cell lines to loss of various KMT2 family 

members 

Given the close homology between KMT2C and its remaining KMT2 family 

members, especially KMT2D, we wanted to examine whether loss of remaining 

other KMT2 family members would have similar effects on the proliferation of 

breast cancer cell lines. Therefore, we expressed shKMT2A, shKMT2B and 

shKTM2D in a representative panel of breast cancer cell lines resulting in 

approximately 60-75% knockdown of KMT2A mRNA, 30-60% knockdown of 

KMT2B mRNA and 50-70% knockdown of KMT2D mRNA (Fig. 2.9).  

We observed that while the effects of KMT2C loss on proliferation were 

specific to the ER+HER2- cell line, MCF7, loss of KMT2A had milder effects on 

MCF7 and also modestly inhibited proliferation of BT474 and MCF10A cells. 

Loss of KMT2B did inhibit the proliferation of MCF7 by approximately 70% but 

also inhibited the proliferation of SKBR3 by approximately 50% and BT474 by 

approximately 40%. Strikingly loss of KMT2D drastically inhibited the proliferation 

of MCF7, BT474 and SKBR3 cells by 70-90% and also inhibited the proliferation 

of MCF10A cells by approximately 50% (Fig. 2.10). Together this suggests that 

different members of the KMT2 family have differential effects on the proliferation 

of breast cancer cell lines and may suggest that they regulate different pathways. 

Moreover, our data shows that the effects of KMT2C on ER+/HER2- breast  
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Figure 2.8 CRISPR/CAS9nickase mediated deletion of KMT2C inhibits proliferation of MCF7 cells. Parental and 
MCF7 KMT2C CRISPR cells were assayed for proliferation using the alamarBlue cell viability assay. Values correspond 
to the mean of six experimental replicates ± s.e.m. Data correspond to one representative assay from a total of two or 
three independent assays. 
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Figure 2.9 Knockdown of KMT2A, B, C and D in breast cancer cell lines. mRNA levels of indicated genes, as 
measured by qRT-PCR, in shRenilla, shKMT2A#1, shKMT2B#1, shKMT2C#1, and shKMT2D#1 indicated breast cancer 
cell lines. Values correspond to the mean of three replicates ± s.e.m. 
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Figure 2.10 Differential sensitivity of breast cancer cell lines to loss of various KMT2 family members. Indicated 
breast cancer cells stably expressing either shRenilla, shKMT2A#1, shKMT2B#1, shKMT2C#1, and shKMT2D#1 were 
assayed for proliferation using the alamarBlue cell viability assay. Values correspond to the mean of six experimental 
replicates ± s.e.m. 
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cancer proliferation may be unique and not shared by all H3K4 

methyltransferases giving credence to further investigation of the role KMT2C 

plays in estrogen-dependent signaling. 

  

KMT2C regulation of pubertal mammary gland development  

After establishing the effects of KMT2C on cell lines dependent on the 

ERα  signaling pathway, we investigated whether KMT2C would have an effect 

on pubertal mammary gland development, which represents a physiologic setting 

of ERα activity. To this end, we generated mice with floxed alleles of Kmt2c (Fig. 

2.11A-C) and crossed them with mice expressing Cre recombinase under the 

control of the mammary specific MMTV promoter (Fig. 2.11D-F). The MMTV 

promoter is known to become active at the onset of puberty and can therefore be 

used to study pubertal mammary development(155). Mammary specific knockout 

of Kmt2c was verified through PCR from DNA extracted from the mammary 

gland and through qRT-PCR from RNA extracted from the mammary gland.  

When examining mammary fat pads from fully mature 12-week old females, we 

found that homozygous MMTV-driven excision of Kmt2c resulted in diminished 

side branching and ductal elongation (Fig. 2.12A-D). We quantified the area 

occupied by the epithelial ducts and found a significant reduction as compared to 

control mice (Fig. 2.12E). Additionally, to assess the effects of Kmt2c loss 

specifically at the end of puberty, we also examined the mammary fat pads of 8-

week old females and observed similar loss of side branching in the 

MMTVCre+Kmt2cF/F mice (Fig. 2.12F, G).  
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Figure 2.11 Generation of MMTVCre+KMT2CF/F knockout mice. (A) Diagram indicating components of the Kmt2c 
wildtype and targeted allele and the location of ScaI and EcoRI restriction enzyme sites and Southern blot probe 
recognition sites. (B) Southern blot with probe 1 following digestion with ScaI. Wildtype band is 10.4kB and targeted allele 
is 8.0kB (C) Southern blot with probe 2 following digestion with EcoR1. Wildtype band is 6.1kB and targeted allele is 
5.1kB. (D) Targeted and conditional disruption of the mouse Kmt2c gene, using the Cre-loxP recombination system. 
Components of the Kmt2c exon 3 WT allele, the targeted allele after homologous recombination in ES cells, the floxed 
allele (Kmt2cF/F) after deletion of the neomycin resistance gene (pGK-Neo) in ES cells, and the deleted Kmt2c allele in 
Cre-recombinase transgenic mice (Kmt2cKO). (E) Genotyping mammary glands of virgin mice with the indicated 
genotypes with the positive control (+ control) being toe clips from an MMTVCre+Kmt2cF/F mouse. (F) mRNA levels of 
indicated genes, as measured by qRT-PCR, from mammary glands of female mice of the indicated genotypes. Values 
correspond to the mean of three replicates ± s.e.m 
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Figure 2.12 MMTVCre+KMT2CF/F Knockout mice have defects in secondary epithelial duct branching. (A-D) 
Representative whole mounts of mammary glands from 12-week old, mature, virgin MMTVCre+ mouse (A, C), and 
MMTVCre+Kmt2cF/F mouse (B, D). Images correspond to one representative mammary gland from a total of four 
MMTVCre+Kmt2cF/F mice, and six MMTVCre+ control mice. (E) Quantification of surface area occupied by mammary 
epithelial ducts as compared to total surface area of the whole mount mammary epithelial gland. Values correspond to the 
mean from six MMTVCre+ control mice and four MMTVCre+Kmt2cF/F. (F,G) Representative whole mounts of mammary 
glands from 8-week old, mature, virgin MMTVCre+ mouse (F) and MMTVCre+Kmt2cf/f mouse (G). Images correspond to 
one representative mammary gland from a total of two MMTVCre+Kmt2cf/f mice and two MMTVCre+ control mice. Red 
arrows indicate terminal end buds. 
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KMT2C has no effects on pregnancy-related mammary gland development 
 

In addition to being active during pubertal mammary development, ERα  is 

also important for regulating pregnancy-related mammary development. In order 

to assess whether KMT2C has an effect on pregnancy-related mammary 

development, we next crossed our Kmt2c floxed mice to mice expressing Cre 

under the control of the WAP promoter. The WAP promoter is only expressed in 

alveolar epithelial cells during lactation (155) and can therefore be used to study 

pregnancy-related mammary gland development during the second pregnancy 

and beyond. We assessed the mammary glands on lactation day 4 from 4-5 

month old females that had been pregnant at least once before and found no 

change in their morphology (Fig. 2.13A). Additionally, we weighed pups from 

WAPCre+Kmt2cF/F and control mothers that had been pregnant at least once 

before and found no change in pup weight suggesting that lactation was 

occurring normally in the Kmt2c knockout mice (Fig. 2.13B). Together, this data 

suggests that Kmt2c does not regulate pregnancy related mammary gland 

development.  

 

KMT2C does not affect ERα expression or stability 

Given the effects of KMT2C loss on ERα-driven breast cancer proliferation 

and on pubertal mammary gland development, we hypothesized that KMT2C 

may be regulating ERα activity. In addition, our findings that KMT2C does not 

effect pregnancy-related mammary gland development suggested that perhaps 

KMT2C only regulates certain, specific aspects of ERα signaling. To assess  
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Figure 2.13 WapCre+Kmt2cf/f  knockout mice do not display defects in pregnancy-related mammary gland 
development. (A) H&E staining were used to analyze the morphology of the mammary glands at second lactation day 4 
of the 4-5 month old WT controls and WAPCre+Kmt2cF/F females. Images correspond to one representative mammary 
gland from a total of 5 WT and 5 WAPCre+Kmt2cf/f mice. (B) Pups nursed by their WAPCre+Kmt2cf/f mothers (n = 5) were 
of similar size to WT pups nursed by their WT mothers (n = 2). Data are presented as the mean ± s.e.m. 
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whether and how KMT2C might be regulating ERα signaling, we first evaluated 

ERα expression, phosphorylation and conformational stability in the presence of 

KMT2C loss. We found no changes in the levels of total ERα or pERα (S118 or 

S104/106) or in the HSP90 dependence of ERα, as measured by sensitivity to 

the HSP90 inhibitor SNX-2112. (Fig. 2.14). Together, this suggests that KMT2C 

does not affect ERα expression or stability.  

 

KMT2C loss suppresses ERα target gene expression in ER+HER2- cell lines 

Seeing no effects on ERα protein expression or conformation, we next 

sought to determine whether there might be changes to KMT2C-dependent ERα-

regulated gene expression. To this end, we performed RNA sequencing on 

shRenilla and shKMT2C MCF7 cell lines (Fig. 2.15A). We then compared the 

gene expression changes following KMT2C knockdown to those following five-

day hormone deprivation of shRenilla cells. We verified that after 5 days in 

hormone-deprived media, well-known ERα target genes, such as PGR, TFF1, 

GREB1, and XBP1 were downregulated suggesting that 5 days is sufficient to 

inhibit estrogen-dependent gene expression (Fig. 2.16). When comparing 

KMT2C loss to hormone deprivation, we found that genes that were upregulated 

following KMT2C knockdown were strongly enriched among genes that were 

upregulated following hormone deprivation (Fig 2.15B). A similar degree of 

enrichment was seen for genes that were downregulated following KMT2C 

knockdown among genes downregulated following hormone deprivation (Fig. 

2.15C). Together this suggests that loss of KMT2C partially phenocopies loss of   
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Figure 2.14 KMT2C loss does not affect ERα expression levels, phosphorylation or stability. (A) Immunoblot of the 
indicated proteins in shRenilla or shKMT2C MCF7 cells. β-actin was used as a loading control. (B) shRenilla, shKMT2C#1 
or shKMT2C#2 MCF7 cells were treated with HSP90 inhibitor, SNX2112 (500nmol/L), and collected at indicated times. 
Immunoblots of the indicated proteins are shown. β-actin was used as a loading control. 
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Figure 2.15 KMT2C loss suppresses estrogen-dependent gene expression in MCF7 cells. (A) Supervised analysis 
of the 7938 differentially expressed genes between MCF7 shRenilla and MCF7 shKMT2C (shKMT2C#1 and shKMT2C#5 
samples combined). Columns represent individual replicates for shRenilla and shKMT2C samples, rows correspond to the 
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different genes. Color reflects the normalized expression count (number of reads mapping to each gene); scaled by row. 
(B) GSEA showing 4081 genes upregulated in shKMT2C cells are enriched among genes upregulated following 5 day 
estrogen deprivation of shRenilla cells (≥ 3-fold ). Estrogen deprivation entailed culturing the cells in phenol-red free 
DMEM F12 media supplemented with 10% charcoal stripped serum. (C) GSEA showing 3857 genes downregulated in 
shKMT2C cells are enriched among genes downregulated following 5 day estrogen deprivation of shRenilla cells (≥ 3-fold 
). (D) mRNA levels, as measured by qRT-PCR, in MCF7 shRenilla cells in charcoal stripped media or in the presence of 
estradiol (E2). Values correspond to the mean of three replicates ± s.e.m. (E) mRNA levels, as measured by qRT-PCR, in 
MCF7 cells constitutively expressing either shRenilla, shKMT2C#1 or shKMT2C#2. Values correspond to the average of 
three replicates ± s.e.m.; two-tailed Student’s t-test with a desired FDR = 1% was used to determine statistical 
significance; **P < 0.01, ***P <0.001, ****P <0.0001. Data correspond to one representative assay from a total of two or 
three independent assays. (F) Immunoblot of the indicated proteins in shRenilla or shKMT2C MCF7 cells. β-actin was 
used as a loading control. 
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Figure 2.16 shRenilla MCF7 cells significantly reduce estrogen-dependent signaling after 5 days in charcoal-
stripped serum. mRNA levels, as measured by qRT-PCR, in MCF7 cells constitutively expressing shRenilla, cultured in 
phenol-red free DMEMF12 media with 10% charcoal stripped fetal bovine serum (CSS) for indicated times. Values 
correspond to the average of three replicates ± s.e.m. 
  



57 

estrogen. We validated the differential gene expression data using qRT-PCR on 

a panel of ERα target genes whose expression was stimulated with E2 (Fig. 

2.15D). Expression of all of these transcripts was reduced by 40-50% following 

KMT2C knockdown in MCF7 cells (Fig. 2.15E). To further confirm these findings, 

we examined protein expression of progesterone receptor (PR), a well-

established ERα target, and found it to be decreased by approximately 70% 

following KMT2C loss (Fig. 2.15F).  

In support of KMT2C loss affecting ERα target genes, we also verified that 

KMT2C was affecting the same target genes and pathway in other ER+HER2- 

cells.  We performed RNA sequencing of T47D cells following KMT2C 

knockdown and again found genes downregulated by KMT2C loss to be highly 

enriched among ERα target gene sets (Fig. 2.17A-C). We then assessed the 

genes that were affected by KMT2C knockdown in MCF7 for KMT2C 

dependence in Cama-1 and T47D cells. We found that the majority of these 

genes were also downregulated by 10-60% in the absence of KMT2C in these 

other ER+HER2- models (Fig. 2.17D, E).  

 

Kmt2c loss suppresses ERα target gene expression in the mammary gland 

Next, we assayed for expression of ERα target genes in both control and 

Kmt2c knockout mammary glands to determine if KMT2C similarly affected ERα 

target gene expression in vivo. We found reduced expression of multiple known 

ERα target genes in the Kmt2c knockout mice to levels that were approximately 

40-90% below levels seen in control mice (Fig. 2.18A).  In addition, we assayed  
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Figure 2.17 KMT2C loss suppresses estrogen-dependent gene expression in T47D and Cama-1 cells. (A) 
Supervised analysis of the 4349 differentially expressed genes between T47D shRenilla and T47D shKMT2C 
(shKMT2C#1 and shKMT2C#5 samples combined). Columns represent individual replicates for shRenilla and shKMT2C 
samples, rows correspond to the different genes. Color reflects the normalized expression count (number of reads 
mapping to each gene); scaled by row. (B) GSEA of 2137 genes downregulated in T47D shKMT2C vs. shRenilla  as 
compared to ranked genes from the Hallmark Estrogen Response Early Geneset (from the Broad Institute Molecular 
Signature Database) (C) GSEA of 2137 genes downregulated in T47D shKMT2C vs shRenilla as compared to ranked 
genes from the Hallmark Estrogen Response Late Geneset (from the Broad Institute Molecular Signature Database). (D) 
mRNA levels, as measured by qRT-PCR, in T47D cells constitutively expressing either shRenilla, shKMT2C#1 or 
shKMT2C#2. Values correspond to the average of three replicates ± s.e.m.; two-tailed Student’s t-test with a desired FDR 
= 1% was used to determine statistical significance; *P < 0.05, **P < 0.01, ***P <0.001, ****P <0.0001. (E) mRNA levels, 
as measured by qRT-PCR, in Cama-1 cells constitutively expressing either shRenilla, shKMT2C#1 or shKMT2C#2. 
Values correspond to the average of three replicates ± s.e.m.; two-tailed Student’s t-test with a desired FDR = 1% was 
used to determine statistical significance; **P < 0.01, ***P <0.001, ****P <0.0001. Data correspond to one representative 
assay from a total of two or three independent assays. 
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Figure 2.18 Kmt2c loss suppresses ERα target gene expression in the 
mammary gland. (A) mRNA levels, as measured by qRT-PCR, from RNA taken 
from the mammary glands of 12-week old virgin females. Values correspond to 
the mean of three replicates ± s.e.m. (B) Representative slides of PR expression 
in mammary glands from 12-wk old virgin females. 
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for expression of PR by IHC and found significant reductions in PR protein 

expression across the entire mammary gland (Fig. 2.18B). Together, our in vitro 

and in vivo data confirm that KMT2C regulates key aspects of the estrogen 

response program while not globally controlling ERα expression or stability.  

 

KMT2C may more generally regulate other hormone-dependent nuclear 

receptors 

Given the effects of KMT2C loss on ERα signaling, we wanted to assess 

whether KMT2C similarly affects other hormone-driven nuclear receptors. The 

androgen receptor (AR) is another such nuclear receptor that is expressed in 

MCF7 cells. Regulation of AR has been shown to have many parallels to 

regulation of ERα, especially in terms of their dependence on pioneer factors and 

H3K4me(184) We tested the expression of AR target genes in our KMT2C 

knockdown cells and found that the expression of KLK2, TMPRSS2, FKBP5, 

PRLR were reduced by approximately 15-60% in MCF7 cells (Fig. 2.19). This 

suggests that perhaps KMT2C can regulate the expression downstream of other 

nuclear receptors in breast cancer cells and beyond, which has been suggested 

by other groups in the context of LXR, GR, FXR and PPARϒ (54, 83, 84, 100, 

103, 179).  

 

KMT2C does not regulate candidate HOX gene expression in MCF7 cells 
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Figure 2.19 KMT2C loss moderately suppresses select AR target genes expressed in breast cancer cells. mRNA 
levels, as measured by qRT-PCR, in MCF7 cells constitutively expressing either shRenilla, shKMT2C#1 or shKMT2C#2. 
Values correspond to the average of three replicates ± s.e.m. 
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Previous studies have suggested that KMT2C can regulate the expression of 

certain HOX genes through ERα and other nuclear receptors(84, 103). 

Therefore, we wanted to specifically assess if candidate HOX gene expression 

was affected in our KMT2C knockdown cells. In particular, HOXA4, HOXB7, 

HOXB8 and HOXC10 have previously been implicated to be regulated by 

KMT2C(84, 102, 103) and are also expressed in MCF7 cells. Upon measuring 

their gene expression levels, we found no significant change in our shKMT2C 

cells as compared to our shRenilla cells (Fig. 2.20). This suggests that in the 

context of ER+HER2- breast cancer, KMT2C may not be a regulator of HOX 

gene expression and may more specifically be a regulator of hormone-driven 

gene expression such as that downstream of AR or ERα.  

 

KMT2 family members do not regulate the same genes as KMT2C 

Given the close homology of KMT2C with the other KMT2 family members 

and given that all KMT2 family members inhibited MCF7 proliferation to varying 

degrees, we next asked if the ability of KTM2C to regulate candidate ERα target 

gene expression was shared among the other KMT2 family members. Upon 

testing our panel of E2-stimulated target genes in shKMT2A, shKMT2B and 

shKMT2D cell lines, we found that KMT2A loss downregulated the expression of 

many KMT2C target genes with very modest effects on AGR3, CD44 and 

IGFBP4; however, it also upregulated the expression of SERPINA1, KRT13 and 

GDNF. The effects of KMT2B loss were the least similar to that of KMT2C. Loss 

of KMT2B resulted in upregulation of the majority of KMT2C target genes, with   
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Figure 2.20 KMT2C loss does not affect candidate HOX gene expression. mRNA levels, as measured by qRT-PCR, 
in MCF7 cells constitutively expressing either shRenilla, shKMT2C#1 or shKMT2C#2. Values correspond to the average 
of three replicates ± s.e.m. 
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only modest reductions in CA2, CD44 and CXCL12. Strikingly, the effects of 

KMT2D loss were the most similar to that of KMT2C loss resulting in significant 

downregulation of most of the same target genes with over 70% reduction in 

AGR3, CA2, IGFBP4 and PEG10. However, KMT2D also upregulated GDNF and 

CD44 but only by 10-20% (Fig. 2.21). This similarity in gene expression 

regulation by KMT2C and KMT2D is especially intriguing as KMT2D is thought to 

have certain functional redundancies with KTM2C (83).  

 

KMT2C loss suppresses ERα function at enhancer sites 

It has been speculated that H3K4me may help demarcate regions for ERα 

binding and activity (166). Given the known enzymatic activity of KMT2C in 

generating H3K4me(96), we hypothesized that KMT2C may regulate ERα activity 

by placing these marks at ERα binding sites. This would provide a mechanistic 

explanation for how KMT2C is able to effect ERα-dependent gene expression 

without directly effecting ERα expression or stability. We found no change in total 

H3K4me1 and H3K4me3 levels following KMT2C loss, implying that KMT2C is 

not the sole methyltransferase responsible for these marks in MCF7 cells (Fig. 

2.22A). We next examined the pattern of genome-wide H3K4me1 and H3K4me3 

following KMT2C loss using ChIP-sequencing. Whereas KMT2C loss showed no 

meaningful effect upon H3K4me3 across the genome, it appeared to selectively 

alter H3K4me1 at 869 affected loci, or 1% of the total 84,484 sites of H3K4me1 

occupancy in control cells (Fig. 2.22B). This is in accordance with KMT2C being 

predominantly an H3K4 monomethyltransferase.   
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Figure 2.21 KMT2 family members have differential effects on KMT2C-regulated target genes. mRNA levels, as 
measured by qRT-PCR, in MCF7 cells constitutively expressing either shRenilla, shKMT2A, shKMT2B, shKMT2C or 
shKMT2D. Values correspond to the average of three replicates ± s.e.m. 
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To analyze the functional significance of H3K4me1 loss, we integrated the 

H3K4me1 ChIP-sequencing data with the RNA sequencing data.  We found a 

strong enrichment for sites with H3K4me1 loss among sites whose nearby genes 

showed diminished expression following KMT2C knockdown (Fig. 2.22C). These 

genes have previously been shown to be predominantly ERα target genes. 

Together this suggests that H3K4me1 is predominantly decreased at enhancers 

of ERα target genes (Fig. 2.15). To confirm these effects, we examined 

H3K4me1 at known ERα enhancer sites and found decreases in H3K4me1 from 

15% at the PGR enhancer to 80% at the CA2 enhancer with both ChIP-

sequencing as well as ChIP-PCR (Fig. 2.22D, E).  

We then went on to confirm that these sites of decreased H3K4me1 

occupancy were direct targets of KMT2C by comparing our H3K4me1 ChIP-

sequencing data to recently published KMT2C ChIP sequencing data (107). We 

found that sites with decreased H3K4me1 occupancy directly overlapped with 

KMT2C binding sites (Fig. 2.22D), suggesting that they were all indeed direct 

KMT2C targets. Given the prior data that ERα regulates gene expression through 

its actions at promoter and enhancer sites, our integrated H3K4 methylation and 

RNA sequencing data points to KMT2C selectively altering ERα-dependent gene 

expression via its effects upon ERα enhancer sites. 

 

Sites of H3K4me1 loss in KMT2C knockdown cells are additionally characterized 

by loss of H3K27ac 
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Figure 2.22 KMT2C loss results in reduced H3K4me1 occupancy at ERα target gene enhancers. (A) Immunoblot of 
the indicated proteins in shRenilla or shKMT2C MCF7 cells. β-actin was used as a loading control.  (B) Normalized 
heatmaps for H3K4me1 occupancy in shRenilla, shKMT2C#1 and shKMT2C#2 cells among the 869 differential sites. 
Heatmaps are centered at the peak summit. (C) GSEA of 3857 genes significantly downregulated in MCF7 shKMT2C 
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cells (p-val < 0.05) as compared to ranked genes with a ≥ 25% reduction in H3K4me1 marks at enhancers in shKMT2C 
MCF7 cells.  (D) IGV browser views for H3K4me1 in shRenilla, shKMT2C#1 and shKMT2C#2 MCF7 cells, KMT2C in 
MCF7 cells(107), and ERα in shRenilla, shKMT2C#1 and shKMT2C#2 MCF7 cells at three representative loci. The y-axis 
corresponds to the ChIP-seq signal intensity. Outlined in orange are sites of H3K4me1 loss. (E) qChIP analysis for 
H3K4me1 occupancy loss in enhancer regions of specified ERα target genes after KMT2C knockdown in MCF7 cells. IgG 
was used as a negative control. Values correspond to mean percentage of input enrichment ± s.e.m. of triplicate qPCR 
reactions of a single replicate. Two-tailed Student’s t-test with a desired FDR = 1% was used to determine statistical 
significance; **P < 0.01, ***P <0.001, ****P <0.0001. Data correspond to one representative assay from a total of two or 
three independent assays. 
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As the H3K4me1 mark is known to demarcate both regions of active transcription 

and regions  ‘poised’ for transcription, histone H3K27 acetylation (H3K27ac) can 

be used to more accurately delineate sites that are actively engaged in 

transcription (185). To ensure that KMT2C was regulating active enhancers, we 

assayed for H3K27ac at the AGR3, CA2, and PGR enhancer sites where we saw 

loss of H3K4me1 following KMT2C knockdown. We found significant reduction of 

H3K27ac at these sites (Fig. 2.23A). We went on to perform H3K27ac ChIP-

sequencing on KMT2C knockdown MCF7 cells and found that H3K27ac was 

coordinately reduced across sites of H3K4me1 loss (Fig. 2.23B, C). These sites 

marked by loss of both H3K4me1 and H3K27ac subsequently correlated with 

reduced gene expression of their surrounding genes (Fig. 2.23D). Together, this 

establishes a model where KMT2C specifically functions at ERα enhancer 

regions that are actively engaged in transcription. 

 

KMT2C loss results in decreased RNA Polymerase II occupancy at the PGR 

promoter 

After having established that KMT2C loss results in inactivation of ERα 

enhancers, we wanted to see if there was any direct result on the promoters of 

the genes whose enhancer regions were affected. We assayed for PolII 

occupancy as a surrogate for promoter activity at the PGR promoter and found 

reduced PolII occupancy KMT2C knockdown cells (Fig. 2.24). This supports a 

hypothesis where loss of H3K4me1 and H3K27ac at PGR enhancer regions can 

directly affect the activity at the PGR promoter.   



71 

 
 



72 

Figure 2.23 Sites of H3K4me1 loss in KMT2C knockdown cells are additionally characterized by loss of H3K27ac. 
(A) qChIP analysis for H3K27ac occupancy loss in enhancer regions of specified ERα target genes after KMT2C 
knockdown in MCF7 cells. IgG was used as a negative control. Values correspond to mean percentage of input 
enrichment ± s.e.m. of triplicate qPCR reactions of a single replicate. Two-tailed Student’s t-test with a desired FDR = 1% 
was used to determine statistical significance; **P < 0.01, ***P <0.001, ****P <0.0001. Data correspond to one 
representative assay from a total of two or three independent assays. (B) The average binding of H3K27ac in shRenilla 
and shKMT2C MCF7 cells at sites of H3K4me1 loss at a region centered at the peaks and showing ±1kB. shKMT2C#1 
and shKMT2C#2 H3K27ac peaks were averaged to generate the shKMT2C profile. (C) Normalized heatmaps for 
H3K27ac occupancy at sites of H3K4me1 loss in shRenilla, shKMT2C#1 and shKMT2C#2 cells among 501 sites. 
Heatmaps are centered at the H3K27ac peak summit. (D) GSEA of 3857 genes significantly downregulated in MCF7 
shKMT2C cells (p-val < 0.05) as compared to ranked genes with a ≥ 25% reduction in H3K27ac marks at enhancers in 
shKMT2C MCF7 cells. (E) GSEA of 3857 genes significantly downregulated in MCF7 shKMT2C cells (p-val < 0.05) as 
compared to ranked genes with a ≥ 25% reduction in both H3K27ac and H3K4me1 marks at enhancers in shKMT2C 
MCF7 cells.  
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Figure 2.24 KMT2C loss results in decreased RNA Polymerase II occupancy at the PGR promoter. qChIP analysis 
for RNA PolII occupancy loss in promoter regions of PGR after KMT2C knockdown in MCF7 cells. IgG was used as a 
negative control. Values correspond to mean percentage of input enrichment ± s.e.m. of triplicate qPCR reactions of a 
single replicate. 
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KMT2C loss does not alter ERα DNA binding 

H3K4me1 may facilitate enhancer function by promoting binding of any of a 

number of components necessary for site-specific transcription. It has been 

speculated that DNA-binding of ERα itself may require H3K4 methylation and 

pioneer factor binding (166, 167, 186). Therefore, we wanted to test the 

hypothesis that loss of H3K4me would results in loss of ERα binding to DNA 

explaining the decrease in ERα transcriptional activity. We examined ERα ChIP-

sequencing in KMT2C knockdown cells. Unlike the case with H3K27ac, we did 

not observe major loss of ERα binding at sites accompanied by changes in gene 

expression (Fig. 2.25A). Not surprisingly, we did find a handful of sites with 

decreased ERα binding (Fig 2.23D, left) and concomitant decreases in proximal 

gene expression (Fig. 2.25B). However, the 12 genes accounted for by loss of 

ERα binding were only 0.3% of the total gene expression changes observed. 

Moreover, we observed no change in levels of ERα at >75% of ERα binding sites 

proximal to sites where we found loss of H3K4me1 in the KMT2C knockdown 

cells (Fig. S2.25A, Fig 2.23D middle, right).  

 

KMT2C loss may prevent recruitment of ERα coactivators 

The data thus far points to KMT2C regulating ERα enhancer function 

perhaps via its facilitation of essential ERα coactivators, but not via recruitment of 

ERα itself. In order to nominate potential coactivators involved in mediating the 

effects of KMT2C upon ERα, we first performed de novo motif analysis on a 1kB 

radius around sites where H3K4me1 had decreased in shKMT2C cells. We found   
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Figure 2.25 KMT2C loss does not alter ERα DNA binding. (A) ERα ChIP Sequencing was performed on MCF7 cells 
cultured in full serum. Normalized heatmaps for ERα occupancy at sites with decreased H3K4me1 in shKMT2C#1 cells as 
compared to shRenilla cells. Heatmaps are centered at the peak summit. (B) GSEA of 3857 genes significantly 
downregulated in MCF7 shKMT2C cells (p-val < 0.05) as compared to ranked genes with a ≥ 25% reduction in ERα 
marks at enhancers in shKMT2C MCF7 cells. 
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Figure 2.26 Sites of H3K4me1 loss are enriched for ERα coactivator motifs. Motif analysis, using HOMER, of a 1kB 
radius around the 869 loci where H3K4me1 enrichment was reduced in shKMT2C#1 and shKMT2C#2 MCF7 cells.  
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that these regions were significantly enriched for the well-known ERα pioneer 

factor, FOXA1(166) as well as the ERα coactivator, AP-1(187)  (Fig. 2.26). While 

a number of motifs were considered to be significant in this analysis, it is notable 

that these two known factors necessary for ERα activity.  

To further screen for potential intermediaries between KMT2C and ERα 

activity, we looked for changes in the ERα interactome following KMT2C loss. 

Given the large number of potential interactions, we sought to restrict this search 

to interactions occurring on DNA. To this end, we employed Rapid 

Immunoprecipitation Mass Spectrometry of Endogenous Proteins (RIME)(109, 

188) with shKMT2C#2 MCF7 cells cultured in heavy SILAC (stable isotope 

labeling with amino acids in cell culture) media and shRenilla MCF7 cells 

cultured in light SILAC media. We compared our list of peptides differentially 

bound to ERα with previously published ERα binding partners(108). These data 

revealed only modest changes with most interactions. However, they did reveal 

reduced binding of ERα to MCM4, FOXA1, and TRPS1 in shKMT2C cells (Table 

2.2). These data begin to establish a model where ERα coactivators mediate the 

functional interaction between KMT2C and ERα at enhancer sites. Furthermore, 

the motif and interactome analyses both point to a possible role for regulation of 

FOXA1, a well-established pioneer factor essential for ERα activity. 

 

Conclusions 
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Table 2.2 Differential ERα binding partners in the absence of KMT2C 

 
* H/L refers to the ratio of peptides found in the heavy (shKMT2C) vs the light 

(shRenilla) labeled lysates. List was restricted to previously established ERα binding 

partners(108) with a H/L ratio of 0.666. Assay done in triplicate 

  

Protein Name H/L Ratio p-value 
MCM4 0.51522 0 
FOXA1 0.57893 0 
TRPS1 0.62315 0 
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Here, we uncovered that the H3K4 methyltransferase KMT2C is a critical 

regulator of hormone-dependent ERα activity (Fig. 2.27). Although it is unlikely 

that KMT2C will prove to be the only histone modifier that regulates ERα  

function, the findings in this report suggest it to be a key regulator of the estrogen 

responsive phenotypes such as proliferation and mammary gland development.  

We first suspected that KMT2C may have a role in estrogen dependence 

from its frequent mutation in primary breast cancer. As most mutations appear to 

be loss of function mutations, we modeled KMT2C loss in breast cancer cell lines 

that were representative of the variety of breast cancer subtypes. Given that the 

KMT2C mutation spectrum strongly suggests KMT2C to be a tumor suppressor, 

we were initially surprised to find that KMT2C loss led to a selective proliferative 

defect in ER+ driven breast cancers while having no effect on the proliferation of 

other models tested. As previous studies have reported interactions between 

H3K4me and nuclear receptor activation (82-84, 91, 96, 99, 100, 102, 103, 105, 

179, 189), we hypothesized that KMT2C might be serving as a regulator of ERα 

activity. Moreover, we find that while KMT2C seems to selectively effect the 

proliferation of ER+HER2- cells, other members of the KMT2 family differentially 

effect the proliferation across multiple breast cancer subtypes. This suggests that 

the other members of the KMT2 family may have effects on proliferation that are 

not restricted to effects on the ERα signaling pathway. 

To examine the mechanisms of KMT2C-mediated regulation of ER+ 

breast cancer proliferation, we analyzed the effect of its loss upon established 

gene expression signatures of ligand-activated ERα. We found that KMT2C loss 
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downregulated estrogen responsive gene expression. Additionally, mammary-

specific inactivation of Kmt2c resulted in diminished side branching during 

mammary development. Interestingly, while MMTV-driven deletion of Kmt2c 

dramatically affected secondary epithelial duct branching, WAP-driven deletion of 

Kmt2c did not seem to have any effects on pregnancy-related mammary 

development. Upon comparing these phenotypes to MMTV- and WAP-driven 

deletion of Esr1 we find that MMTV-mediated deletion of Esr1 results in 

diminished secondary epithelial duct branching, much like what is seen after loss 

of Kmt2c. However, WAPcre mediated deletion of Esr1 resulted in dilated 

alveolar cells, and pups that were born from WAPcre+Esr1F/F mothers had 

significantly reduced weight. The phenotypes we see from our mammary-specific 

Kmt2c deletion models suggest that Kmt2c might affect Esr1-regulated pubertal 

mammary development but not Esr1-regulated pregnancy-related mammary 

development. The idea that KMT2C may only regulate a subset of ERα-driven 

phenotypes is in accordance with the gene expression data where we see that 

loss of KMT2C downregulates a specific subset of ERα-target genes. It will now 

be imperative to determine when KMT2C is expressed along different stages of 

mammary development to see if that correlates with the stages where is seems 

to affect development.  

As we were interested in finding the mechanism for KTM2C regulation of 

ERα activity, we noted that early analyses of KMT2C biochemical activities and 

KMT2C knockout cells pointed to an essential role for this protein in generating 

the H3K4me1 mark associated more frequently with enhancer sites(96) In 
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accordance, we found H3K4me1, but not H3K4me3, to be lost specifically at ERα 

enhancer sites in KMT2C knockdown cells. Moreover, ChIP-sequencing of 

H3K27ac demonstrated that H3K4me1 loss coincided with sites of H3K27ac loss, 

implying that the sites affected by KMT2C loss were actually sites of active ERα 

driven transcription. For PGR, we were specifically able to connect the modest 

loss of H3K4me1 at the PGR enhancer with significant loss of PolII binding at the 

promoter. These data begin to specify the mechanism of KMT2C regulation of 

ERα function – through enabling transcriptional activity at ERα enhancer sites. 

These data are significant in the context of better delineating regulation of ERα 

activity especially because it is known that approximately 96% of ERα binding 

sites are at enhancer regions of the genome(187). However, much of the 

analyses on regulation of ERα activity have been limited to better understanding 

its role at gene promoters. Here we present KMT2C as the first known enhancer-

specific regulator of ERα activity.  

To understand more specifically how H3K4me1 might influence ERα 

activity, we conducted ERα ChIP-sequencing and surprisingly found no 

significant loss of ERα binding despite loss of proximal ERα target gene 

expression. We then noted that the regions encompassing sites of H3K4me1 

loss were enriched for motifs that predicted for ERα binding partners, such as 

FOXA1 and AP-1. In addition, we observed that KMT2C loss led to decreases in 

ERα interactions with multiple known binding factors including MCM4, FOXA1 

and TRPS1. Finally, as an independent proof of potential interactions of KMT2C 

and FOXA1, Jozwik et al recently uncovered a direct interaction between KMT2C 
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and FOXA1(107). How FOXA1, AP-1, and other specific factors ultimately 

coordinate KMT2C-dependent ERα activity will be an area for further 

investigation. 
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CHAPTER 3: 
KMT2C LOSS IS A 

MEANS FOR BREAST 
CANCER CELLS TO 
ESCAPE HORMONE 

DEPENDENCE 
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Introduction 

 KMT2C is an H3K4 histone methyltransferase that is among the most 

frequently mutated genes in breast cancer. The KMT2C mutation spectrum 

strongly suggests that it is a tumor suppressor as there is an abundance of 

truncation and missense mutations that span along the length of the protein. 

Aside, from breast cancer, KMT2C is also very frequently mutated in melanoma, 

uterine carcinoma, bladder cancer, lung adenocarcinoma and others(89). Across 

these cancer types, KMT2C loss of function is repeatedly selected for whether it 

is through deletion of chromosome 7, as in the case of acute myeloid leukemia, 

or through truncation mutations, as in bladder and breast cancer.  

 Despite its frequent mutation in breast cancer, we do not understand the 

selective advantage of KMT2C loss. In other cancer types including acute 

myeloid leukemia and bladder cancer, it has been suggested that loss of KMT2C 

may promote a more stem-like gene expression profile(81) or that KMT2C may 

act as a coactivator of p53(82). In breast cancer stem cells, KMT2C loss has 

been suggested to promote a more stem-like phenotype through activation of the 

HIF signaling pathway(110). However, in the context of breast cancer epithelial 

cells, our previous studies have indicated that KMT2C serves as a key regulator 

of ERα transcriptional activity, suggesting that its frequent mutation is 

paradoxical. Here, we show that KMT2C loss allows for hormone-independent 

proliferation of the ER+HER2- MCF7 breast cancer cell line. KMT2C deficient 

MCF7 cells that are hormone-independent retain their dependence on 

unliganded ERα as ERα acquires approximately 10,000 novel binding sites. In 
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accordance, KMT2C mutation frequency increases selectively in breast cancer 

patients with ER+ hormone refractory disease.  

 

Results 

KMT2C mutation and gene expression signatures of KMT2C loss predict for poor 

survival outcomes 

Our data on KMT2C loss in ER+ breast cancer cell lines suggest that it 

functions as a coactivator of ERα signaling. Given the integral role of ERα 

signaling in ER+ breast cancer, the described roles of KMT2C would suggest it to 

have oncogenic functions instead of tumor suppressive roles. However, this 

contradicts the presence of numerous truncating mutations that span along the 

length of the KMT2C gene. Therefore, we wanted to confirm if the presence of 

KMT2C mutation correlated with patient prognosis, which might imply that these 

mutations were contributing to a more or less aggressive tumor. To this end, we 

looked at disease-free survival and overall survival in patients with KMT2C 

mutations from the TCGA database. We found that mutation in KMT2C was 

associated with significantly worse disease-free survival and even more 

significantly associated with worse overall survival (Fig. 3.1A, B).   

Given that KMT2C mutations include missense mutations, which may not 

always result in loss of KMT2C activity, and given that there are other 

mechanisms for loss of KMT2C function including reducing KMT2C expression, 

we wanted to more carefully assess the effects of KMT2C loss on patient 

prognosis. Therefore, we derived a gene expression signature from our MCF7   
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Figure 3.1 KMT2C mutation and gene expression signature is correlated 
with poorer outcomes. (A,B). Overall survival and disease-free survival curves 
were generated through cBioPortal webtool using the TCGA(180) breast cancer 
cohort (n= 818) (C) Molecular stratification of Luminal A and Luminal B patients 
in the METABRIC cohort using gene expression signatures derived from KMT2C 
knockdown experiments.  Results are shown for an experimentally derived gene 
signatures of genes downregulated in shKMT2C vs. shRenilla. Kaplan-Meier 
curve shows overall survival for patients with high signature scores (1st quartile, 
purple), low signature scores (4th quartile, yellow) and intermediate signature 
scores (2nd and 3rd quartiles, gray).  Heat maps show normalized gene 
expression for the genes included in each signature across the 1209 patients, 
ranked from left to right in increasing order of signature score. Luminal A or B 
PAM50 subtyping indicated by light or dark blue lines. Columns represent 
individual patients and rows represent probes. Three-class comparison log-rank 
p-value for survival curve= 0.0277. Two-class comparison log-rank p-value 
between high and low scoring patients= 0.0093. 



87 

KMT2C knockdown cells. We then compared this derived gene expression 

signature to derived KMT2C loss gene expression signatures of 1209 Luminal A 

and Luminal B breast cancer patients from the METABRIC database.  We were 

able to separate the patients into three groups (high, mid, low) based on the 

similarity of their gene expression data to the derived gene expression signatures 

(Fig 3.1C, top panel). Those with a high score had a gene expression profile 

most similar to that of KMT2C knockdown while those with a low score had a 

gene expression profile least similar to that of KMT2C. Intriguingly, despite the 

fact that this gene expression signature was derived from slower growing 

shKMT2C MCF7 cells, we found that patients with a gene expression signature 

similar to that of KMT2C loss has worse overall survival than patients with a gene 

expression signature less similar to that of KMT2C loss (Fig. 3.1C, bottom panel). 

Consistent with these outcomes, we found that patients with high scores were 

more likely to be Luminal B in subtype than Luminal A (Fig. 3.1C, top panel). 

Together with the KMT2C mutation spectrum, this strongly suggests that KMT2C 

is a tumor suppressor whose loss contributes to more aggressive tumors.  

 

KMT2C loss does not result in increased transformation of MCF10A cells  

Given that KMT2C loss in patients correlates with poorer survival, we 

wanted to determine the contribution that KMT2C loss was having on tumor 

aggressiveness. Having already established that loss of KMT2C does not result 

in increased proliferation across multiple breast cancer cell lines, we set out to 

assay for others aspects of cancer progression. One such aspect is 
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transformation of normal mammary epithelial cells, which we tested by 

performing a colony formation assay using MCF10A cells.  MCF10A in an 

immortalized mammary epithelial cell line used to model normal breast tissue. 

Previous studies have shown that overexpression of a NEU transgene in these 

cells result in a more spindle-like morphology and increased colony formation in 

matrigel(190). Therefore, we used overexpression of the NEU transgene as a 

positive control and tested if CAS9nickase mediated loss of KMT2C would result 

in a similar phenotype. Upon performing a 10-day colony formation assay on 

matrigel we found that our NEU- expressing controls cells quickly formed large 

colonies and morphed into more spindle-shaped cells. In contrast the KMT2C 

knockout cells lines looked very similar to both parental MCF10A and crispr 

control MCF10A cells (Fig. 3.2). This suggested that loss of KMT2C alone is not 

enough to transform these cells. 

 

KMT2C does not increase metastatic potential of breast cancer cell lines 

In addition to transformation, we also tested whether loss of KMT2C could 

promote metastases. We rationalized that certain pro-metastatic factors, such as 

TGFβ, are known to suppress proliferation but also promote metastasis(191). 

Given that loss of KMT2C does suppress the proliferation of ER+HER2- breast 

cancer cells, we tested whether the selective advantage for its mutation stems 

from its ability to promote metastasis. We injected luciferase-expressing 

shRenilla and shKMT2C MCF7 cells into the tail vein of nude female mice and   
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Figure 3.2 KMT2C loss does not result in increased colony formation in MCF10A cells. Indicated MCF10A cells 
were cultured on matrigel for up to 10 days. CMV-NEU was used as a positive control for MCF10A transformation. 
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monitored for colonization of cells by weekly bioluminescence imaging. Our 

results show modest colonization of both shRenilla and shKTM2C cells with no 

significant increases in metastatic potential mediated by KMT2C loss (Table 3.1).    

 

KMT2C loss promotes hormone independent ER+ breast cancer cell proliferation 

Given the role of KMT2C in estrogen-driven growth, we wanted to 

determine how loss of KMT2C affected ER+ cell response to estrogen 

deprivation. MCF7 cells are known to arrest their growth in the absence of 

estrogen mimicking clinical responses to estrogen deprivation therapies including 

ovariectomies and aromatase inhibition. However, after 3-4 months MCF7 cells 

are known to be able to outgrow these hormone-deprived conditions (192, 193). 

To assess the role of KMT2C in this context, we cultured KMT2C deficient cells 

in hormone-deprived media and observed that KMT2C deficient MCF7 cells 

displayed a much more rapid time to growth with cells emerging in as little as two 

weeks (Fig. 3.3). As expected, shRenilla cells continued to be growth arrested for 

10-12 weeks beyond the time KMT2C knockdown cells grew.  

After establishing hormone resistance in vitro, we wanted to test the 

response of KMT2C deprived cells to hormone deprivation in vivo. To this end, 

we implanted both control and KMT2C knockdown cells into the mammary fat 

pads of nude mice that had been implanted with estrogen pellets. Once the 

tumors reached approximately 100mm3 in size, we removed the estrogen pellets 

and continued to measure tumor size. We found that both control and KMT2C  
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Table 3.1 KMT2C loss does not enhance metastases  

  

MCF7 xenograft model Mice with mets/ 
total mice 

Fluorescence  (p/sec/cm3/sr) 

shRenilla no E2 pellet 1/15 73400 
shKMT2C no E2 pellet 1/15 14200, 13000, 84300 
shRenilla with E2 pellet 3/15 74400 
shKTM2C with E2 pellet 1/15 41500 
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Figure 3.3 KMT2C loss results in rapid outgrowth of ER+ breast cancer cells in hormone deprived media. MCF7 
cells stably expressing shRenilla or shKMT2C were assayed for proliferation in phenol-red free DMEMF12 with 10% 
charcoal stripped serum (CSS) medium using the alamarBlue cell viability assay. Values correspond to the mean of six 
experimental replicates ± s.e.m. Data correspond to one representative assay from a total of two independent assays. 
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knockdown cells did eventually grow out under hormone-deprived conditions but 

KMT2C knockdown cells did so at a faster rate than control cells, reaching 

500mm3 approximately four weeks before control cells (Fig. 3.4).  

 

KMT2C mutation frequency goes up in hormone resistant patients 

We next wanted to assess whether our finding that KMT2C loss promotes 

rapid hormone-independent outgrowth was supported by clinical data. We 

hypothesized that perhaps KMT2C mutation frequency would increase among 

hormone-refractory patients if the ability to promote hormone-independent 

proliferation were indeed a selective advantage of its mutation. We specifically 

analyzed sequencing data from patients with metastatic, hormone-refractory ER+ 

breast cancer and found that in this patient population, KMT2C mutation 

frequency was approximately 33% (Fig. 3.5). This was a dramatic increase from 

the ~7% mutation frequency seen in primary, untreated breast cancer. In both 

cases, mutations appear to be associated with loss of function and occur 5’ to the 

SET domain (as shown in Fig. 2.1C). This suggested that even in the clinical 

setting, KMT2C mutation may promote hormone resistance.  

 

Knockdown of KMT2C in other ER+ cell lines has differential effects on hormone-

deprived proliferation 

We then wanted to assess the effects of KMT2C loss in other ER+ cells 

lines to determine if its ability to promote hormone-independent growth was 

universal across multiple breast cancer cell lines. We found that the other ER+  
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Figure 3.4 KMT2C loss results in outgrowth of ER+ breast cancer cells in xenograft models of estrogen 
deprivation. Mice bearing tumors derived from MCF7 cells with shRenilla or shKMT2C short hairpins had their E2 pellets 
removed when the tumors reached an approximate volume of 100 mm3. Values correspond to the average of 10 mice per 
group ± s.e.m. 
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Figure 3.5 KMT2C mutation frequency goes up in hormone resistant patients. Percentage of cases with gene 
mutations detected in patient samples (MSKCC(119)) were compared to those of TCGA(180). 
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cells lines were largely insensitive to hormone-deprivation making them 

unsuitable for studying the effects of long-term estrogen deprivation. In fact, we 

found that Cama-1 was the only ER+ cell line that remained sensitive to 

hormone-deprivation and in this cell line, we see cell death in the presence of 

hormone-deprivation following ~12 days in charcoal stripped serum (Fig. 3.6). 

Also, these cells in normal media are the most sensitive to KMT2C loss (as 

shown in Fig. 2.5) suggesting that they might not be able to overcome the 

detrimental effects of KMT2C loss on their proliferation to allow for growth in 

hormone-deprived media.  

 

Knockdown of KMT2A, B and D does not result in outgrowth in hormone-

deprived media  

Given that KMTA, B and D are also mutated in breast cancer and knockdown of 

these proteins in MCF7 cells had similar effects on proliferation as did knocking 

down KMT2C, we wanted to assess whether loss of the other KMT2 family 

members would also promote hormone-independent outgrowth. We cultured 

cells deficient in KMT2A, B, C and D along with control cells and found that loss 

of KMT2C was the only one that promoted rapid outgrowth in hormone-deprived 

media (Fig. 3.7). Consistent with this, we do not see increased mutation 

frequency of the other members of the KMT2 family in our hormone-refractory 

patients (data not shown).  
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Figure 3.6 Knockdown of KMT2C in other ER+ cell lines has differential effects on hormone-deprived 
proliferation. Indicated cells stably expressing shRenilla or shKMT2C were assayed for proliferation in phenol-red free 
DMEMF12 with 10% charcoal stripped serum (CSS) medium using the alamarBlue cell viability assay. Values correspond 
to the mean of six experimental replicates ± s.e.m. Data correspond to one representative assay from a total of two 
independent assays. 
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Figure 3.7 KMT2C knockdown but not that of its family members results in 
rapid outgrowth in hormone deprived media. MCF7 cells stably expressing 
shRenilla, shKMT2A, shKMT2B, shKMT2C or shKMT2D were assayed for 
proliferation in phenol-red free DMEMF12 with 10% charcoal stripped serum 
(CSS) medium using the alamarBlue cell viability assay. Values correspond to 
the mean of six experimental replicates ± s.e.m. Data correspond to one 
representative assay from a total of two independent assays. 
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shKTM2C-R cells maintain KMT2C expression levels and an H3K4me1 

occupancy signature consistent with maintained KMT2C knockdown 

To investigate the basis of hormone-independent growth in the context of 

KMT2C knockdown, we established a hormone-independent MCF7 shKMT2C#2 

cell line referred to as shKMT2C-R. Next generation DNA sequencing using the 

MSKCC-IMPACT platform revealed no obvious acquired mutations compared to 

parental cells that could explain the rapid outgrowth in hormone-deprived media 

(Table 3.2).  

We assayed for KMT2C mRNA levels and found that KMT2C remained 

knocked down whether the cells were cultured in full serum or hormone-deprived 

charcoal stripped serum (Fig. 3.8A, B). Additionally, we also performed 

H3K4me1 ChIP-sequencing in these cells and found that the original 869 sites 

with reduced H3K4me1 continued to have reduced levels of H3K4me1 (Fig. 

3.8C, D). These data suggested to us that the development of hormone-

independent growth was not through replacement of KMT2C activity upon  

ERα enhancers by upregulating a different H3K4 methyltransferase or 

suppressing the demethylase. 

 

 
Gene expression signatures of shKMT2C-R cells correlate with poorer prognosis 
 

Next we wanted to do a similar assessment on the shKMT2C-R gene 

expression profile and determine if it also correlated with patient prognosis as did 

the gene expression profile of shKMT2C cells cultured in normal media. Again,   
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Table 3.2 Mutations in shKMT2C-R cells 
Gene Protein Change Allele Freq. 

shKMT2C#2 
parental 

Allele Freq. 
shKMT2C#2-R 

COSMIC 

ABL1 P900L 0.06 not present  

BRD4 P956Tfs*137 0.15 not present  

PIK3C2G Q404E 0.16 not present  

RPTOR R330Q not present 0.19 2 

KEAP1 H451Y not present 0.05  

PIK3CA E545K 0.30 0.23 1431 

GATA3 D335Gfs*17 0.46 0.50 1 

ATRX D2136V 0.07 0.07 2 

ERBB4 Y1242C 0.22 0.24 2 

PTPRD G61E 0.33 0.29 2 

FGF3 R120W 0.22 0.24 1 

IRS1 R327C 0.32 0.33 1 

MAP3K13 D380N 0.23 0.24 1 

CHEK2 R145L 0.18 0.23  

HIST1H1C A24T 0.45 0.47  

NBN P325H 0.09 0.10  

NBN R43* 0.68 0.67  

PHOX2B Y83C 0.41 0.13  

SF3B1 E870K 0.24 0.21  

SPOP S330L 0.19 0.22  

TBX3 P602S 0.21 0.18  

ZFHX3 Q1740_Q1741del 0.25 0.24  
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Figure 3.8 shKMT2C-R cells maintain reduced KMT2C expression and an H3K4me1 occupancy signature of 
KMT2C knockdown. (A) mRNA levels of KMT2C, as measured by qRT-PCR, in shRenilla, shKMT2C#1, shKMT2C#2 
and shKMT2C-R MCF7 cells. Values correspond to the average of three replicates ± s.e.m. shRenilla, shKMT2C#1 and 
shKMT2C#2 were cultured in charcoal stripped serum for 48 hours prior to collection. shKMT2C-R cells were maintained 
and collected in charcoal stripped serum. (B) mRNA levels of KMT2C, as measured by qRT-PCR, in shRenilla, 
shKMT2C#1, shKMT2C#2 and shKMT2C-R MCF7 cells. Values correspond to the average of three replicates ± s.e.m. 
shKMT2C-R was cultured in full serum for 48 hours prior to collection. shRenilla, shKMT2C#1 and shKMT2C#2 cells were 
maintained and collected in full serum. (C) Normalized heatmaps for H3K4me1 occupancy in shRenilla, shKMT2C#1, 
shKMT2C#2 and shKMT2C-R MCF7 cells among 869 differential sites where H3K4me1 was reduced in shKMT2C#1, 
shKMT2C#2 as compared to shRenilla (same sites as depicted in Figure 4). Heatmaps are centered at the peak summit. 
(D) The average binding of H3K4me1 in shRenilla, shKMT2C#1, shKMT2C#2 and shKMT2C-R MCF7 cells at 869 sites of 
H3K4me1 loss at a region centered at the peaks and showing ±1kB. (E) Motif analysis, using HOMER, at the 1,749 
H3K4me1 loci in shKMT2C-R (maintained in charcoal stripped serum) as compared to shKMT2C#2 MCF7 cells 
(maintained in full serum). 
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upon comparing Luminal A and B breast cancer patient derived gene expression 

signatures to shKMT2C-R derived gene expression signatures, we found that 

patients that were more similar to shKMT2C-R had worse overall survival (Fig. 

3.9). Additionally, patients that were more similar to shKMT2C-R were more likely 

to be Luminal B in subtype than Luminal A (Fig. 3.9 top panels). Overall, this data 

suggested to us that the shKMT2C-R cells describe a more aggressive cancer. 

 

shKMT2C-R cells further downregulated ERα target genes 

To interrogate what pathways might be allowing for hormone-independent 

proliferation of the shKMT2C-R cells, we performed RNA sequencing on these 

cells and compared their gene expression to that of parental shKMT2C#2 or 

shRenilla MCF7 cells maintained in hormone-deprived media for five days (Fig. 

3.10A, B). We found that genes downregulated in shKMT2C-R cells were 

enriched for ERα target gene signatures (Fig 3.10C, D) and for growth factor 

stimulation signatures among others (Fig. 3.10E, F). We also examined genes 

upregulated in the shKMT2C-R cells and found enrichment for genes involved in 

metabolic pathways including fatty acid, inositol phosphate, glucose and amino 

acid metabolic pathways. However, no individual pathway appeared significant 

when we corrected for multiple hypothesis testing (data not shown). This data 

suggested that there was ongoing suppression of ERα target gene expression, 

consistent with the culturing of these cells in hormone-deprived conditions. This 

also suggested to us that it was not a re-expression of ERα-target genes that 

was promoting their outgrowth under conditions of hormone deprivation.   
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Figure 3.9 Gene expression profiles of shKMT2C-R cells correlated with 
Luminal B breast cancer and poorer outcomes. (A,B) Molecular stratification 
of Luminal A and Luminal B patients in the METABRIC cohort using gene 
expression signatures derived from KMT2C knockdown experiments.  Results 
are shown for three experimentally derived gene signatures that include genes 
downregulated in shKMT2C-R vs. shKMT2C#2 in CSS (A) and genes 
downregulated in shKMT2C-R vs. shRenilla in CSS (B).  Kaplan-Meier curves 
show overall survival for patients with high signature scores (1st quartile, purple), 
low signature scores (4th quartile, yellow) and intermediate signature scores (2nd 
and 3rd quartiles, gray).  Heat maps show normalized gene expression for the 
genes included in each signature across the 1209 patients, ranked from left to 
right in increasing order of signature score. Luminal A or B PAM50 subtyping 
indicated by light or dark blue lines. Columns represent individual patients and 
rows represent probes. Three-class comparison log-rank p-values for survival 
curves= 0.0086, 0.0002 for the left, middle and right graphs respectively. Two-
class comparison log-rank p-values between high and low scoring patients= 
0.0031, 0.00024 for left, middle and right graphs, respectively.   
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Figure 3.10 GSEA reveals that shKTM2C-R cells further downregulate ERα target genes. (A) Supervised analysis of 
the 8622 differentially expressed genes between MCF7 shKMT2C #2 cells in charcoal stripped media for 5 days and 
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MCF7 shKMT2-R. Columns represent individual replicates for MCF7 shKMT2C #2 cells and shKMT2C-R samples, rows 
correspond to the different genes. Color reflects the normalized expression count (number of reads mapping to each 
gene); scaled by row. CSS, charcoal stripped media (B) Supervised analysis of the 9398 differentially expressed genes 
between MCF7 shRenilla cells in charcoal stripped media for 5 days and MCF7 shKMT2-R. Columns represent individual 
replicates for MCF7 shRenilla cells and shKMT2C-R samples, rows correspond to the different genes. Color reflects the 
normalized expression count (number of reads mapping to each gene); scaled by row (C) GSEA of 4347 genes 
significantly downregulated in MCF7 shKMT2C-R cells against MCF7 shKMT2C#2 cells in charcoal stripped media for 5 
days (p-val < 0.05) as compared to ranked genes from the Hallmark Estrogen Response Early Geneset (from the Broad 
Institute Molecular Signature Database) (D) GSEA of 4559 genes significantly downregulated in MCF7 shKMT2C-R cells 
against MCF7 shRenilla cells in charcoal stripped media for 5 days (p-val < 0.05) as compared to ranked genes from the 
Hallmark Estrogen Response Early Geneset (from the Broad Institute Molecular Signature Database). (E) GSEA of 4347 
genes significantly downregulated in MCF7 shKMT2C-R cells as compared to MCF7 shKMT2C cells in charcoal stripped 
media for 5 days (p-val < 0.05) against Hallmark panel of gene sets (50 gene sets, downloaded from the Broad Institute 
Molecular Signature Database). Gene sets shown all had an FDR q-value of at least 0.25 (F) GSEA of 4559 genes 
significantly downregulated in MCF7 shKMT2C-R cells as compared to MCF7 shRenilla cells in charcoal stripped media 
for 5 days (p-val < 0.05) against Hallmark panel of gene sets (50 gene sets, downloaded from the Broad Institute 
Molecular Signature Database). Gene sets shown all had an FDR q-value of at least 0.25. 
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shKMT2C-R cells maintain responsiveness to estrogen and continue to be 

sensitive to ERα antagonists 

As the gene expression data suggested an ongoing suppression of ERα target 

genes, we hypothesized that these cells were no longer sensitive to the estrogen 

stimulation. We tested the response of shKMT2C-R to E2 and surprisingly found 

that these cells continue to respond to E2 by increasing their proliferative rate 

(Fig. 3.11). These data suggest an ongoing responsiveness to the estrogen 

stimulated growth program, but a capability to proliferate in the absence of ERα 

ligands. To determine if unliganded ERα was still promoting growth in these cells, 

we examined their response to ERα antagonism. Intriguingly, we found that 

shKMT2C-R cells were still dependent on ERα as they were very sensitive to 

inhibition by multiple SERDs including fulvestrant, AZD9496, ARN1917, SRN927, 

and RU58668 (Fig. 3.11). These data together suggested that the shKMT2C-R 

cells continue to be responsive to an E2-driven growth program while unliganded 

ERα remains necessary for the proliferation of these cells. 

 

ERα is not overexpressed in the shKMT2C-R cells 

 Given the maintained dependence on ERα, we hypothesized that the 

shKMT2C-R cells may have upregulated ERα expression. Upregulation of ERα 

has previously been shown to be a characteristic of long-term estrogen deprived 

(LTED) MCF7 cells(194). We assayed for ESR1 mRNA levels in our shKMT2C-R 

cells as compared to parental and control MCF7 cells under conditions of 
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Figure 3.11 shKMT2C-R cells maintain responsiveness to estrogen and 
continue to be sensitive to ERα antagonists. MCF7 cells were treated with 
DMSO, estradiol (E2), fulvestrant (Fulv.), AZD9496 (9496), ARN1917 (1917), 
GDC927 (927), or RU58668 (58668) at indicated doses. Proliferation assayed 
over the course of 7 days in treatment using the alamarBlue cell viability assay. 
Values correspond to the average of six experimental replicates ± s.e.m. 
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hormone deprivation as well as in full serum and found no changes in ESR1 

mRNA levels (Fig. 3.12A). We then immunoblotted for ERα is our shKMTC-R 

cells as compared with parents shKMT2C cells as well as control cells and again 

we saw no significant change in ERα protein levels (Fig. 3.12B).  

 

ERα is reprogrammed in the shKMT2C-R cells 

Our findings for shKMT2C-R cells demonstrated that they no longer required 

estrogen to support growth but maintained a dependence of ERα expression 

without upregulating ERα. To examine the role of the unliganded ERα in this 

context, we performed ERα ChIP-sequencing of the shKMT2C-R cells. Whereas 

we continued to identify many of the sites seen in shRenilla cells (n=6598), we 

also identified over 10,000 novel ERα binding sites (Fig. 3.13). This suggests that 

ERα has been dramatically reprogrammed in the shKMT2C-R cells. Given the 

sensitivity to SERD treatment, this reprogrammed ERα may be actively 

contributing to the proliferation of these cells.  

  

Reprogrammed ERα in shKMT2C-R cells may be partially dependent on AP-1 

In order to determine if there were any cofactors or coregulators that might 

be mediating the reprogramming or affecting the activity of the reprogrammed 

ERα, we performed motif analysis at these novel binding sites. We found that the 

motifs of FOXA1 and AP-1, among others, were enriched (Fig. 3.14A). AP-1, in 

particular, has been previously shown to play a major role in the hormone-

independent outgrowth of ER+ breast cancer(161, 195-200). To test the  
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Figure 3.12 ERα expression is unchanged in the shKTM2C-R cells as compared to parental and control MCF7 
cells. (A) mRNA level of indicated genes, as measured by qRT-PCR, in shRenilla, shKMT2C#1, shKTM2C#2 and 
shKMT2C-R cells cultured in either full serum or charcoal stripped serum. (B) Immunoblot of indicated proteins. β-actin 
was used as a loading control. 
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Figure 3.13 ERα is reprogrammed in the shKMT2C-R cells. Venn diagram showing overlap between shKMT2C-R (in 
CSS, red) and shRenilla (in full serum, purple) ERα binding sites. 
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Figure 3.14 Reprogrammed ERα in shKMT2C-R cells may be partially dependent on AP-1. (A) Motif analysis, using 
HOMER, at the 10,512 loci novel ERα loci in shKMT2C-R (maintained in charcoal stripped serum) as compared to 
shRenilla MCF7 cells (maintained in full serum). (B) IGV browser views for ERα in shRenilla and shKMT2C-R and MCF7 
cells. Outlined in orange is a previously defined AP-1 dependent ERα binding site(201). The y-axis corresponds to the 
ChIP-seq signal intensity. 
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relevance of AP-1 for the reprogammed ERα, we looked for ERα binding around 

a known AP-1-dependent ERα binding site upstream of c-MYC, a key driver of 

hormone-independent growth(201). We found significant increases in ERα 

binding at this site in shKMT2C-R cells as compared to control cells (Fig. 3.14B). 

This supports the hypothesis that AP-1 may, in part, be responsible for 

reprogramming ERα under conditions of KMT2C loss. 

 

Conclusions 

One of the major goals of our study was to understand the selective advantage of 

KMT2C loss. To this end, we queried KMT2C mutation frequency at different 

stages of breast cancer progression and observed a ~7% mutation rate in 

primary breast cancer, a similar rate (~10%) in metastatic breast cancer and a 

much higher rate (~30%) in hormone-independent ER+ breast cancer. These 

data were in some contrast to the proliferative defects we observed upon KMT2C 

knockdown in ER+ cell lines growing in hormone-containing media. Therefore, 

we hypothesized that loss of KMT2C may confer a proliferation-independent 

selective advantage to breast cancer cells. We tested for the ability of KMT2C 

loss to promote transformation of MCF10A cells and also tested for the ability of 

KMT2C loss to promote increased metastases. However, we found that loss of 

KMT2C had no effect on either of those two processes.  

Given the established role of KMT2C in ERα transcriptional signaling, we 

next wanted to investigate how loss of KMT2C affected cell response to 

estrogen-depleted conditions. We observed that KMT2C loss led to markedly   
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accelerated outgrowth of cells in the absence of hormone both in vitro and in 

vivo. These data were further supported upon finding that KMT2C mutation in 

primary breast cancer correlated with poorer outcomes in terms of overall 

survival and disease-free survival.  Also, loss of KMT2C gene expression 

signatures impacted Luminal A/B breast cancer patient survival in the 

METABRIC data set and correlated with a more aggressive Luminal B subtype 

and poor outcomes. This is especially intriguing after considering the fact that the 

signature is derived from cells that were growing more slowly than control cells. 

In accordance, reduced KMT2C expression was significantly associated with 

poor outcome(202). Together, these data suggest that KMT2C loss is likely to 

have complex effects on the clinical behaviors of breast cancers.  

In accordance with our data on KMT2C loss inhibiting proliferation, we do 

anticipate that under some circumstances KMT2C loss will slow estrogen-driven 

tumor growth and potentially be associated with favorable outcomes. In other 

contexts, loss of KMT2C may be permissive for tumors developing an estrogen-

independent growth program, perhaps only in selected genotypes where another 

growth program is sufficiently active. Interestingly however, even in this context, 

our data would suggest ERα may be targetable as the shKMT2C-R cells were 

still sensitive to SERD-mediated ERα antagonism. Our analyses of these 

shKMT2C-R cells suggested that shKMT2C-R cells had large scale 

reprogramming of ERα such that it acquired thousands of new binding loci. The 

function of these new binding sites is not yet known, but the sensitivity of the 

cells to ERα inhibitors suggest there may be key oncogenic functions gained. 
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Indeed, we do see increased ERα binding to an AP-1 dependent MYC enhancer 

site suggesting that perhaps some of these new ERα binding sites may regulate 

the expression of known drivers of proliferation. In comparing these shKMT2C-R 

to other LTED models, we note some key differences. While LTED cells have 

been shown to upregulate expression ERα and activate the MAPK, PI3K and/or 

mTOR signaling pathways (194), we do not see ERα upregulation or pathway 

activation in our shKTM2C-R cells. Therefore, It will thus be imperative to further 

understand the growth requirements for different KMT2C mutated tumors to 

better utilize this biomarker in selecting the types of endocrine therapy most 

appropriate for this common clinical entity.   
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CHAPTER 4: 
DISCUSSION 
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In this dissertation, we present KMT2C as a candidate regulator of the ERα 

signaling pathway with key roles in maintaining the hormone sensitivity of ER+ 

breast cancer cells (Fig. 4.1).  

 

KMT2C is frequently mutated in breast cancer 

 KMT2C is among the most frequently mutated genes in breast cancer with 

a mutation frequency of approximately 7% in primary breast cancer, 10% in 

metastatic breast cancer and as high as 30% when looking specifically at 

hormone-resistant ER+ breast cancer. This high mutation frequency places it 

among the top ten most frequently mutated genes in breast cancer. Moreover, 

KMT2C mutation and reduced KMT2C expression correlate with poorer patient 

prognosis in breast cancer(202). In this dissertation, we attempted to detail the 

selective advantage of its loss in breast cancer. We modeled KMT2C loss using 

both shRNA-mediated knockdown and CRISPR/Cas9-mediated knockout. We 

then used these models of KMT2C loss to assess for multiple hallmarks of 

cancer, including increased proliferative capacity, increased transformation of 

normal breast cells, and increased metastatic potential. We found that KMT2C 

loss does not overtly contribute to these hallmarks of cancer when modeled in 

breast epithelial cells suggesting that the selective advantage of its mutation may 

not be fully captured in these particular assays. 

 Our results were in some contrast to studies where KMT2C loss was 

modeled specifically in breast stem cells(110). In the breast stem cell context, 

KMT2C loss, when combined with PI3K pathway activation and p53 loss,  
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Figure 4.1 Conclusion. (Left) Within the ERα signaling pathway, KMT2C plays a key role in allowing proper cofactor 
binding to ERα, thereby allowing for full ERα transcriptional output in the presence of the ERα ligand, E2 at enhancers. 
(Middle) In the absence of KMT2C, E2 bound ERα is still able to bind to DNA but is no longer able to properly bind to 
cofactors, resulting in diminished expression of target genes. (Right) In hormone- deplete conditions, KMT2C loss may 
allow for ERα reprogramming that is partially AP-1 dependent. Under these conditions, KMT2C loss may also allow for 
alternate growth promoting pathways. Together, activation of these various pathways allows cells to grow in the absence 
of hormone. Correspondingly, KMT2C mutation frequency goes up specifically in hormone refractory ER+ breast cance



120 

resulted in a more aggressive cancer and significantly reduced survival. 

Moreover, this study indicated that KMT2C loss may specifically result in HIF 

pathway activation as measured through gene expression profiling. It remains 

difficult, however, to appreciate how well this represents the true contributions of 

KMT2C loss in breast cancer, as the models do not recapitulate known breast 

cancer subtypes. 

 

KMT2C as a mediator of specific ERα-dependent phenotypes 

Interestingly, while we did not find that KMT2C loss conferred a 

proliferative advantage to any of the breast cancer cell line models tested, we did 

find that KMT2C loss resulted in a proliferative defect that was specific to 

ER+HER2- cells. These cells are all specifically dependent on the ERα signaling 

pathway. Given that KMT2C has already been implicated in regulating the 

transcriptional activity of a number of nuclear receptors(54, 83, 100, 103, 178, 

179), we hypothesized that KMT2C may in fact be a key regulator of ERα activity. 

In keeping with this hypothesis, we found that the in vivo phenotypic 

consequences of MMTV-driven, mammary specific Kmt2c deletion were similar, 

though less severe, to those of MMTV-driven, mammary specific Esr1 deletion. 

Indeed, both Kmt2c and Esr1 mammary specific knockout mice both had 

significantly diminished secondary branching of the mammary epithelial 

ducts(156). This suggests that knockout of both these genes may be affecting 

the same signaling pathway. 
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Upon assessing the effects of KMT2C on gene expression in ER+ breast 

cancer cell lines, we found that ERα target genes were specifically 

downregulated in KMT2C knockdown cells. Our results were confimed by 

another study that published siRNA-mediated knockdown of KMT2C affected 

candidate ERα target gene expression(107). Similarly, in the mammary gland, 

deletion of Kmt2c resulted in reduced expression of multiple known ERα target 

genes. It should be noted that some of the genes that were affected in the 

mammary gland were not differentially expressed in the KMT2C knockdown cell 

lines. This discrepancy may reflect differences in ERα signaling in untransformed 

mammary glands versus breast cancer cells or may more specifically reflect 

differences in the ability of KMT2C to regulate ERα in these different contexts.  

In keeping with the idea the Kmt2c may differentially regulate ERα in 

different contexts, we found that pregnancy specific, WAP-mediated deletion of 

Kmt2c actually did not reflect WAP-mediated deletion of Esr1(156). This 

suggests that the function of ERα during pregnancy-related mammary gland 

development is independent of Kmt2c. Follow-up on these studies would require 

a detailed understanding of when Kmt2c is expressed in the mammary glands 

and also a better understanding of the downstream ERα targets during both 

pubertal and pregnancy related mammary gland development.  

 

KMT2C as a key regulator of ERα transcriptional activity 

 We next wanted to better understand the mechanism by which KMT2C 

directly influenced ERα transcriptional activity. Previous mediators of ERα 
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transcriptional activity have been shown to regulate its stability, expression, post-

translation modifications and ability to bind DNA(153, 158). Therefore, we asked 

whether loss of KMT2C had any effect on these properties of ERα regulation. 

More specifically, we assayed for ERα stability in the presence of an HSP90 

inhibitor, for ERα steady-state expression and for ERα phosphorylation at two 

sites that are known to correlate well with ERα activity. We found that none of 

these nodes were affected by KTM2C loss suggesting that KMT2C may not 

directly affect the ERα protein. It should be noted that there are multiple other 

ERα post-translation modifications that have been reported that we did not assay 

for. Therefore, it remains a possibility that KMT2C loss affects any of these 

modifications.  

 Upon initiating our analysis on how KMT2C affects ERα transcriptional 

activity, our most promising hypothesis was that KMT2C loss affects ERα binding 

to the DNA. This hypothesis was supported by previous studies suggesting that 

ERα binding occurs at sites of H3K4 methylation(166, 184, 187). Moreover, 

previous studies have also indicated that ERα binding to DNA is dependent on 

binding of FOXA1, and that FOXA1 binding to DNA is dependent on the 

presence of H3K4me1(107, 166, 167, 184). Together, this suggested that ERα 

binding to the DNA was preceded by the presence of H3K4me1. Therefore, we 

were especially surprised to find that ERα DNA binding was largely unaffected by 

KMT2C loss, even at sites where we had seen loss of H3K4me1. The vast 

majority of the ERα target gene expression changes could not be explained by a 

loss of ERα binding. 
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 We then hypothesized that while ERα may still bind to DNA in the absence 

of KMT2C, it may be unable to recruit the coactivators necessary to mediate its 

full transcriptional activity. We indeed found significant loss of a number of known 

ERα cofactors in the through KMT2C knockdown. Most interesting among these 

binding partners was FOXA1. FOXA1 has, very recently, been implicated as 

being able to directly bind to KMT2C. Therefore, we speculate that FOXA1 plays 

a key role in mediating the link between KTM2C methyltransferase activity and 

ERα transcriptional activity. However, FOXA1 knockdown was suggested to 

prevent KMT2C recruitment, which would support a model in which the presence 

of FOXA1 serves to recruit KMT2C. Our data, on the other hand, would support a 

model where the lack of KMT2C at these target gene enhancers prevents the 

ability for FOXA1 and ERα to bind to each other, perhaps by preventing 

recruitment of FOXA1. One potential mechanism that could accommodate both 

studies would suggest that FOXA1 as a pioneer factor is able to bind to DNA and 

recruit ERα. However, the presence of KMT2C and perhaps its methyltransferase 

activity is necessary for the formation of the complete complex in which ERα and 

FOXA1 would bind to each other. Therefore, a better understanding of the exact 

interplay between KMT2C, FOXA1, ERα and other ERα cofactors is needed to 

understand the kinetics and the order for generating ERα-transcriptional 

complexes. Furthermore, it should be noted that we have yet to rule out the 

possibility that KMT2C is involved in transcriptional activation in ways that are 

independent of its methyltransferase activity which would require more directed 
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deletion of KTM2C methyltransferase activity instead of knockdown or knockout 

of the entire protein. 

 

Key differences between KMT2 family members in breast cancer 

 After establishing that KMT2C is a key regulator of ERα transcriptional 

activity, we wanted to see if the other KMT2 family members had similar effects 

on ERα activity and ERα dependent phenotypes. IMPACT sequencing on 

metastatic breast cancer revealed mutations in KMT2A and KMT2D, in addition 

to the known mutations in KMT2C. KMT2B, KMT2F, and KMT2G are excluded 

from the IMPACT panel. In addition, the other members of the KMT2 family have 

also been implicated as regulators of nuclear receptors similar to KMT2C. In 

particular, it was shown that KMT2A was necessary for ERα-mediated 

transcription of TFF1, which is a very well established ERα target gene. It should 

be noted that KMT2F and KMT2G were removed from our analysis due to their 

lack of expression in a number of the breast cancer cell lines. 

 While the effects of KMT2C loss on proliferation were specific to the 

ER+HER2- cell types, loss of other KMT2 proteins affected the proliferation of all 

cell lines tested including those dependent on the HER2 pathway signaling and 

those that were triple negative. This suggests that while the other KMT2 family 

members may affect ERα signaling they may also affect other growth signaling 

pathways or might affect downstream mediators that are common among 

multiple growth signaling pathways. Also, it may suggest that the effects that their 



125 

loss have on ER+HER2- cells may be independent of ERα signaling and may 

instead affect more general aspects of transcription.  

 To assay whether the other KMT2 family members did effect ERα target 

gene signaling, we went on to look at KMT2C target gene expression in the 

presence of KMT2A/ B /D knockdown. Interestingly, we found that many of the 

KMT2C target genes were also affected with knockdown of the other family 

members. The effects of KMT2D were the most similar to those of KMT2C, which 

is not surprising given that these two proteins have a high degree of sequence 

similarity and are found to complex with the same coregulatory proteins. 

However, loss of KTM2D had significantly more severe effects on proliferation 

across multiple subtypes of breast cancer suggesting that it may have some 

significant non-redundant roles with KMT2C. These non-redundant functions of 

KMT2C and KMT2D have also been suggested in other cancer models where 

KMT2D and KMT2C were suggested to regulate H3K4me1 at different sites of 

the genome(85). Overall, we conclude that the different members of the KMT2 

family do seem to have non-redundant roles and are seen to differentially 

regulate a panel of genes that are seen to be KMT2C target genes.  

 

KMT2C loss is advantageous upon hormone deprivation 

 Given our data and the data of others establishing KMT2C as a key 

component of the ERα signaling pathway, we wanted to better understand how 

KMT2C loss affected the response of ER+ breast cancer cells to hormone 

therapy. As ER+ breast cancer is very dependent on estrogen-mediated 
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signaling, patients are often treated with hormone therapies that serve to reduce 

the amount of estrogen present in the body(112). Upon mimicking conditions of 

hormone deprivation in our control and KMT2C knockdown cell lines, we found 

that KMT2C loss resulted in a proliferative advantage as compared to control 

cells. KMT2C was the only member of the KMT2 family whose loss promoted 

insensitivity to hormone deprivation.  

 Upon further analysis of these KMT2C deficient, hormone-resistant cells, 

we were surprised to see that ERα acquired over 10,000 novel binding sites in 

and that these cells were still highly sensitive to ERα degradation by SERDs. 

Together, this suggests that unliganded ERα plays a key role in driving 

proliferation in these cells and supports the idea that perhaps KMT2C mutant 

tumors that are resistant to hormone therapy may continue to be sensitive to 

direct inhibition of ERα.  

 This KMT2C deficient model of hormone resistance can be used to study 

hormone resistance in general, and can be compared to other established LTED 

models. MCF7 LTED cells are known to grow out in hormone-deprived media; 

however, this typically occurs following 3-4 months of growth arrest. Mechanisms 

of LTED proliferation include upregulation of ERα expression, downregulation of 

ERα expression, MAPK pathway activation, and PI3K-mTOR pathway activation. 

Upregulated ERα has also been shown to participate in non-genomic signaling 

activity. Upon testing for the importance of these pathways in our KMT2C 

deficient model of LTED, we did not see evidence for any of these pathways 

playing a role. There was no notable increase in MAPK or PI3K-mTOR pathway 
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activation nor was there any change in ERα expression levels. In fact, we see a 

further downregulation of canonical ERα-target genes. Therefore, we propose 

that these KMT2C deficient cells utilize an alternate pathway for hormone-

resistance that involves reprogramming of unliganded ERα. There, however, 

remains the possibility that other growth promoting pathways, unrelated to 

unliganded ERα, are still necessary. Also it remains a possibility that even though 

this unliganded ERα does bind to novel sites on the genome, it could still be 

participating in non-genomic activities that serve to promote the survival of these 

cells. These possibilities still need to be explored.  

 Another important point to note about these resistant cells is that we have 

not yet established whether they continue to be dependent upon KMT2C loss or 

if that simply allowed the cells to rapidly become insensitive to hormone 

deprivation. More specifically, it is possible that the chromatin state established 

by loss of KMT2C allowed cell to initially overcome hormone deprivation and 

after establishing that chromatin state, KMT2C loss is irrelevant. It is somewhat 

encouraging to note that KMT2C remains knocked down in the resistant cells and 

that they retain a H3K4me1 signature of KMT2C loss. However, to sufficiently 

answer this question, we need to re-express shRNA-resistant KMT2C in the 

resistant cells and see if this resensitizes them to hormone deprivation. Given the 

large size of KMT2C, this may not immediately be easy to accomplish.  

 

The importance of context when understanding KMT2C mutation  
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 Together, our results indicate that KMT2C loss has different effects in 

hormone-complete and hormone-deplete condition, inhibiting growth in the 

former while promoting rapid outgrowth in the latter. This highlights the 

importance of context when understanding the function of KMT2C as well as the 

selective advantage of KMT2C loss.  

The importance of context becomes even more apparent when studying 

the effects of KMT2C loss across the various cancer types where it is frequently 

mutated. For instance, when KMT2C loss was modeled in the context of bladder 

cancer, it was found to form a tumor suppressive complex with p53(82). 

Furthermore, in the context of acute myeloid leukemia, it was proposed that loss 

of KMT2C promoted a more stem cell like gene expression signature(81) but 

there were no mechanistic details as to how that may be achieved.  In the 

context of breast stem cells, loss of KMT2C was also shown to promote a more 

murine stem cell like gene expression signature possibly through activation of 

HIF signaling(110). Finally, in the context of pancreatic ductal adenocarcinoma 

(PDAC), loss of KMT2C was shown to suppress proliferation, similar to what we 

see in ER+ breast cancer cells in hormone-complete conditions. In accordance, 

PDAC patients with KMT2C mutations saw improved survival(203). Together, 

these studies show that KMT2C loss can affect multiple signaling pathways 

depending on the cell type and cancer model.  

 The importance of context when studying KMT2C loss may also be 

important in our efforts to better understand the selective advantage of its 

mutation in primary cancer. Again, KMT2C is very frequently mutated in primary 
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cancer and its mutation frequency is relatively evenly distributed across the 

different breast cancer subtypes. This could either mean that KMT2C loss has 

some selective advantage that is consistent across the various breast cancer 

subtypes or that in each subtype, KMT2C loss is contributing in a different 

manner. The results presented in this dissertation do not provide a sufficient 

explanation for the selective advantage of KMT2C mutations in primary breast 

cancer. However, tumors may undergo periods of low estrogen depending on the 

microenvironment allowing for KMT2C loss to provide a selective advantage. The 

universality of this finding, however, has yet to be confirmed.  

 

Future directions 

 In this report we show that KMT2C loss has effects on a large number of 

ERα target genes. In terms of mechanism, our analysis is largely restricted to 

H3K4me1, H3K27ac and ERα ChIP sequencing, leaving the layer of intra-

chromatin dynamics largely untouched. Therefore, an important avenue of follow-

up to the work presented in this dissertation is a better understanding of the 

three-dimensional chromatin architecture and how that changes in the presence 

of KMT2C loss. In this dissertation, we used proximity to determine whether we 

would expect any given enhancer region to have effects on any given promoter. 

However, it is possible for regions of DNA that are further apart than our limits to 

interact with one another based on how the chromatin folds. In order to look at 

the three-dimensional chromatin architecture, we can use sequencing methods 

such as Hi-C(204) that preserve the chromatin architecture and look for long-
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range chromatin interactions. Moreover, in our efforts to better understand 

KMT2C-mediated regulation of ERα activity, we would want to follow-up on our 

hypothesis that KTM2C loss prevents ERα cofactor recruitment. This would 

require large-scale ChIP sequencing of multiple ERα coregulatory proteins, 

namely MCM4, TRPS1 and FOXA1.  

 In our continued efforts to understand the more general role that KMT2C 

may have in transcriptional regulation and beyond, we are interested in better 

understanding the functions of the numerous other KMT2C domains. Aside from 

methyltransferase activity, KMT2C is able to recognize and bind to H3K4me1, 

through its PHD domain, and can potentially directly interact through DNA with its 

zinc finger motifs. Given that KMT2C was found to be a part of the FOXA1 

binding complex(107), KMT2C may have other relevant scaffolding functions.  

 In terms of KMT2C loss in cancer, we want to begin to shift our focus to 

KMT2C loss in primary cancer. To this end, we want to cross our mice with 

mammary-specific deletion of Kmt2c to mice to a variety of mammary carcinoma 

models. These models include mammary specific Pi3kca mutation, mammary 

specific Neu overexpression, and DMBA-induced carcinogenesis(205). One 

major issue with mammary specific mouse models is that they do not completely 

recapitulate the characteristics of human breast cancer and there is no effective 

model for hormone-dependent breast cancer. Nonetheless, we may be able to 

uncover whether KMT2C plays more generalized tumor suppressive roles and 

may be able to confirm previous studies that indicate that KMT2C can promote a 

more stem cell like gene expression signature(110).  
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 Another important aspect to understanding the effects of KTM2C loss in 

cancers is to make sure we are properly modeling the types of mutations we see 

in patients. KMT2C has a number of missense mutations that tend to be 

clustered within its PHD domains, suggesting a specific function for this particular 

domain. It will be productive to model these missense mutations to determine 

whether there are any specific gains of function. Also, despite the fact that the 

truncated mutations result in loss of enzymatic activity, there are still a number of 

domains that could be preserved in expressed truncated proteins. Therefore, by 

strictly modeling knockdown or knockout of KMT2C we may not be capturing the 

function, if any, of the truncated proteins. It would also be of value to model the 

exact truncation mutations, determine if the truncated proteins are expressed, 

and determine whether they carry out any specific functions.  

 Finally, in terms of following up on KMT2C-mediated resistance to 

hormone-therapy, we want to more specifically delineate the dependencies of the 

resistant cells. Firstly, we are most interested in better understanding the function 

of ERα binding, if any, at its novel binding sites. Beyond the continued ERα 

dependencies of these cells, we also want to determine if there are other growth-

promoting pathways that have since been activated and are contributing to the 

hormone-independent proliferation. 
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IMPACT sequencing of breast cancer cell lines 

DNA was extracted from frozen cell pellets of Cama-1, MDA-MB-361, MCF7, 

MDA-MB-231, MCF10A, T47D, BT474 and SKBR3 cells using the PureLink 

Genomic DNA Mini Kit (Invitrogen, Cat. No. K1820-01). DNA was quantified 

using a Nanodrop Spectrophotometer and approximately 7ug were sent for 

MSKCC-IMPACT sequencing. The MSKCC IMPACT sequencing panel includes 

341 genes, including KMT2C, which have been identified as being important for 

cancer cells. MSKCC-IMPACT uses the Illumina HiSeq platform with a coverage 

of approximately 500X-1000X per sample. This sequencing data was used to 

determine whether KMT2C harbored any deleterious mutations in any of the cell 

lines used for experiments.  

 

Generation of short hairpin RNAs (shRNAs) 

For shRNA knockdown, we used the miR-E backbone, as previously 

described(182). Target shRNA sequences in the miR-E backbone were ordered 

as Ultramers from IDT. Hairpin ultramers were then amplified using the following 

primers: For 5’-TACAATACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG-3’, 

Rev 5’-TTAGATGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGCA-3’. 

Amplified ultramer and lentiviral SPEG vector were digested with EcoR1-HF and 

Xho1 restriction enzymes and ligated using an insert to vector molar ratio of 5:1. 

Ligation products were then transformed into OneShot Stbl3 competent E. Coli 

cells (ThermoFisher Scientific Cat. No. C737303). Proper insertion was verified 
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by Sanger sequencing using a specific sequencing primer: 5’-

TGTTTGAATGAGGCTTCAGTAC-3’.  

 

List of shRNA sequences used 

shKTM2C#1- 5’-TTTGTCTTTGAAACACATCTGC-3’ 

shKMT2C#2- 5’- TCTTTGTCTATCTACCTCCTGC-3’ 

 

shRNA Transfection 

HEK293CT packaging cells (a kind gift from P. Chi) were plated at 2.2 × 107 

cells/ tissue culture dish (10cm in diameter) and transfected them with 4.5µg of 

the SGEP lentiviral vector (encoding shRenilla, or target shRNAs), 4.5 µg of 

psPAX2 and 1µg of pVSVG with X-tremeGENE HP (Roche) diluted in 500uL of 

Reduced Serum Opti-MEM (Invitrogen, Cat. No. 31985070) and added to the 

cells after a 20 minute incubation at room temperature. Conditioned medium 

containing recombinant lentivirus was collected from the transfected HEK293CT 

cells 48hrs after transfection, filtered through non-pyrogenic filters with a pore 

size of 0.45 µm (Millipore) and applied immediately to target cells, which had 

been plated 18 h before infection at a density of 3 × 106 cells/tissue culture dish 

(10cm in diameter). Polybrene (Sigma, No. AL-118) was added to a final 

concentration of 8 µg/ml, and supernatants were incubated with cells for 12 h. 

Conditioned media was reapplied 24 hrs after first application for a second 

infection. After  two rounds of infection, cells were placed in fresh growth medium 
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and cultured as usual. Selection with 5-7 µg/ml puromycin was initiated 48 h after 

infection to select for shRNA expressing cells. 

 

Generation of MCF7 KMT2C-HA cells 

The following guide RNA sequence targeting KMT2C exon 60 was selected 

using the Optimized CRISPR Design tool (http://crispr.mit.edu(206)): 5’-

AGCCGCCCGCTGAGCTAGCA-3’. 

DNA oligonucleotides were purchased from IDT and cloned into the px458-GFP 

vector(207). For homologous recombination, we purchased a custom IDT 

Ultramer 200bp repair template with the HA sequence (5’-

TACCCATACGATGTTCCAGATTACGCT-3’) directly upstream the KMT2C stop 

codon. This 200bp fragment contained two silent mutations, one to remove the 

PAM site (TCC>TTC) and another to introduce a HincII restriction enzyme 

(GTGAAC>GTTAAC) site upstream of the HA tag. The 200bp fragment also 

contained 87bps of homology to KMT2C exon 60 upstream of the HA tag and 

83bp of homology to the KMT2C 3”UTR downstream of the stop codon. 12ug of 

the targeting construct and 240nM repair template were nucleofected into MCF7 

cells using the Lonza Nucleofector V kit and Program P020 on the Nucleofector 

device. Nucleofected cells were single cell sorted based on GFP positivity 48-

hours following nucleofection. Clones were screened for the presence of 

successful HA insertion by KMT2C exon 60 PCR and subsequent restriction 

enzyme digest with HincII. Positive clones show two digested products while 

negative clones only had a single undigested band. A single positive clone, 
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called KMT2C-HA, containing the HA coding sequencing downstream KMT2C 

was selected to carry out further studies. As a control, we used one of the 

negative clones from the screening process, called KMT2C crispr control.  

 

Proliferation Assays 

500-1000 cells in 200uL of media were seeded per well of a 96-well plate with 6 

replicates per sample. If necessary, cells were treated the following day, (Day 0). 

On days when the plates were measured, 25uL of Resazurin (R&D Systems 

AR002) was added per well followed by 4 hr incubation at 37°C. Plates were then 

read using a SpectraMax M5 (Molecular Devices) and results were analyzed with 

Softmax Pro 6.2.2 software with an Endpoint Readtype (Excitation: 560nM, 

Emission: 590nM). Results were normalized to blank media with no cells.  

For long-term estrogen deprived proliferation assay, 5000 cells were seeded in 

200uL of charcoal stripped media. Media was replenished once or twice a week 

during the course of the proliferation assay.  

 

Generation of CRISPR-CAS9nickase mediated deletion of KMT2C 

The following guide RNA sequences targeting KMT2C exon 6 were selected 

using the Optimized CRISPR Design tool (http://crispr.mit.edu(206)): gRNA1 5’- 

CTAGTGACCACTCCACACAACGG-3’, gRNA2 5’-

AGAACCATTGTTAGTGAACGTGG-3’. DNA oligonucleotides were purchased 

from IDT and cloned into pX335-GFP vector(207) to generate targeting 

constructs that were subsequently co-transfected in an equimolar ratio into MCF7 

http://crispr.mit.edu/
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cells using Lipofectamine 2000 (Thermo Fischer Scientific). 72 h after 

transfection, cells were sorted using a MoFlo cell sorter (Beckman Coulter) for 

cells expressing Cas9 nickase (GFP-positive cells) and left to recover for 1 week 

before sorting for single cells and allowing colonies to form. Indels within the 

KMT2C exon 6 were detected using the Surveyor Mutation Detection kit (IDT) 

and confirmed by subcloning and sequencing of KMT2C exon 6. One MCF7 

clone showing knockout of all 2/3 KMT2C alleles and two MCF10A clones 

showing complete knockout of KMT2C were used for subsequent analysis.  

 

Generation of KMT2CF/F mice 

Mice with the Kmt2c floxed (F) allele were generated by Biocytogen (Worcester, 

MA) in a C57BL/6 background. ES cells were verified using Southern blotting. 

 

Breeding scheme to generation MMTVCre+Kmt2cF/F knockout mice and 

WAPCre+Kmt2cF/F knockout mice 

Kmt2cF/F mice were bred to transgenic mice expressing the Cre enzyme in the 

mammary tissue under the control of the MMTV long-terminal repeat (mice were 

a kind gift from S. Lowe) or under the control of the WAP promoter (mice were a 

kind gift from M. Jasin). Cre-mediated excision of the Kmt2c gene was verified by 

genotyping PCR of DNA extracted from toe clips or mammary fat pads. 

Genotyping for the MMTV-cre transgenes were done using generic Cre primers, 

forward (oIMR1084): 5’- GCGGTCTGGCAGTAAAAACTATC-3’, reverse 

(oIMR1085): 5’- GTGAAACAGCATTGCTGTCACTT- 3’, as well as internal 
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positive controls, forward (oIMR7338): 5’-CTAGGCCACAGAATTGAAAGATCT-

3, reverse (oIMR7339): 5’-GTAGGTGGAAATTCTAGCATCATCC-3’. Genotyping 

for the WAP-cre transgene was done using WAP-cre specific primers, forward 

(oIMR0575): 5’- TAGAGCTGTGCCAGCCTCTTC-3’ and reverse (oIMR1085): 5’-

GTGAAACAGCATTGCTGTCACTT-3’, as well as internal positive controls, 

forward (oIMR8744) 5’-CAAATGTTGCTTGTCTGGTG-3’ and reverse 

(oIMR8745) 5’-GTCAGTCGAGTGCACAGTTT-3’. Kmt2c floxed allele was 

genotyped using A1 primers, forward: 5’-GCAGAATCAAGGAGCTGTCTG-3’, 

reverse: 5’-TGCCTTGAGGTCAACGTACAATTG-3’. Cre mediated excision of 

KMT2C exon 3 was verified by the presence of a 3’LoxP band at 372bp using the 

following primers, forward: 5’-GGAGCTGTCTGTTCAAGTATTTAGC-3’, reverse: 

5’-GTGTGCCTAGGTATCCACAGAG-3’. For MMTV experiments, 12-week and 

8-week old virgin females were used. All mice were housed in the MSKCC 

animal facility. For WAP experiments, females were sacrificed after at least their 

second pregnancy.  

 

Mammary gland whole mounts 

Mammary glands were dissected, mounted on glass slides, and fixed and stained 

in carmine alum solution as described for whole-mount analysis(208). Briefly, 

slides were first immersed in Carnoy’s fixative (EtOH: choloform: acetic acid, 

6:3:1) for 4 hours at room temperature. Then, slides were immersed into 70% 

ethanol for 15 minutes. 70% ethanol was gradually changed to distilled water by 

replacing half the volume with distilled water and incubating for 5 minutes, three 
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times. Slides were then placed in pure distilled water for 5 minutes. Slides were 

then immersed in carmine alum solution (1g carmine natural red, 2.5g aluminum 

potassium sulfate in 500mL H2O) overnight. Slides were then immersed in 70%, 

95% and 100% ethanol for 5 minutes each to progressively dehydrate the 

glands. Mammary fat pads were then cleared by immersing the slides in xylene 

overnight. Glands were mounted on the slides with Permount (Fisher Scientific) 

and sldies were scanned using Axio Scan.Z1 (Zeiss). Quantification of the area 

occupied by the mouse mammary epithelial cells and the area of the whole 

mouse mammary gland whole mount was done using ImageJ.  

 

Immunohistochemistry of mammary glands 

Tissue were fixed in 10% neutral buffered formalin for 48 hours, were processed 

in xylene and ethanol, embedded in paraffin, sectioned at 4 µm thickness, and 

stained with hematoxylin and eosin or with an antibody against the progesterone 

receptor (Santa Cruz sc-538) and then detected with SignalStain Boost IHC 

Detection Reagent (Cell Signaling, 8114).  Slides were examined by a board 

certified pathologist (S. Monette, MSKCC).  

 

RNA Sequencing 

RNA was extracted from MCF7 and T47D cells stably expressing shRenilla, 

shKMT2C #1 and shKMT2C #2 using the RNeasy Mini kit (Qiagen) according to 

the manufacturer’s protocol. RNA size, concentration and integrity were analyzed 

using Agilent 2100 Bioanalyzer. Libraries were generated using Illumina’s 
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TruSeq RNA sample Prep Kit v2, following the maufacturer’s protocol. 

Sequencing was done on the HiSeq2500 sequencer as 50-bp paired-read with 

30-40 million reads per sample by the NYU Genome Technology Center. The 

raw data was analyzed using Basepair software (http://www.basepairtech.com/) 

with pipelines including the following steps: Raw reads were aligned to the 

transcriptome derived from UCSC genome assembly hg19 using STAR(209) with 

default parameters. Read counts for each transcript were measured using 

featureCounts(210). Differentially expressed genes were determined using 

DESeq2(211) and a cut-off of 0.05 on adjusted p-value (corrected for multiple 

hypotheses testing) was used for creating lists and heatmaps, unless otherwise 

stated. 

 

Gene Set Enrichment Analysis (GSEA) 

GSEA was performed using the downloaded javaGSEA application 

(http://software.broadinstitute.org/gsea/downloads.jsp). Files were created as 

previously described. Hg19 was used as the chip file.  

 

Quantitative Reverse Transcriptase Polymerase Chain Reaction 

Cells were washed once with cold PBS and scraped off the plate with a rubber 

policeman. The cell suspension was briefly centrifuged to pellet cells, PBS was 

removed, and the cell pellet was stored at −80 °C until lysis. RNA was extracted 

from cells using the RNeasy Mini kit (Qiagen) according to the manufacturer’s 

protocol. cDNA was synthesized with 1 µg of RNA from each sample using the 

http://www.basepairtech.com/
http://software.broadinstitute.org/gsea/downloads.jsp
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qScript cDNA SuperMix (Quanta Biosciences, No. 95048) according to the 

manufacturer’s protocol. Synthesized cDNA was diluted with one volume of 

DEPC-treated water, and 2 µl of the mixture was added to TaqMan PCR Master 

Mix (Applied Biosystems) along with primers. Relative quantification for each 

mRNA was performed using the comparative CT method with a ViiA 7 Real-Time 

PCR system (Applied Biosystems, No. 4364340). Samples were run in triplicate, 

and mRNA levels were normalized to those of RPLP0 or Gapdh for each 

reaction. TaqMan primers were all purchased from Applied Biosystems.  

 

List of Primers used for qRTPCR 

 AGR3 Hs00411286_m1 
BANK1 Hs01009378_m1 
CA2 Hs01070108_m1 
CACNA1G Hs00367969_m1 
CAV1 Hs00971716_m1 
CD44 Hs01075861_m1 
CXCL12 Hs03676656_mH 
ESR1 Hs00174860_m1 
GDNF Hs01931883_s1 
IGFBP4 Hs01057900_m1 
KMT2A Hs00610538_m1 
KMT2B Hs00207065_m1 
KMT2C Hs01005521_m1 
KMT2D Hs00231606_m1 
KRT13 Hs02558881_s1 
PEG10 Hs00248288_s1 
PGR Hs01556707_m1 
RPLP0 Hs99999902_m1 
SERPINA1 Hs00165475_m1 
SOX5 Hs00753050_s1 
TFF3 Hs00902278_m1 
TMPRSS3 Hs00917537_m1 
Kmt2c Mm01156942_m1 
Pgr Mm00435628_m1 
Gapdh 4331182 
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Western Blotting 

Cells were washed once with cold PBS and scraped off the plate with a rubber 

policeman. The cell suspension was briefly centrifuged to pellet cells, PBS was 

removed, and the cell pellet was stored at −80 °C until lysis. For cell lysis, pellets 

were resuspended in a non-denaturing lysis buffer (Cell Signaling Technology) or 

RIPA buffer (Pierce, No. 89901) supplemented with Halt protease and 

phosphatase inhibitors (Thermo Scientific, No. 1861281) and were sonicated 

briefly for 2 mins at 30sec on/ 30 sec off. Lysates were cleared by centrifugation 

at 14,000g for 10 min, and protein concentration was determined using the BCA 

kit (Pierce No. 23223), which measures the reduction of Cu2+ to Cu1+ by protein 

in an alkaline medium. For each sample, 30 µg of protein lysate was loaded onto 

4–12% SDS-PAGE minigels (Invitrogen) for electrophoresis. Protein was then 

transferred onto nitrocellulose membranes for immunoblotting. 

 

List of antibodies used for Western blotting 

against H3K4me1(Cell Signaling 5326), H3K4m3(Cell Signaling 9727), Histone 

H3(Cell Signaling  9715), ERα(Santa Cruz 7207), PR(Cell Signaling 8757), β-

actin(Cell Signaling 4970). 

 

Chromatin Immunoprecipitation followed by DNA sequencing 
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2×107 MCF7 stably expressing either shRenilla, shKMT2C #1 or shKMT2C #2 

cells were fixed with 1% formaldehyde for 10 minutes at room temperature and 

the reaction was subsequently quenched using 125mM glycine. Cells were then 

lysed using LB1 (50mM HEPES-KOH, pH 7.5, 140mM NaCl, 1mM EDTA, 10% 

glycerol, 0.5%NP-40, 0.25% Triton-X100), incubated at 4°C rotating and spun 

down. The pellet was then lysed with LB2 (10mM Tris-HCl, pH 8.0, 200mM NaCl, 

1mM EDTA, 0.5mM EGTA) incubated at 4°C rotating and spun down. The pellet 

was then lysed with LB3 (20mM Tris-HCl, pH 8.0, 150mM NaCl, 2mM EDTA, 

0,5mM EGTA, 1% Triton-X100) and sonicated leading to a DNA average size of 

200bp. 1ug of target-specific antibodies was added to the samples and incubated 

overnight at 4°C. The complexes were purified using ChIP grade protein-A/G 

magnetic beads (Thermo Scientific QB210263) followed by elution from the 

beads, reverse cross-linking and treatment with RNAse and Proteinase K. DNA 

was purified using PCR purification columns (QIAGEN). ChIP-seq libraries were 

prepared using 5ng of DNA and KAPA Hyper Prep Kit for Illumina, according to 

the manufacturer’s protocol. Libraries were validated using the Agilent 2200 

Tapestation and KAPA library quantification qPCR assay and sequenced on a 

HiSeq2500 sequencer as 50-bp single-end reads by the NYU Genome 

Technology Center.The raw data was analyzed using Basepair  software 

(http://www.basepairtech.com/) with pipelines including the following steps: The 

raw fastq data were trimmed using trim_galore to remove low-quality ends from 

reads (quality < 15) and adapter sequences. The trimmed data was aligned using 

Bowtie2(212) to UCSC genome assembly hg19. Duplicate reads were removed 

http://www.basepairtech.com/
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using Picard and bigwig files were created for visualization. Peaks were identified 

with Macs1.4(213) and transcription factor binding motifs were detected with 

Homer. Motifs were identified as enriched over 48,246 randomly selected 

background sequences with matched %GC content. Peaks overlapping with 

Satellite repeat regions were discarded and remaining filtered peaks were 

annotated using custom scripts based on UCSC Flat data(214), where peaks 

between -2500 bp to 2500 bp of a transcription start site were marked as 

Promoter, the overlapping gene body were marked as Genebody and the rest 

were marked as Intergenic. For intergenic peaks, a gene was considered a target 

if it was within 1Mb of the peak. 

 

Chromatin Immunoprecipitation followed by quantitative polymerase chain 

reaction 

Cells were fixed with 1% formaldehyde for 10 minutes at room temperature and 

the reaction was subsequently quenched using 125mM glycine. Fixed cells were 

lysed using the Low Salt Wash Buffer (0.1% SDS, 1%Triton-X100, 2mM EDTA, 

20mM Tris-HCl pH 8.1, 150mM NaCl). Lysates were sonicated for 30 minutes 

(High, 30 sec on and 30 sec off), spun down, and cleared lysates were used for 

immunoprecipitation. Complexes were purified using target-specific antibodies. 

Complexes were then washed with Low Salt Wash Buffer, High Salt Wash Buffer 

(0.1% SDS, 1% Triton-X100, 2mM EDTA, 20mM Tris-HCl pH 8.1, 500mM NaCl), 

LiCl Wash Buffer (1% Deoxycholate, 1% NP-40, 1mM EDTA, 10mM Tris-HCl, pH 

8.1, 250mM LiCl), and TE Wash Buffer (1X TE Buffer with 5uM NaCl). Samples 
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were eluted off beads after 1 hr. at 65°C and then treated with RNAse for 30 min. 

at 37°C and Proteinase K overnight at 55°C. DNA was then purified using the 

PCR Purification Kit (Qiagen). 2 µl of the purified DNA was added to SYBR 

Green PCR Master Mix (Applied Biosystems) along with primers. Relative 

quantification for each sample was performed using the comparative CT method 

with a ViiA 7 Real-Time PCR system (Applied Biosystems, No. 4364340). 

Samples were run in triplicate, and DNA levels were normalized to those of 1-

10% input for each sample. 

 

List of antibodies used for ChIP 

H3K4me1 (abcam 8895) and H3K27ac (abcam 4729)- 

H3K4me1 (abcam 8895), H3K27ac (abcam 4729) and ERα (Santa Cruz HC-20)- 

 

List of primers used for ChIP-qPCR 

ChIP primers are as follows CA2 enhancer forward: 5’-

GCAATCCTGAGAAACTGCAA-3’, reverse: 5’-GCTCCTGGCCTCAAACTATC-3’, 

PGR enhancer forward: 5’- GAGGGCTGTTGAAACAAACA-3’, reverse: 5’- 

TGCTGAGATCACACCTAGACAA-3’, AGR2 enhancer forward: 5’-

ACGAAGCCTGCTT CTGAAC-3’, reverse: 5’-

GTTTACAAGACATCAAACAACATGA-3’.  

 

Rapid immunoprecipitation mass spectrometry of endogenous protein 

complexes (RIME) 
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RIME was preformed as previously described(109, 188). Briefly, MCF7 cells 

were grown in SILAC Protein Quantification Kit DMEM:F12 (Thermo Fischer 

Scientific 88439) supplemented with dialyzed FBS (Life Technologies 88440) 

with either L-Lysine-2HCl (Thermo Scientific 88429) and L-Arginine-HCl (Thermo 

Scientific 88427) for light-labeled media or L-Arginine-HCl 13C6 (Cambridge 

Isotope Laboratories 13E-430) and L-Lysine-2HCl 13C6, 15N2 (Cambridge 

Isotope Laboratories 14F-832) for heavy-labeled media. 60 million cells total with 

30 million light labeled shRenilla cells and 30 million heavy labeled shKMT2C#2 

cells was used for each replicate. Cells were lysed with LB1, LB2 and LB3. 10ug 

of antibody against ERα (Santa Cruz sc-543) was used for each replicate. There 

were three replicates done in total. Immunoprecipitated samples were washed 

with RIPA wash buffer as previously described and digested overnight with 

trypsin, peptides desalted using C18 zip tips, and then dried by vacuum 

centrifugation.  Each sample was reconstituted in 10 uL 0.1% (vol/vol) formic acid 

and 4 uL analyzed by microcapillary liquid chromatography with tandem mass 

spectrometry using the NanoAcquity (Waters) with a 100-μm-inner-diameter × 

10-cm- length C18 column (1.7 um BEH130, Waters) configured with a 180-μm × 

2-cm trap column coupled to a Q-Exactive Plus mass spectrometer (Thermo 

Fisher Scientific). Peptides were eluted with a linear gradient of 0-35% 

acetonitrile (0.1% formic acid) in water (0.1% formic acid) over 150 mins with a 

flow rate of 300 nL/min.   The QE Plus was operated in automatic, data-

dependent MS/MS acquisition mode with one MS full scan (380–1800 m/z) at 

70,000 mass resolution and up to ten concurrent MS/MS scans for the ten most 
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intense peaks selected from each survey scan. Survey scans were acquired in 

profile mode and MS/MS scans were acquired in centroid mode at 17500 

resolution and isolation window of 1.5 amu and normalized collision energy of 27. 

AGC was set to 1 x 10(6) for MS1 and 5 x 10(4) and 100ms IT for MS2.  Charge 

exclusion of unassigned and greater than 6 enabled with dynamic exclusion of 

15s.  All MS/MS samples were analyzed using MaxQuant (Max Planck Institute 

of Biochemistry, Martinsried, Germany; version 1.5.3.3) at default settings with a 

few modifications. The default was used for first search tolerance and main 

search tolerance: 20 and 4.5 ppm, respectively. Labels were set to Arg6 and 

Lys8. MaxQuant was set up to search the reference human proteome database 

downloaded from Uniprot on September 6, 2016. Maxquant performed the 

search assuming trypsin digestion with up to two missed cleavages. Peptide, 

Site, and Protein FDR were all set to 1%.   One unique peptide was required for 

high-confidence protein identifications and a minimum ratio count of two peptides 

(one unique and one razor) were required for SILAC ratio determination. The 

following modifications were used as variable modifications for identifications and 

included for protein quantification: Oxidation of methionine, acetylation of the 

protein N-terminus, phosphorylation of serine, threonine and tyrosine residues.  

 

METABRIC patient data acquisition 

1209 Luminal A and B breast cancer patients with Illumina HumanHT-12 V3 

expression beadchip array and complete clinical annotation from the METABRIC 

dataset were included in the analysis. Patient data was collected retrospectively.  
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KMT2C derived gene expression signature 

ssGSEA(215) was used to compute a set of different scores based on in vitro 

derived shKMT2C expression signatures. For each sample independently, an 

ssGSEA score was calculated after gene expression levels were rank normalized 

and ordered, using the empirical cumulative distribution functions of genes in the 

signature and the reaming genes as previously described(215-217) using the 

bioconductor package GSVA(218). Patients were stratified into high, low and 

intermediate scorers using population quartiles for the numerical ssGSEA score.  

 

Xenograft studies 

We obtained 6- to 8-week-old nu/nu athymic BALB/c female mice from Envigo 

Laboratories and maintained them in pressurized, ventilated caging. All studies 

were performed in compliance with institutional guidelines under an institutional 

animal care and use committee (IACUC)-approved protocol (MSKCC 12-10-016). 

Xenograft tumors of MCF7 cells stably expressing either shRenilla or 

shKMT2C#2 were established in nude mice by subcutaneously implanting 0.72 

mg of sustained-release 17β-estradiol pellets with a 10-g trocar into one flank 

and injecting 1 × 107 cells suspended 1:1 in reconstituted basement membrane 

(Matrigel, Collaborative Research) into the opposite flank 3 d later. We removed 

17β-estradiol pellets from the mice when tumors reached a size of ~100 mm3. 

Tumor dimensions were measured with vernier calipers, and tumor volume was 

calculated (π/6 × larger diameter × (smaller diameter)2). In this study, no blinding 
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of investigators or randomization of mice was performed. On the basis of our 

previous work measuring the variability in size and growth of MCF7 xenografts, 

we estimated that ten mice per group would allow us to detect differences in 

tumor size of >200 mm3. 

 

MCF10A colony formation assay 

MCF10A colony formation assay was performed using 8-well chamber slides. 

45uL of matrigel was spread evenly on each slides and allowed to solidify for 30 

minutes at 37°C. 5000 MCF10A cells (either parental, CRISPR control or KMT2C 

knockout) in 400uL of overlay media were used per well. Overlay media 

consisted of DMEM:F12, 2% Horse Serum, 5ng/mL EGF and 2% matrigel. Wells 

were left in 37°C for over the course of the experiments. Slide images were taken 

using a Zeiss Widefield Microscope. Each cell line was tested in triplicate.  

 

Tail Vein Xenografts 

1 million MCF7 cells (either stably expressing shRenilla or shKMT2C) were 

injected into the tail veins of 6-8 week old nu/nu athymic BALB/c female mice 

from Envigo Laboratories. 0.72mg b-estradiol pellets were planted into the “with 

estrogen” groups 3 days prior to cell injection. Mice were imaged once a week 

starting at 3 weeks post injected. For imaging, mice were retro-orbitally injected 

with 75mg/ kg D-luciferin in PBS prior to acquiring bioluminescence images. 

 

Study Approval 
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All mice were treated with procedures approved by the Institutional Animal Care 

and Use Committee. Access to the METABRIC(219) cohort was obtained with 

consent from the MSKCC institutional review board for anonymized evaluation of 

genomic associations. 
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