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Co-targeting epigenetic and oncogenic enzymes in HER2+ breast cancer  

Abstract 

Breast cancer is the most prevalent cancer worldwide with over 2 million women 

diagnosed every year, and caused 685,000 deaths globally in 2020. 15-25% of breast cancer 

patients overexpress the receptor tyrosine kinase (RTK) human epidermal growth factor receptor 

2 (HER2). While several agents that target HER2 have been FDA-approved, metastatic HER2+ 

breast cancer remains incurable with a median overall survival of 57 months. This dissertation 

describes a promising therapeutic strategy for HER2+ breast cancers that co-targets HER2 along 

with an epigenetic enzyme, EZH2. Specifically, we show that EZH2 inhibitors not only enhance 

baseline responses to HER2 kinase inhibitors, but also sensitize tumors that have become 

resistant to these agents, triggering cell death and dramatic tumor regression. 

We further demonstrate that therapeutic efficacy is mediated by the oncoprotein YAP, 

which dynamically regulates the pro-apoptotic gene BMF in HER2+ breast cancers. Specifically, 

EZH2 inhibitors trigger the loss of repressive H3K27 methylation marks at proximal BMF-

regulatory sequences, which induces the binding of YAP/TEAD complexes. Importantly, in this 

setting YAP and TEAD repress BMF transcription and protect cells from death. However, 

subsequent exposure to HER2 kinase inhibitors trigger the release of YAP/TEAD complexes, 

inducing BMF transcription and apoptosis. Thus, our studies demonstrate that EZH2 and YAP both 

normally protect HER2+ breast cancers from cell death by buffering the BMF locus through 

distinct mechanisms, which can be overcome by combining EZH2 and HER2 kinase inhibitors. 
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In summary, this dissertation describes a promising therapeutic strategy with potential 

clinical relevance and provides insight into specific vulnerabilities of HER2+ breast cancer, which 

may ultimately lead to new treatments for this disease.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Table of Contents 

Abstract ........................................................................................................................................... iii 

Table of Contents ............................................................................................................................. v 

List of Figures ................................................................................................................................. vii 

List of Tables ................................................................................................................................. viii 

Acknowledgements ......................................................................................................................... ix 

Chapter 1 : Introduction ................................................................................................................. 1 

BREAST CANCER .......................................................................................................................... 3 

Overview .................................................................................................................................. 3 

Breast Cancer Subtypes ........................................................................................................... 3 

Basal-like Breast Cancer .......................................................................................................... 5 

HER2+ BREAST CANCER ............................................................................................................... 7 

Overview .................................................................................................................................. 7 

Clinical Outcomes .................................................................................................................... 9 

Molecular Characteristics ...................................................................................................... 10 

Targeting HER2 ...................................................................................................................... 11 

THE EPIGENETIC LANDSCAPE OF CANCER ................................................................................. 18 

The PRC2 Complex and EZH2 ................................................................................................ 19 

EZH2 in Cancer ....................................................................................................................... 21 

EZH2 in Breast Cancer............................................................................................................ 23 

EZH2 Inhibitors as Therapeutic Agents in Cancer ................................................................. 26 

Histone Deacetylases ............................................................................................................. 28 

APOPTOSIS ................................................................................................................................ 30 

Intrinsic Apoptosis ................................................................................................................. 31 

BMF ........................................................................................................................................ 36 

BMF in Cancer ........................................................................................................................ 37 

YAP-TEAD ................................................................................................................................... 39 

OVERVIEW OF DISSERTATION ................................................................................................... 41 

 

 

 



vi 
 

Chapter 2 : EZH2 Inhibitors Create a Dependency on YAP for Survival in HER2+ Breast Cancers 43 

ABSTRACT .................................................................................................................................. 45 

INTRODUCTION ......................................................................................................................... 45 

RESULTS ..................................................................................................................................... 47 

EZH2 inhibitors dramatically enhance responses to HER2 kinase inhibitors in both HER2 

inhibitor-resistant and sensitive models ............................................................................... 47 

EZH2 and HER2 kinase inhibitors cooperatively promote tumor regression in drug-resistant 

and sensitive models ............................................................................................................. 52 

EZH2 and HER2 inhibitors cooperatively upregulate BMF and trigger apoptosis ................. 55 

EZH2 and YAP-TEAD complexes coordinately suppress BMF ................................................ 57 

DISCUSSION ............................................................................................................................... 61 

EXPERIMENTAL METHODS ........................................................................................................ 63 

Chapter 3 : Identifying Drugs That Cooperate with EZH2 Inhibitors in Breast Cancer Models .... 71 

PREFACE .................................................................................................................................... 72 

INTRODUCTION ......................................................................................................................... 72 

RESULTS ..................................................................................................................................... 73 

EZH2i + chemotherapy do not cooperate in TNBC ................................................................ 73 

EZH2i + HDACi cooperate in TNBC ......................................................................................... 77 

EZH2i + HDACi cooperate in HER2+ breast cancer ................................................................ 79 

DISCUSSION ............................................................................................................................... 82 

METHODS .................................................................................................................................. 85 

Chapter 4 : Conclusions and Future Directions ............................................................................ 87 

SUMMARY ................................................................................................................................. 88 

FUTURE DIRECTIONS ................................................................................................................. 90 

Clinical outlook for co-targeting HER2 and EZH2 in metastatic HER2+ breast cancer .......... 90 

Future questions about the role of YAP/TEAD as a repressor of BMF .................................. 94 

The role of HER2 inhibitors in triggering apoptosis............................................................... 96 

Targeting other EZH2 and HER2 overexpressing malignancies ............................................. 98 

Appendix A: Supplementary Materials for Chapter 2 ................................................................ 100 

References .................................................................................................................................. 103 

 



vii 
 

List of Figures 

Chapter 1 : Introduction 

Figure 1-1. Overall survival of breast cancer by subtype ............................................................... 4 

Figure 1-2. HER2 belongs to a family of receptor tyrosine kinases that controls a vast signaling 

network ........................................................................................................................................... 9 

Figure 1-3. Mechanism of action of FDA-approved HER2-directed therapies ............................. 14 

Figure 1-4. Current standard of care for advanced stage HER2+ breast cancer .......................... 15 

Figure 1-5. High EZH2 levels are correlated with aggressive breast cancer ................................. 24 

Figure 1-6. EZH2 is overexpressed in the more aggressive breast cancer subtypes .................... 25 

Figure 1-7. The BCL-2 family members and their structures ........................................................ 32 

Figure 1-8. The intrinsic apoptotic pathway ................................................................................. 34 

 

Chapter 2 : EZH2 Inhibitors Create a Dependency on YAP for Survival in HER2+ Breast Cancers  

Figure 2-1. HER2 and EZH2 Inhibitor combinations cause cell death in HER2+ breast cancer cell 

lines ............................................................................................................................................... 50 

Figure 2-2. HER2 and EZH2 inhibitor combination causes potent tumor regression in HER2+ 

breast cancer xenografts .............................................................................................................. 54 

Figure 2-3. EZH2 and HER2 inhibitors cooperatively upregulate BMF and trigger apoptosis ...... 57 

Figure 2-4. YAP-TEAD protects HER2+ breast cancer from cell death in response to EZH2i ....... 60 

 

Chapter 3 : Identifying Drugs That Cooperate with EZH2 Inhibitors in Breast Cancer Models 

Figure 3-1. EZH2 is overexpressed in TNBC irrespective of staging.............................................. 74 

Figure 3-2. Chemotherapeutic agents and EZH2i combinations do not have a cooperative effect

....................................................................................................................................................... 76 

Figure 3-3. Entinostat and panobinostat have cooperative effects with EZH2i in TNBC cell lines

....................................................................................................................................................... 79 

Figure 3-4. Entinostat and panobinostat have cooperative effects with EZH2i in HER2+ breast 

cancer cell lines ............................................................................................................................. 81 

 
Appendix A: Supplementary Materials for Chapter 2 

Supplemental Figure A-1 HER2 and EZH2 inhibitor treatment does not affect mouse weight . 101 

Supplemental Figure A-2 Hallmarks of cancer apoptosis signature is enriched in cells treated 

with both HER2 and EZH2 inhibitors ........................................................................................... 101 

Supplemental Figure A-3 EZH2 and HER2 inhibitors cooperatively upregulate BMF ................ 102 

Supplemental Figure A-4 Co-inhibition of EZH2 and HER2 without pre-treatment of EZH2 is not 

cytotoxic ...................................................................................................................................... 102 

  

 



viii 
 

List of Tables 

Chapter 1 : Introduction 

Table 1-1. Receptor annotations and characteristics of different breast cancer subtypes ........... 4 

Table 1-2. Highlights of genomic, clinical, and proteomic features of basal-like breast cancer .... 6 

Table 1-3. Highlights of genomic, clinical, and proteomic features of HER2+ breast cancer....... 10 

Table 1-4. Food and Drug Administration-approved agents for the treatment of metastatic 

HER2+ breast cancer ..................................................................................................................... 11 

Table 1-5. Examples of mechanisms of resistance to anti-HER2 drugs ........................................ 16 

Table 1-6. Summary of clinical trials utilizing PI3K/AKT/mTOR pathway inhibitors and HER2-

targeting agents ............................................................................................................................ 18 

Table 1-7. Summary of small molecular SAM-competitive inhibitors targeting EZH1 and/or EZH2 

in clinical trials or approved by FDA ............................................................................................. 27 

Table 1-8. Summary of therapeutic combinations utilizing EZH2i ............................................... 28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

Acknowledgements 

First and foremost, I'd like to say thank you to my advisor, Karen Cichowski. Grad school 

is hard, and I can't imagine how much harder it would have been without you in my life. Thank 

you for your support, mentorship, and guidance through this entire process. Thank you for 

always reminding me to be more confident and that I have a lot to offer. I’m not sure I’ve 

internalized the message yet, but I’m slowly getting there! Thank you for allowing me to make 

my December 1st defense dream a reality. It means more to me than you know. 

Second, I’d like to thank all the amazing people in the Cichowski lab who have supported 

me during grad school. Naiara, thank you for your friendship, expertise, patience, and 

thoughtfulness when you teach me science. These traits demonstrate what a great PI you’ll be. 

Lili, thank you for being one of the most empathetic and thoughtful friends I could ask for. Your 

laughter, kindness, and gentle heart have carried me through more than you know. Carrie and 

Natalie, thank you for your kindness and hard work. Francesca and Rhea, thank you for your 

friendship. Amy, thank you for always being happy to lend a hand, ear, and brain to me. I’m 

excited for when you have your own lab, and I know you’ll do great. There's no one I'd rather 

co-parent mice with. Pat Pat, thank you for always being willing to listen when I get in a tizzy. 

The Cichowski lab is lucky to have you as their senior grad student, and I appreciate the warm 

atmosphere you make. Abby, thank you for the Groupon dates, advice, and for being the best 

bay buddy I could ask for. Steph, thank you for being the best senior grad student and always 

being so generous with your time and help. Ryan, thank you for teaching me how to MacGyver. 

Rachel, thank you for the Starbies dates and for being the best lab little sister. I’m so excited to 

watch you flourish as a scientist. Masha, thank you for your kindness, laughter, stories, and 



x 
 

support. Naomi, Ophélia, Thomas, and Becky, thank you for welcoming me to the lab and being 

such patient teachers. And last, but certainly never least, my dearest Haley. Thank you for being 

the best friend and neighbor a girl could ask for. You are my rock, and while you might not 

agree, I’m so happy that I followed you to your PhD lab and then moved down the street from 

you. I wouldn’t have been able to get through this time without you. 

I would also like to thank those who have helped me grow scientifically. Bill Hahn and 

his lab members for their feedback and guidance during our joint lab meetings. Kenneth Gray, 

Yannis Zervantonakiss, and Jason Zoeller from Joan Brugge’s lab, Tyler Laszewski from Sandy 

McAllister’s lab, and Renee Geck and Laura Ghisolfi in Alex Toker’s lab for generously sharing 

their time, expertise, and reagents with me.  

I am incredibly grateful to my dissertation advisory committee members Alex Toker, 

Sandy McAllister, and Nelly Polyak for your support and guidance over the years. I would also 

like to thank my thesis defense committee for reading this thesis and carrying out my 

examination. Thank you, Nelly Polyak, Carla Kim, Jackie Lees, and Andi McClatchey for allowing 

me to defend on this special day. 

To the BBS office: Anne, Danny, Maria, Kate, and Tucker. Thank you for always being 

willing to listen to me and for your support over the years. BBS wouldn’t be the same without 

you, and it makes me happy knowing that future students are in great hands.  

Thank you to all those who helped me get to where I am today. My SWC mentor Nouna 

Bakhiet who introduced me to scientific research. My Salk mentors Jim Umen, Brad Olsen, Liang 

Song, Gerald Pao, and MC Ku. My SDSU mentor Susan Kaiser. You all shared your love of 



xi 
 

research with me, and for that I am forever grateful. Liang, Gerald, and MC, thank you for caring 

about me as a human being and a scientist, and encouraging me in all my pursuits. Mama 

Nouna, you are sorely missed.  

Thank you to all my BBS friends, but especially Kayla, Kaia, Kenneth, Kian, Jackie, John, 

Pierce, Max, Sisi, Carmen, Anna, and Tyler. Grad school wouldn’t have been the same without 

you. I’d especially like to thank Rachel. I’m so glad you lived across the hall and that you were 

willing to lend me your ID card and vacuum cleaner <24 hours after meeting me. I’m so proud 

to call you my friend, and grateful for all your support and all that you’ve taught me in life. 

Thank you to my student organization families— HPREP, YES for CURE, Operation 

Impact, Bok Center, and MIT VCG. Thank you for giving me a home and outlet outside of lab. 

An especially huge thank you to my LPCE family. Sam and Maria, working with you has been a 

dream. Thank you for trusting me and letting me grow. 

Thank you to my family in San Diego and Japan for rooting for me, but a special thank 

you to Yui. Your support has especially meant a lot to me. I miss you and look forward to 

teaching the Tater Tots all about the joys of science. You can’t hold back this cool aunt.  

To my San Diego friends, I’m so glad we’ve kept in touch over the years and distance. 

Thank you for keeping me grounded.  

Lastly, I’d like to thank Kenji. You’ve always been my biggest cheerleader, and words 

can’t express how grateful I am to you. Thank you for being the most thoughtful, kind, and 

generous partner anyone could ask for. None of this would have been possible without you, 

and I can’t wait for this next chapter in our lives. 



xii 
 

To the Cichowski grad student who is reading this in a daze as you prepare to write your 

own thesis: you probably recognize that reading a previous grad student's acknowledgement 

section won't actually help you write your thesis, but it's a great way of feeling like you're doing 

something isn't it? We've all been there. =) You're in the home stretch, my friend! You got this! 

Know that I’m rooting for you from 2021!! 

And finally, Mom, this was all for you. I miss you and love you. Happy birthday.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

Chapter 1 : Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 
 

 This dissertation focuses on the development of a promising therapeutic drug 

combination for patients with advanced HER2+ breast cancer. Breast cancer is the most prevalent 

cancer worldwide with over 2 million women diagnosed every year (WHO 2021). The receptor 

tyrosine kinase (RTK) human epidermal growth factor receptor 2 (HER2) is overexpressed in 15-

25% of breast cancers and acts as a driver of tumor growth (Rimawi, Schiff, and Osborne 2015; 

Hung et al. 2006). Over the past 30 years, a variety of FDA-approved HER2-targeting therapies 

have been utilized with great success, resulting in a very good prognosis for individuals diagnosed 

with early stage HER2+ breast cancer and a 5 year disease free survival rate of 93-99% (D. Slamon 

et al. 2011; Fehrenbacher et al. 2014). However, despite these therapeutic advances, metastatic 

HER2+ breast cancer remains incurable with a median overall survival of 57 months (Bredin, 

Walshe, and Denduluri 2020). Accordingly, there is a clear unmet need to develop treatments 

that overcome therapeutic resistance of HER2+ breast cancers. While effective HER2 inhibition 

will remain an important aspect of these new approaches, additional therapeutic targets must 

be identified. To this end, my strategy has been to investigate the effects of co-targeting 

oncogenic and epigenetic pathways to elicit a more potent effect. In this dissertation, I will 

describe the promising responses to combined HER2 and EZH2 inhibitors that we have observed 

in various HER2+ breast cancer models and our efforts to deconstruct its mechanism of action. 

 This introduction sets the stage for my work by outlining the important signaling and 

epigenetic vulnerabilities in HER2+ breast cancer, some of which have been previously 

overlooked. I first provide background about HER2+ breast cancer, describing its development 

and current therapeutic shortcomings. Next, I review the epigenetic landscape of cancer, the role 
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EZH2 plays in this dysregulated state, and historical efforts to target it. Finally, I provide context 

and justification for the use of HER2 and EZH2 inhibitors in the treatment of HER2+ breast cancer.  

 

BREAST CANCER 

Overview 

 In the US, 1 in 8 women will be diagnosed with breast cancer during their lifetime and 1 

in 39 will die from this disease (ACS 2019). Globally, breast cancer is the most prevalent form of 

cancer, and women lose more disability-adjusted life years (DALYs) from breast cancer than any 

other cancer (WHO 2021). With the widespread use of screening mammography and increased 

performance of breast-self exams, the majority of breast cancers in the US are caught early in 

disease progression, with 62% confined to the breast at diagnosis, 31% disseminated to regional 

lymph nodes, and 6% presenting with metastases. In addition to early detection, advances in 

treatments have contributed to a 5-year relative survival estimate of 99% for patients with 

localized disease (Waks and Winer 2019). However, this number plummets to 29% for patients 

with metastatic disease (SEER 2021), highlighting the need for new therapeutic options for these 

individuals. 

 

Breast Cancer Subtypes 

Breast cancer is a highly heterogenous disease that can be separated into four main 

molecular subtypes based on the presence or absence of estrogen receptor (ER), progesterone 
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receptor (PR), and/or human epidermal growth factor 2 (HER2). Specifically, these subtypes are 

referred to as luminal A, luminal B, HER2-enriched (HER2+), and basal-like tumors  (Dai et al. 

2016; Hon et al. 2016). Subtyping of patient tumors is done largely based on 

immunohistochemistry (IHC) assays for ER, PR, HER2, and the proliferation marker Ki67, in 

addition to gene expression patterns determined by PAM50 testing (Raj-Kumar et al. 2019) 

Table 1-1. Receptor annotations and characteristics of different breast cancer subtypes 
HR: Hormone receptor (estrogen receptor and progesterone receptor), Ki-67: Mark of cell 
proliferation. Information adapted from (Vuong et al. 2014) 

Subtype HR HER2 Ki-67 Standard of Care 

Luminal A + - Low Hormone therapy 
Luminal B + + High Hormone therapy + chemotherapy 
HER2+ + + High Anti-HER2 therapy + chemotherapy 
Basal-like - - High Chemotherapy 

 

 
Figure 1-1. Overall survival of breast cancer by subtype 
Kaplan-Meier curves depicting overall survival by subtype. Dark blue: Luminal A; Light blue: 
Luminal B; Pink: HER2+; Red: Basal-like. Data adapted from (Rosen and Vargo-Gogola 2007) by 
Naomi Olsen 
 

Interestingly, even within these classifications based on receptor status, tumors can be 

further subdivided based on gene expression profiles (Lehmann et al. 2011). Breast cancer 

subtypes differ markedly in their progression, prognosis, and outcome, and for this reason 

different subtypes must be treated as different diseases (Waks and Winer 2019) (Figure 1-1). For 
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example, though luminal A and luminal B tumors are both hormone receptor positive, luminal B 

tumors are significantly more aggressive, have higher rates of metastases, and result in a shorter 

overall survival period, often warranting more intensive treatments (Eroles et al. 2011). 

For reasons which will be explained in future chapters, my dissertation touches upon the 

basal-like subtype, but primarily focuses on HER2+ breast cancer. Thus, I will provide further 

introduction to both subtypes. 

 

Basal-like Breast Cancer 

 Basal-like breast cancers are characterized by a lack of ER, PR, or HER2, and therefore are 

more difficult to treat (Yin et al. 2020; Waks and Winer 2019). Accordingly, the current standard 

of care is to use non-specific, systemic chemotherapy (Waks and Winer 2019). In the clinic, basal-

like tumors are characterized by their larger size, propensity to metastasize, and aggressiveness 

(Lehmann et al. 2011). Therefore, while it is the least common subtype representing 10-20% of 

breast cancers, it is the most deadly with a 5 year survival of less than 30% and a mortality rate 

3 months after relapse of 75% (Yin et al. 2020; Lehmann et al. 2011). Compared to other subtypes, 

basal-like is more likely to affect women who are Black or Hispanic and younger (Foulkes, Smith, 

and Reis-Filho 2010).  

 Though the terms “basal-like breast cancer” and “triple negative breast cancer (TNBC)” 

are often used interchangeably, it is important to note that they are not synonymous (Alluri and 

Newman 2014). The designation “basal-like” is determined by molecular subtyping using gene 

expression to look at a tumor’s PAM50 gene signature, while the “triple negative” classification 
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comes from immunohistochemistry for the three aforementioned receptors (Kensler et al. 2019). 

For the purposes of this dissertation, I will refer to the subtype I worked with as “triple negative 

breast cancer (TNBC).”   

 Despite lacking the receptors that are commonly targeted in breast cancer treatments, 

the mutational profile of TNBC has revealed some actionable genetic alterations. For example, 

the PI3K pathway is altered in over 29% of TNBC tumors (Kriegsmann et al. 2014). In addition, 

patients with germline mutations in the DNA repair genes BRCA1 and/or BRCA2 are at an 

increased risk of developing TNBC (Gudmundsdottir and Ashworth 2006; Sørlie et al. 2003). In 

fact, approximately 20% of primary TNBC tumors carry a germline and/or somatic mutation in 

BRCA1 or BRCA2 (Koboldt et al. 2012). Altogether, these features have generated an interest in 

combining current chemotherapies with PARP or PI3K/AKT/mTOR pathway inhibitors as 

therapeutic options (Geenen et al. 2018; Khan et al. 2019) (Table 1-2).  

Table 1-2. Highlights of genomic, clinical, and proteomic features of basal-like breast cancer 
Data adapted from (Koboldt et al. 2012) 

Feature Rate 

TP53 pathway TP53 mut (84%); gain of MDM2 (14%) 

PIK3CA/PTEN 
pathway 

PIK3CA mut (7%); PTEN mut/loss (35%); INPP4B loss (30%) 

RB1 pathway RB1 mut/loss (20%); cyclin E1 amp (9%); high expression of CDKN2A; 
low expression of RB1 

mRNA expression Basal signature; high proliferation 

Copy number Most aneuploid; high genomic instability; 1q, 10p gain; 8p, 5q 
loss; MYC focal gain (40%) 

DNA mutations TP53 (84%); PIK3CA (7%) 

DNA methylation Hypomethylated 

Protein expression High expression of DNA repair proteins, PTEN and INPP4B loss 
signature (pAKT) 
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 Finally, the immunotherapy pembrolizumab (Keytruda) has shown promise among TNBC 

patients, with a phase 3 trial in the US indicating 64.8% of patients treated with pembrolizumab 

and chemotherapy achieved a pathological complete response compared to 51.2% of patients 

treated with the current standard of care of chemotherapy alone (Schmid et al. 2020). 

Pembrolizumab was approved by the FDA for use in TNBC in July 2021, providing an additional 

therapeutic option for patients whose tumors express PD-L1. 

 

HER2+ BREAST CANCER 

Overview 

HER2+ breast cancer is characterized by an overexpression of the receptor tyrosine kinase 

(RTK) human epidermal growth factor 2 (HER2), which drives its growth and leads to an 

aggressive phenotype and poor prognosis (Prat et al. 2014; Rimawi, Schiff, and Osborne 2015). 

HER2 is overexpressed in 15-25% of breast cancers, but fortunately, a variety of clinical agents 

that target this oncogenic protein have been developed (Rimawi, Schiff, and Osborne 2015; Hung 

et al. 2006). HER2 belongs to the HER family of RTKs, consisting of the four cell-surface receptors 

HER1 (alternatively known as EGFR), HER2, HER3, and HER4 (Davoli, Hocevar, and Brown 2010). 

As RTKs, the four members of this family all have a similar structure composed of a cytoplasmic 

membrane-anchored protein with an extracellular ligand-binding domain, transmembrane 

domain, and intracellular tyrosine kinase domain (J. L. Hsu and Hung 2016).  

The HER family of RTKs is noteworthy due to the members’ interdependence on one 

another and functional complementarity (Hsieh and Moasser 2007). This is especially important 
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in the case of HER2 and HER3, as HER2 is unique in that it has no recognized ligands and HER3 

has no catalytic kinase activity (Yarden and Sliwkowski 2001). While the HER2 ligand is unknown, 

activation of HER2 occurs via heterodimerization with other family members or spontaneous 

homodimerization with itself when it is present at high levels, as is the case in HER2+ breast 

cancer. Interestingly, EGFR, HER3, and HER4 preferentially dimerize with HER2, creating 

heterodimers that result in longer and stronger signal transduction relative to other dimers that 

do not contain HER2, illustrating another problematic aspect of HER2 overexpression (Davoli, 

Hocevar, and Brown 2010). 

Activation is similar across the family members in that a ligand will bind to a monomeric 

RTK (except for HER2), prompting homo- or heterodimerization of the receptors activating the 

cytoplasmic catalytic function (except for HER3), leading to autophosphorylation on the tyrosine 

residues that then act as the docking sites for adaptors and enzymes that trigger signaling 

cascades (Yarden and Sliwkowski 2001) (Figure 1-2). When expressed at normal levels, HER2 acts 

as a regulator of cell growth, differentiation, and survival. However, when overexpressed, it 

hyperactivates signaling pathways such as RAS/RAF/MEK/ERK or PI3K/AKT/TOR that lead to 

aggressive tumor growth and progression (Davoli, Hocevar, and Brown 2010; J. L. Hsu and Hung 

2016; Arteaga and Engelman 2014; Yarden and Sliwkowski 2001). (Figure 1-2).  
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Figure 1-2. HER2 belongs to a family of receptor tyrosine kinases that controls a vast signaling 
network 
Figure from (Yarden and Sliwkowski 2001) 
 

Clinical Outcomes 

 HER2 overexpression is associated with adverse survival outcomes, early metastasis, and 

frequent spread to the lymph nodes and central nervous system (Tesch and Gelmon 2020; 

Rimawi, Schiff, and Osborne 2015). Compared to other breast cancer subtypes, HER2+ tumors 

have unique epidemiological, clinical, and prognostic differences (Y. Wang et al. 2018). They do 

not respond well to standard chemotherapy, and individuals with HER2+ breast cancer have 

shorter overall survival compared to those with the luminal subtypes (Figure 1-1). If detected at 

an early stage, the tumor can be effectively resected and the patient placed on HER2-targeted 

therapy to prevent any residual disease from becoming a full-blown recurrence (Rimawi, Schiff, 



10 
 

and Osborne 2015). In fact, the five years disease free survival rate of early stage HER2+ breast 

cancer patients is 93-99% (D. Slamon et al. 2011; Fehrenbacher et al. 2014). Unfortunately, 

advanced metastatic HER2+ breast cancer is incurable and invariably fatal, with a median overall 

survival of 57 months (Bredin, Walshe, and Denduluri 2020).  

 

Molecular Characteristics 

The defining characteristic of HER2+ breast cancer is an excess of the receptor tyrosine 

kinase HER2, generally accomplished through amplification or overexpression of the HER2 gene. 

In terms of somatic alterations, TCGA analysis of primary patient samples has further shown that 

the PIK3CA/PTEN, TP53, and RB1 pathways are also commonly affected (Koboldt et al. 2012) 

(Table 1-3).    

Table 1-3. Highlights of genomic, clinical, and proteomic features of HER2+ breast cancer 
Data adapted from (Koboldt et al. 2012) 

Feature Rate 

TP53 pathway TP53 mut (75%); gain of MDM2 (30%) 

PIK3CA/PTEN 
pathway 

PIK3CA mut (42%); PTEN mut/loss (19%); INPP4B loss (30%) 

RB1 pathway Cyclin D1 amp (38%); CDK4 gain (24%) 

mRNA expression HER2 amplicon signature; high proliferation 

Copy number Most aneuploid; high genomic instability; 1q, 8q gain; 8p loss; 17q12 
focal ERRB2 amp (71%) 

DNA mutations TP53 (75%); PIK3CA (42%); PIK3R1 (8%) 

Protein expression High protein and phospho-protein expression of EGFR and HER2 
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Targeting HER2 

 The HER2+ breast cancer field has greatly benefited from the identification of HER2 as an 

oncogenic driver and the development of a variety of HER2-targeted agents (Tesch and Gelmon 

2020). Early studies showed that amplification and/or overexpression of HER2 was associated 

with improved outcomes when anti-HER2 therapies were combined with chemotherapy relative 

to chemotherapy alone, which led to the standard inclusion of anti-HER2 treatments upon 

diagnosis (Prat et al. 2014; D. J. Slamon et al. 2001). Advances in HER2-targeted therapies over 

the past 20 years have led to a vast improvement in patient outcomes with advanced disease, 

with median survival almost tripling from 20.3 months to 57 months (D. J. Slamon et al. 2001; 

Bredin, Walshe, and Denduluri 2020). However, despite improvements, treatments for 

metastatic HER2+ breast cancer are still not curative, demonstrating a need for more effective 

therapies. 

Table 1-4. Food and Drug Administration-approved agents for the treatment of metastatic 
HER2+ breast cancer 
TKI: tyrosine kinase inhibitor, mAb: monoclonal antibody, ADC: antibody-drug conjugate. 
Information adapted from (Hurvitz and Zhang 2021) 

Drug Type 
Line of 

Therapy 
Year 

Approved 
Targets 

Lapatinib TKI > Third 2007 EGFR, HER2 
Neratinib TKI > Third 2020 EGFR, HER2, 

HER4 
Tucatinib TKI > Third 2020 HER2 selective 
Trastuzumab mAb First 1998 HER2 

Pertuzumab mAb First 2012 HER2 
Margetuximab mAb > Third 2020 HER2 
Trastuzumab emtansine (T-DM1) ADC > Second 2013 HER2 
Trastuzumab deruxtecan (T-DXd) ADC > Third 2019 HER2 
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 Since the FDA approval of trastuzumab as the first targeted agent for treatment of 

metastatic HER2+ breast cancer in 1998, there have been seven more approvals—four of which 

have taken place in the last two years (Hurvitz and Zhang 2021) (Table 1-4). These agents broadly 

fall into three classifications as tyrosine kinase inhibitors (TKI), monoclonal antibodies (mAb), or 

antibody drug conjugates (ADC).  

 The mechanism of action for the eight HER2-targeted agents differ, and therefore, in 

many settings patients are placed on more than one concurrently to achieve a deeper response 

(Choong, Cullen, and O’Sullivan 2020). For example, a study comparing lapatinib monotherapy to 

a lapatinib and trastuzumab combination in patients with metastatic disease that had progressed 

during a prior trastuzumab regimen demonstrated that overall survival went from 9.5 months 

with lapatinib alone to 14 months with the combination (Blackwell et al. 2012). While the 

antibody drug conjugates TDM-1 is generally used as a monotherapy in the second line setting 

for metastatic disease, the other agents are generally combined with other HER2-targeting 

agents or chemotherapy (Choong, Cullen, and O’Sullivan 2020).  

The three TKIs lapatinib, neratinib, and tucatinib work by inhibiting kinase activity (as 

outlined in Table 1-4), thereby suppressing downstream signaling cascades. By contrast, the 

three mAb partially reduce kinase expression and signaling, but are considered to be 

immunotherapies, in that they primarily function by triggering immune responses. Though 

trastuzumab was the first HER2-targeting agent to enter the clinic and has been in use for over 

three decades, its mechanism of action is still not fully understood. Trastuzumab binds the 

extracellular juxtamembrane domain of HER2, and was reported to kill tumors via antibody-

dependent cell-mediated cytotoxicity (ADCC) (Bang et al. 2017; Choong, Cullen, and O’Sullivan 
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2020). However, more recent studies have shown that trastuzumab also triggers antibody-

dependent cellular phagocytosis (ADCP) (Shi et al. 2015; Tsao et al. 2019; Su et al. 2018; Ravetch 

et al. 2000). Margetuximab is derived from trastuzumab and thus has the same mechanism of 

action, but allows for greater binding to the stimulatory receptors on natural killer cells and 

macrophages that allow for enhanced ADCC to take place (Bang et al. 2017).  Pertuzumab 

recognizes a different portion of HER2, binding to the HER2 dimerization domain to prevent 

heterodimerization, but also triggers ADCC (Costa and Czerniecki 2020; Ishii, Morii, and 

Yamashiro 2019). The observation that these therapeutic antibodies function differently than 

HER2 kinase inhibitors will be relevant to studies described in Chapter 2. 

Both ADCs are composed of trastuzumab as the HER2-specific antibody backbone 

conjugated to a chemotherapeutic agent (Ferraro, Drago, and Modi 2021). T-DM1 consists of 

trastuzumab conjugated to maytansinoid, a microtubule-disrupting agent, and T-DXd consists of  

trastuzumab conjugated to deruxtecan, a topoisomerase I inhibitor (Choong, Cullen, and 

O’Sullivan 2020). ADCs are celebrated due to their multi-pronged effects of trastuzumab’s anti-

HER2 mechanism, chemotherapy-induced cytotoxicity, and HER2 specific targeting from the 

antibody-derived nature of the agent (J. Wang and Xu 2019) (Figure 1-3).   
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Figure 1-3. Mechanism of action of FDA-approved HER2-directed therapies 
Information adapted from (Choong, Cullen, and O’Sullivan 2020) by Naiara Perurena 

 

Through various clinical trials, an accepted optimal sequence of treatment using the FDA-

approved HER2-targeting agents in first- and second-line therapy has been established for 

patients with advanced disease. Unfortunately, response rates vary considerably, with 20-50% 

and 60-80% of patients unresponsive to these first- and second-line therapies respectively due 

to de novo or acquired resistance (Fehrenbacher et al. 2014; D. Slamon et al. 2011; Bredin, 

Walshe, and Denduluri 2020; Choong, Cullen, and O’Sullivan 2020) (Figure 1-4). Third-line 

treatment has yet to be standardized, and metastatic disease is invariably fatal (Tarantino et al. 

2021) (Figure 1-4). With the recent influx of FDA-approved agents, patients now have more 

treatment options than ever, but the lack of a clear standard demonstrates the pressing need for 

a therapy able to effectively combat HER2 disease and confer a durable effect.  
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Figure 1-4. Current standard of care for advanced stage HER2+ breast cancer 
Information adapted from (Fehrenbacher et al. 2014; D. Slamon et al. 2011; Bredin, Walshe, and 
Denduluri 2020; Choong, Cullen, and O’Sullivan 2020) 

 

Due to the variety of HER2-targeting therapies and their differential mechanisms of action, 

multiple resistance mechanisms have emerged (Pernas and Tolaney 2019; Rimawi, Schiff, and 

Osborne 2015). These broadly fall into two categories (1) reactivation of the HER2 pathway or its 

downstream signaling using compensatory, redundant, or mutated elements of the pathway or 

(2) stimulating alternative survival signaling pathways capable of bypassing HER family inhibition 

(Rimawi, Schiff, and Osborne 2015; Pernas and Tolaney 2019). Here, I will briefly discuss several 

examples of resistance mechanisms, although more are outlined in Table 1-5. 
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Table 1-5. Examples of mechanisms of resistance to anti-HER2 drugs 
Information adapted from (Vernieri et al. 2019) 

Drug Mechanism of resistance Factors involved 

Trastuzumab 

Impaired HER2 binding Splicing variants (p95HER2; Δ16 HER2) 

Parallel/downstream 
pathways 

PI3KCA mutations, PTEN loss 

Enhanced lipid metabolism Fatty acid synthase (FASN) 

ER signaling ER-PR expression 

Cell cycle regulation Cyclin D1-CDK 4/6 expression 

Escape from ADCC Poor binding to CD16A antibody 
receptor 

Lapatinib 

HER2 signaling HER2 mutations 

Cell cycle regulation  Cyclin D1-CDK 4/6 expression 

Parallel/Downstream 
pathways 

PI3K/AKT/mTOR pathway alterations 

ER signaling ER-PR expression 

T-DM1 

Impaired HER2 binding p95HER2; MUC4 expression 

Parallel/downstream 
signaling 

NRG, HER2-HER3, PIK3CA mutations 

T-DM1 
internalization/release 

SLC46A3, MDR1 

Trastuzumab + 
Lapatinib 

Impaired HER2 binding HER2 mutations 

FGFR1 signaling FGFR1 amplification 

Downstream pathways PI3KCA mutations, 

ER signaling ER-PR expression 

Cell cycle regulation Cyclin D1-CDK 4/6 expression 

Trastuzumab + 
Pertuzumab 

Altered intracellular 
pathways 

PIK3CA mutations 

 

As previously discussed, the HER2 family of RTKs is known for its members’ 

interdependence on one another and functional complementarity (Figure 1-2). This 

complementarity provides the basis for one resistance mechanism in which HER-targeting agents 

elicit incomplete inhibition of HER2, and this activates compensatory mechanisms that activate 

the other HER family members (Pernas and Tolaney 2019). However, in addition to activating 

other HER family members, HER2+ cells can also activate other RTKs such as insulin-like growth 
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factor 1 receptor (IGF-1R), an RTK important in signaling cell survival and proliferation (Nahta et 

al. 2005). 

Some resistance mechanisms have a defined genetic or epigenetic cause. Examples of this 

include splicing variants such as p95HER2 that result in HER2 lacking the trastuzumab-binding 

epitope and Δ16 HER2, which increase stabilization of HER2 homodimers so they are 

constitutively activated (Arribas et al. 2011; Castiglioni et al. 2006). In addition, as illustrated by 

Table 1-3, HER2+ breast cancers often have mutations in critical components of the PIK3CA/PTEN 

pathway that lead to hyperactivation of the PI3K/AKT/mTOR pathway (Berns et al. 2007; Nagata 

et al. 2004). This has led to a plethora of clinical trials, some ongoing, using PI3K, AKT, and mTOR 

inhibitors in combination with HER2-targeted therapy (Table 1-6). 

While this section is in no way a complete discussion of resistance mechanisms, its 

purpose is to introduce the fact that metastatic HER2+ breast cancer is prone to de novo and 

acquired therapeutic resistance, and that the mechanisms are many, varied, and not always fully 

understood. 
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Table 1-6. Summary of clinical trials utilizing PI3K/AKT/mTOR pathway inhibitors and HER2-
targeting agents 
Bevacizumab: monoclonal antibody that binds vascular endothelial growth factor-A (VEGF-A), 

growth factor that induces the development of tumor-associated blood vessels, LJM716: 

monoclonal antibody that binds HER3. Information adapted from (Martorana et al. 2021; 

Akinleye et al. 2013; Paplomata and O’Regan 2014; Yang et al. 2019) 

Drug Target Combination agents 
Clinical 
phase 

Ipatasertib (GDC-0068) AKT Trastuzumab + pertuzumab  I 

MK-2206 AKT 

Trastuzumab + paclitaxel I 

Lapatinib I 

Trastuzumab I 

Everolimus mTOR Trastuzumab II 

Ridaforolimus mTOR Trastuzumab II 

Temsirolimus mTOR Neratinib I/II 

Alpelisib (BYL719) PI3Kα 
LJM716 + trastuzumab I 

T-DM1 I 

Buparlisib (BKM120) PI3Kα/β/γ/δ 

Lapatinib I/II 

Trastuzumab I/II 

Capecitabine +/− (Trastuzumab + lapatinib) I 

Trastuzumab + paclitaxel II 

Copanlisib (BAY 80–
6946)  

PI3Kα/δ Trastuzumab I 

Pictilisib (GDC-0941) PI3Kα/β/γ/δ Paclitaxel +/− bevacizumab or trastuzumab I 

Taselisib (GDC-0032) PI3Kα/γ/δ 
T-DM1 +/− pertuzumab I 

Pertuzumab + trastuzumab +/− paclitaxel I 

XL-147 PI3Kα/β/γ/δ Trastuzumab +/− paclitaxel I/II 

 

THE EPIGENETIC LANDSCAPE OF CANCER 

The human body is composed of hundreds of different cell types and tissues that 

substantially vary in identity and function, yet all contain the same genome. In 1942, the 

developmental biologist Conrad Waddington coined the word “epigenetics” utilizing the Greek 

prefix “epi,” meaning “in addition to” or “above” to describe the poorly understood phenotypic 

differences observed in cells during development, without associated changes in genetic 
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sequence. Though initially studied in the context of development, it is now understood that 

epigenetics is an omnipresent mechanism of gene regulation (Allis and Jenuwein 2016). To 

understand epigenetics, one must first understand chromatin structure, starting with histones. 

The histones H2A, H2B, H3, and H4 form octamers that function together as scaffolding blocks 

that package and compact DNA into repeating units called nucleosomes, which are in turn 

packaged and compacted into chromatin. Regulation of any given gene or locus is dependent 

upon its chromatin organization and how “open” or “closed” it is, allowing access to regulatory 

factors and transcriptional machinery. The less compacted the chromatin is, the more physically 

available the genes on that stretch of DNA are for transcription (Allis and Strahl 2000).  

Classic examples of epigenetic gene regulation mechanisms are post-translational histone 

modifications such as acetylation and methylation that occur on histones 3 and 4. As previously 

described, histones package and compact DNA, and the amount of this compaction directly 

correlates with how physically accessible a gene is for transcription. Importantly, post-

translational modifications of histones have a major effect on gene accessibility and transcription 

(Allis and Strahl 2000; Allis and Jenuwein 2016). My dissertation work focused on the epigenetic 

regulator PRC2, and more specifically its catalytic subunit EZH2, which has been shown to be 

capable of generating global transcriptional changes through the methylation of histone H3. 

 

The PRC2 Complex and EZH2 

The polycomb repressive complexes are an integral part of chromatin-based gene 

regulation and are essential for normal gene regulation and development. Polycomb repressive 
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complex 1 (PRC1) monoubiquitinates histone H2A at Lys119 (H2AK119ub1), while PRC2 primarily 

methylates histone H3 at Lys27 (H3K27). The two polycomb repressive complexes were first 

discovered in the context of Drosophila development and their necessity in normal body plan 

specification. However, subsequent discoveries showed their role in mammalian development 

(Blackledge and Klose 2021). My dissertation focuses on the PRC2 subunit EZH2, and so I will 

expand further upon EZH2. 

PRC2 is comprised of a core complex containing EZH2, SUZ12, and EED. The histone 

methyltransferase enhancer of zeste homolog 2 (EZH2) is the catalytic subunit of the PRC2 

complex (Yamaguchi and Hung 2014). PRC2 catalyzes a series of methylation reactions at H3K27 

that sequentially results in mono-, di-, and tri-methylation at H3K27, resulting in H3K27me1, 

H3K27me2, and H3K27me3, respectively (J. Tan et al. 2014). This methylation takes place via 

EZH2’s C-terminal SET protein domain to transfer a methyl group from the cofactor S-adenosyl 

methionine (SAM), which is converted to S-adenosyl homocysteine (SAH) in the process, onto 

H3K27 (Dockerill, Gregson, and O’ Donovan 2021). H3K27me3 mediates gene silencing by 

repressing transcription at specific sites in the genome (Holm et al. 2012). EZH2’s importance in 

development is demonstrated by the fact that EZH2 knockout mice are early embryonic lethal 

(Hanaki and Shimada 2021). In addition, EZH2 has been shown to be critical for maintaining stem 

cell properties of embryonic stem cells where it is found at the promoters of key developmental 

genes to ensure repression and prevent differentiation (Mendenhall et al. 2010) as well as adult 

stem cells where it maintains the pluripotent potential of mesenchymal, hematopoietic, and 

skeletal muscle stem cells (Lifeng Wang et al. 2010; Yu et al. 2011; Chen et al. 2011; Akala and 
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Clarke 2006; Caretti et al. 2004). However, it has also been proposed to play a role in cell cycle 

progression, autophagy, apoptosis, and DNA damage repair (Hanaki and Shimada 2021). 

 

EZH2 in Cancer 

EZH2 also plays an important role in cancer. While gain of function mutations in EZH2 

have been detected in diffuse large B-cell lymphoma (DLBCL), follicular lymphoma (FL), and 

melanoma, in most solid tumors it is more commonly overexpressed (Chase and Cross 2011; 

Wassef and Margueron 2017). High levels of EZH2 have been observed in many tumor types 

including breast, prostate, bladder, gastric, lung, and hepatocellular carcinoma (J. Min et al. 2010; 

Chase and Cross 2011; Deb, Thakur, and Gupta 2013), and its high expression correlates with 

disease progression (Kleer et al. 2003; Eskander et al. 2013; Weikert et al. 2005; Zingg et al. 2015; 

Sudo et al. 2005). 

EZH2 has been extensively studied in prostate cancer, and it has been long known that 

EZH2 is one of the most highly upregulated genes in the metastatic setting (Chinnaiyan et al. 

2002). However, the causative, rather than correlative, relationship between EZH2 and prostate 

cancer was demonstrated when EZH2 was shown to drive tumor development and metastasis in 

an in vivo model (J. Min et al. 2010). Specifically, this work demonstrated that EZH2 

overexpression drove prostate cancer growth and metastasis by suppressing the tumor 

suppressor DAB2IP, in turn activating RAS and NF-κB signaling. Studies related to EZH2 and breast 

cancer will be described later in this chapter.  



22 
 

Interestingly, while EZH2 is generally known as a repressor of transcription, due to its role 

as the catalytic subunit of the PRC2 complex, it has been proposed to exhibit PRC2-independent 

functions. For example in one study, rather than repressing transcription, EZH2 was shown to act 

as a co-activator for transcription factors such as the androgen receptor (AR) (Xu et al. 2012). This 

concept will be further addressed in Chapter 2. 

Finally, while EZH2 is generally known for its oncogenic role in cancer, it can paradoxically 

act as a tumor suppressor depending on the context. For example, homozygous EZH2 mutations 

in myeloid malignancies result in premature chain termination or abrogation of its histone 

methyltransferase activity, suggesting it normally acts as a tumor suppressor in this particular 

cancer type (Cross et al. 2010). Loss of function mutations and deletions of SUZ12 and EED are 

also common events in malignant peripheral nerve sheath tumors (MPNSTs) (De Raedt et al. 

2014). The evidence for EZH2/PRC2’s opposing roles in cancer suggest that the cellular context is 

of utmost importance in determining its oncogenic or tumor suppressing functions. However, 

this thesis will focus exclusively on its oncogenic function in breast cancer.  

To summarize, a wide variety of EZH2-related perturbations associated with cancer have 

emerged, including, but not limited to, gain-of-function and loss-of-function mutations, 

overexpression, mutations in the H3K27 demethylase UTX, and mutations in the SWI/SNF 

chromatin remodeling complex that partially antagonizes polycomb function (K. H. Kim and 

Roberts 2016). Despite these complexities EZH2 has proven to be an attractive therapeutic target. 

Up to 30% of non-Hodgkin lymphomas of follicular and germinal center diffuse large B-cell 

subtypes have activating somatic heterozygous mutations in EZH2’s SET domain resulting in an 

increase in H3K27me3 at PRC2-regulated loci that promote tumor formation (Souroullas et al. 
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2016). Because of this, three SAM-competitive EZH2 inhibitors have entered clinical trials for 

follicular lymphomas and diffuse large B cell lymphoma patients with these gain of function 

mutations, and one, tazemetostat, has been approved for use in follicular lymphoma (Gulati, 

Béguelin, and Giulino-Roth 2018). Tazemetostat was also approved for the treatment of locally 

advanced or metastatic epithelioid sarcomas which harbor defects in SMARCB1 (Gounder et al. 

2020; Simeone et al. 2021).  

The specific role of EZH2 in breast cancer and the rationale for evaluating EZH2 inhibitors 

in this disease is discussed below. 

 

EZH2 in Breast Cancer 

In breast cancer, high EZH2 expression is correlated with poor clinical outcome and more 

aggressive and advanced stage disease (Kleer et al. 2003; Sun et al. 2009) (Figure 1-5). These 

patients tend to be diagnosed at increased tumor size and disease stage and at a younger age 

(Jang et al. 2016). In addition, women with elevated levels of EZH2 in their normal breast 

epithelium were found to be at increased risk of breast cancer, suggesting that EZH2 may, at a 

minimum, be a potential biomarker for breast cancer development and/or more aggressive 

disease (Beca et al. 2017).  
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Figure 1-5. High EZH2 levels are correlated with aggressive breast cancer 
(a) Kaplan–Meier (KM) analysis of metastasis-free survival based on EZH2 mRNA transcript levels 
as measured by DNA microarrays by (Veer et al. 2002). KM analysis of (b) disease-free and (c) 
overall survival based on EZH2 protein levels as established by IHC. Figure from (Kleer et al. 2003) 

 

Overexpression of EZH2 in breast cancer has been associated with high tumor cell 

proliferation and features of more aggressive diseases such as high nuclear grade and HER2 

positivity. Conversely, low-grade breast cancers tend to express low levels of EZH2 (S. Guo et al. 

2016). However, as previously discussed, breast cancer is a highly heterogenous disease in which 

different subtypes must be considered different diseases, and so it is necessary to consider EZH2 

in the context of each subtype, rather than as an entire whole, as illustrated in Figure 1-5. Analysis 

of TCGA primary tumor samples with matched normal tissue broken down by subtype indicate 

that EZH2 levels are high in the basal, luminal B, and HER2+ subtypes, confirming that high levels 

of EZH2 correlate with more aggressive disease (Figure 1-6). However, interestingly, even among 

the generally less aggressive luminal A subtype, patients with high EZH2 expression had a 

significantly shorter overall survival compared to those with low EZH2 expression, indicating that 

EZH2’s correlative effects for more aggressive disease are applicable across the subtypes (Jang et 

al. 2016).  
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Figure 1-6. EZH2 is overexpressed in the more aggressive breast cancer subtypes 
Matched normal breast and tumor tissue data from TCGA Firehouse. ER, PR, and HER2 status 
were determined by IHC. ER/PR+ samples were not broken into luminal A vs luminal B, so it is 
likely that the two subgroups are from the EZH2 high luminal B and the EZH2 low luminal A 
tumors. Figure from Amy Schade 

 

 Though the role of EZH2 is less well understood in breast cancer as compared to other 

cancers such as prostate, gain- and loss-of function studies both in vitro and in vivo have shown 

that EZH2 exerts an oncogenic function in breast cancer. For example, EZH2 overexpression in 

immortalized human mammary epithelial cells induced anchorage-independent growth and cell 

invasion (Kleer et al. 2003). In addition, mammary-specific EZH2 transgenic mice developed 

atypical intraductal hyperplasia and exhibited increased cell proliferation compared to control 

mice, and formed invasive mammary carcinomas significantly earlier (Gonzalez et al. 2014). 

Genetic suppression of EZH2 in the human TNBC cell line MDA-MB-231 reduced tumor growth, 

suggesting that EZH2 downregulation may inhibit breast cancer proliferation in some settings 

(Gonzalez et al. 2009). Finally, EZH2 overexpression in mouse mammary tumor virus-neu (HER2) 
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mice resulted in accelerated mammary tumor initiation (Gonzalez et al. 2014). Taken together, 

these results demonstrate that EZH2 plays a functional role in the development and/or 

progression of breast cancer. 

 

EZH2 Inhibitors as Therapeutic Agents in Cancer 

The enzymatic nature of EZH2 makes it an attractive therapeutic target. In fact, there are 

five small molecule SAM-competitive inhibitors targeting EZH2 already in clinical trials with one 

approved (Marchesi and Bagella 2016) (Table 1-7). Though we are still in the early days of 

understanding EZH2 and its functions in cancer, the excitement surrounding the therapeutic 

potential of targeting EZH2 has led to over 35 clinical trials since 2016 evaluating the efficacy of 

EZH2i alone or in combination with other agents for a variety of cancers (Dockerill, Gregson, and 

O’ Donovan 2021).  

GSK126 was the first commercial EZH2 inhibitor. However, its first clinical trial was 

terminated early due to only modest anticancer activity at tolerable doses and dosing limitations 

of the drug resulting from a short half-life that reduced effective exposure (Yap et al. 2019). 

However, since then, tazemetostat has shown great promise in the clinic with its 2020 approval 

for follicular lymphoma and epithelioid sarcoma giving hope for the other inhibitors currently in 

trial (Dockerill, Gregson, and O’ Donovan 2021).   
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Table 1-7. Summary of small molecular SAM-competitive inhibitors targeting EZH1 and/or 
EZH2 in clinical trials or approved by FDA 
ALL: acute lymphoblastic leukemia, AML: acute myeloid lymphoma, CRPC: castration-resistant 
prostate cancer, DLBCL: diffuse large B cell lymphoma, FL: follicular lymphoma, mCRPC: 
metastatic castration-resistant prostate cancer, NHL: non-Hodgkin’s lymphoma, r/r: 
relapsed/refractory, SAM S-adenosyl-methionine, SCLC small cell lung cancer. Information 
adapted from (Duan, Du, and Guo 2020; Rugo et al. 2020) 

Drug Target Cancer indications in clinical studies Clinical phase 

CPI-1205 EZH2 

B cell lymphoma I 

Advanced solid tumor I/II 

mCRPC I/II 

CPI-0209 EZH2 Advanced solid tumor I/II 

DS-3201 EZH1/2 

AML or ALL I 

SCLC I/II 

r/r adult T cell lymphoma II 

Tazemetostat EZH2 

FL Approved 

Epithelioid sarcoma Approved 

r/r B cell NHL II 

Malignant mesothelioma II 

r/r INI1-negative tumors or synovial sarcoma I 

r/r FL and DLBCL I 

r/r B cell NHL I 

B cell NHL, FL, DLBCL, and solid tumors I/II 

PF-06821497 EZH2 SCLC, r/r CRPC, and r/r FL I 

GSK126 EZH2 
r/r DLBCL, transformed FL, NHL, solid tumors, 

and multiple myeloma 
Terminated 

 

Recent clinical trials have shown that EZH2 inhibitors as a monotherapy exhibits activity 

in blood cancers and epithelioid sarcomas, but preclinical studies suggest that it may not be 

effective as a single agent in other solid tumors, thereby stimulating an interest in evaluating 

EZH2 inhibitors in combination therapies (C. Li et al. 2021). EZH2 inhibitors have demonstrated 

cooperative or synergistic results with other drugs in preclinical studies (Table 1-8), lending 

additional credence to exploring the potential utility of EZH2 inhibitors in breast cancer. 
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Table 1-8. Summary of therapeutic combinations utilizing EZH2i  
Information adapted from (C. Li et al. 2021) 

Cancer therapy Therapeutic method Cancer types 

Immunotherapy 

Anti-CTLA-4 Bladder cancer 

Anti-PD-L1 
Hepatocellular 

carcinoma 

Anti-PD-1 Head and neck cancer 

Anti-MDSCs Colon cancer 

Chemotherapy 

Docetaxel Prostate cancer 

Etoposide Lung cancer 

Cisplatin 

Cervical cancer 

Ovarian cancer 

Osteosarcoma 

Temozolomide Glioblastoma 

Doxorubicin, Melphalan Multiple myeloma 

Epirubicin, Mitomycin C 
Hepatocellular 

carcinoma 

Targeted therapy 

PARP inhibitor 
Ovarian cancer 

Breast cancer 

HDAC inhibitor 

Acute myeloid 
leukemia 

Lymphomas 

Lung cancer 

Ovarian cancer 

Endocrine 
therapy 

Anti-androgen 
Prostate cancer 

Prostate cancer 

Anti-estrogen Breast cancer 

 

Histone Deacetylases 

In addition to methylation, another important regulatory histone modification is 

acetylation, which is associated with open chromatin and active transcription. At the beginning 

of my thesis work, I also assessed the effects of HDAC inhibitor-based drug combinations. 

Therefore, I have included a description of these epigenetic enzymes here. 
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As their name indicates, histone deacetylases (HDACs) remove acetylation from protein 

substrates such as histone tails. HDACs oppose histone acetyltransferases (HATs), which add 

acetyl groups, and together, they ensure a steady-state level of acetylation at all times. In short, 

HDACs remove acetyl groups to compact chromatin, while HATs add acetyl groups to relax 

chromatin. In this way, the two work in concert to regulate gene expression and maintain order 

in important processes such as differentiation, angiogenesis, and metabolism (Hontecillas-Prieto 

et al. 2020). In the context of cancer, there is often a loss of HAT activity that results in widespread 

gene repression, including at tumor suppressor genes. Furthermore, HDACs are often 

overexpressed, leading to the removal of activating acetyl marks that results in gene suppression, 

including tumor suppressor genes (Eich et al. 2020). 

HDACs are a diverse family of proteins that are divided into four phylogenetic classes 

based on their sequence homology to yeast. Class I HDACs (HDAC 1, 2, 3, and 8) are homologous 

to yeast Rpd3 and class II HDACs (HDAC4, 5, 6, 7, 8, 10) are homologous to yeast protein Hda1. 

Class III HDACs are also known as Sirtuins and are homologous to yeast Sir2. They include seven 

members of the Sirtuin HDACs from Sirtuins 1 to 7 (Hontecillas-Prieto et al. 2020). Class IV HDACs 

(HDAC11) show similarities to both class I and II proteins. Aberrant expression of class I, II, and IV 

HDACs have been linked to a variety of solid and hematological tumors including neuroblastoma, 

medulloblastoma, lung, gastric, liver, pancreatic, colorectal, breast and ovarian. High levels of 

HDACs, regardless of class, are associated with more advanced diseases, poorer outcomes, and 

poor survival (Y. Li and Seto 2016). A plethora of HDAC inhibitors (HDACi) have been developed, 

and five have received FDA-approval for use in treating cancer— vorinostat (cutaneous T-cell 

lymphoma [CTCL]), belinostat (peripheral T-cell lymphoma [PTCL], romidepsin (CTCL, PTCL), 
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tucidinostat (PTCL), and panobinostat (multiple myeloma) (Bondarev et al. 2021). Though HDAC 

inhibitors are effective as monotherapies in hematological malignancies, this does not appear to 

hold true for solid tumors. Interestingly, preclinical and clinical data suggest that HDAC inhibitors 

have a greater effect and less toxicity when combined with other cancer agents, and these 

discoveries have spurred advancements in novel therapeutics combining HDAC inhibitors with 

PARP inhibitors, proteasome inhibitors, immune checkpoint inhibitors, and mTOR inhibitors, 

among others (Hontecillas-Prieto et al. 2020; A. Min et al. 2015; Laporte et al. 2017; K. Kim et al. 

2014; Malone et al. 2017; Booth et al. 2017). In breast cancer, HDAC inhibitors have shown 

promise in the treatment of luminal, triple negative, and HER2+ breast cancers (Zucchetti et al. 

2019). This served as one rationale for assessing the effects of HDACi + EZH2i, which will be 

discussed in Chapter 3. 

 

APOPTOSIS 

Apoptosis is the evolutionarily conserved cell death pathway responsible for culling cells 

in a controlled manner without harming the surrounding environment (Singh, Letai, and Sarosiek 

2019; Martin, Taylor, and Cullen 2008). Apoptosis is necessary for development and normal 

tissue function, as it is the process of regulated cell death that safely and effectively removes 

damaged, dysfunctional, or superfluous cells to make way for their replacement with new, 

necessary, and healthy cells (Singh, Letai, and Sarosiek 2019). The apoptotic process can be 

initiated by intracellular stimuli such as DNA damage, growth factor deprivation, and/or cytokine 

deprivation, and extracellular stimuli such as signals from cytotoxic T cells flagging damaged cells 
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for death (Pfeffer and Singh 2018). These intracellular and extracellular stimuli utilize the intrinsic 

signaling pathway mediated by mitochondria or an extrinsic signaling pathway mediated by so-

called “death receptors,” respectively (Pfeffer and Singh 2018; Singh, Letai, and Sarosiek 2019). 

Though they respond to different sets of stimuli and initiate different, complex signaling 

pathways, both end in the activation of the three major effector caspases, caspase-3, caspase-6, 

and caspase-7 that carry out apoptosis (Martin, Taylor, and Cullen 2008).  

In the course of my dissertation research, I investigate how EZH2 and HER2 inhibitors 

impinge on signals that drive intrinsic apoptosis, and so will provide further background on this 

pathway. 

 

Intrinsic Apoptosis 

As previously mentioned, intrinsic apoptosis is initiated by intracellular perturbations, 

including, but not limited to, DNA damage, growth factor deprivation, cytokine deprivation, 

endoplasmic reticulum stress, reactive oxygen species (ROS) overload, replication stress, 

microtubule alterations, and/or mitotic defects (Reviewed in Galluzzi et al. 2018). The intrinsic 

pathway depends upon the B-cell lymphoma-2 (BCL-2) family of proteins (Reviewed in Singh, 

Letai, and Sarosiek 2019). The BCL-2 family members share between one and four BCL-2 

homology (BH) domains (numbered BH1, BH2, BH3, and BH4) and are divided into three 

subfamilies: (1) the anti-apoptotic subfamily, also known as the pro-survival family, whose 

members contain all four BH domains, with most additionally having transmembrane domains 

(2) the pro-apoptotic subfamily, whose members all lack a BH4 domain, and includes BAX and 
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BAK, the proteins that form pores in mitochondrial outer membranes to promote apoptosis and 

(3) the pro-apoptotic BH3-only subfamily, which consists of eight structurally diverse proteins 

that have BH3 domains. These BCL-2 family members work together to strike a careful balance 

that determines whether cells will undergo apoptosis or not (Pentimalli 2018; Martin, Taylor, and 

Cullen 2008) (Figure 1-7).    

 
Figure 1-7. The BCL-2 family members and their structures 
BH: BCL-2 homology domain, TM: transmembrane domain. Figure from (Martin, Taylor, and 
Cullen 2008) 
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The BH3-only family is a grouping designation based on the members’ shared BH3 domain, 

and is further divided into the two subtypes of “activators” and “sensitizers” based on their 

function. The activators such as BID and BIM can directly activate BAX and BAK to form pores in 

the mitochondrial outer membrane, while the sensitizers are less efficient at this activation and 

perform a different function that will be discussed shortly (Reviewed in Giam, Huang, and Bouillet 

2008; Singh, Letai, and Sarosiek 2019).   

The intrinsic apoptosis pathway can be outlined with the schematic in Figure 1-8. (1) An 

intracellular insult will (2) stimulate the pro-apoptotic BH3-only activators such as BID and BIM 

to initiate apoptosis. This is the point that serves as a fork in the road where either apoptosis or 

survival will take place. First, the activators will (3) bind and be sequestered by the pro-survival 

family members such as BCL-2, BCL-X, or MCL1. If the activators are few enough that the pro-

survival proteins can bind and sequester them all, the cell will continue surviving with no change. 

If, however, the pro-survival proteins become saturated or are absent, the BH3-only activators 

will (4) bind to and activate the pro-apoptotic mitochondrial surface pore-forming proteins BAX 

and BAK. This activation initiates their oligomerization so that BAX and BAK form macropores in 

the mitochondrial membrane, resulting in mitochondrial outer membrane permeabilization 

(MOMP) (Reviewed in Singh, Letai, and Sarosiek 2019) 

This sequence of events in which the BH3-only activators are first bound and sequestered 

by the pro-survival proteins rather than directly binding to BAX and BAK is an important and 

necessary feature that prevents healthy cells from accidentally triggering apoptosis (Giam, Huang, 

and Bouillet 2008). The positioning of this pro-survival vs pro-apoptosis fork in the road in the 

intrinsic apoptotic pathway is crucial, as MOMP is generally considered the point of no return 
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when a cell is definitively damaged beyond repair. MOMP allows for the (5) release of 

apoptogenic proteins from the mitochondrial intermembrane space such as second 

mitochondria-derived activator of caspases (SMAC), the serine protease OMI, and cytochrome c. 

Once in the cytoplasm, cytochrome c can bind to the scaffold protein apoptotic protease-

activating factor 1 (APAF1) to form the apoptosome, a protein structure that recruits and 

activates caspase-9, the initiator caspase. Caspase-9 in turn (6) activates caspases -3 and -7, 

collectively known as the executioner caspases. In addition, the release of SMAC and OMI as a 

result of MOMP (7) inhibits X-linked inhibitor of apoptosis protein (XIAP), which normally blocks 

caspase activation.  

 
Figure 1-8. The intrinsic apoptotic pathway 
Modified from (Singh, Letai, and Sarosiek 2019) 

 

In addition, the aforementioned BH3-only sensitizers that are less efficient at activating 

BAX and BAK compared to the BH3-only activators play an important role in the intrinsic 

apoptotic pathway that acts upon the pro-survival/pro-apoptosis junction in the previously 

described sequence of events. BH3-only sensitizer proteins are not as efficient at binding to BAX 

and BAK, and as a result, their main function is to inhibit the pro-survival proteins and liberate 
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any bound activators (Reviewed in Giam, Huang, and Bouillet 2008). As indicated in Figure 1-8 

step 8, the activators are then free to bind BAX and BAK to induce MOMP and continue the 

apoptotic pathway. This lengthy series of events initiated by an intracellular injury culminates in 

the activation of these caspases that trigger apoptosis (Reviewed in Singh, Letai, and Sarosiek 

2019). 

While cancer is often thought of as a disease of uncontrolled cell proliferation, it is 

necessary to note that it is also a disease of dysregulated cell attrition, with apoptosis as the 

major mechanism of this attrition under normal conditions. In fact, considering apoptosis’ 

function in destroying damaged, dysfunctional, and superfluous cells, preventing cancer is one of 

its main objectives. Unfortunately, the ability to evade apoptosis is a hallmark of cancer cells, and 

much work is being conducted on stimulating pro-apoptotic molecules and inhibiting anti-

apoptotic molecules as an anti-cancer therapy (Hanahan and Weinberg 2000; Pfeffer and Singh 

2018). In fact, BH3 mimetics that inhibit BCL-2, BCL-X and/or MCL-1 are currently in clinical trials 

against chronic lymphocytic leukemia (CLL), small-cell lung cancer (SCLC), advanced-stage solid 

tumors, melanoma, non-Hodgkin’s lymphoma (NHL), pancreatic cancer, and colorectal cancer 

(Reviewed in Carneiro and El-Deiry 2020).  

In the next section, I will further discuss the pro-apoptotic regulator BMF, as I discovered 

it plays a crucial role in my combination’s synergistic therapeutic effect.  
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BMF 

BCL-2-modifying factor (BMF) is a member of the pro-apoptotic BH3-only subfamily of 

BCL2 proteins and belongs to the sensitizer subcategory (Certo et al. 2006; Puthalakath et al. 

2001) (Figure 1-7). As noted above, BMF is a BH3-only sensitizer, which means its main function 

is to inhibit anti-apoptotic proteins such as BCL-2 and MCL-1 so that the BH3-only activators BID 

and BIM can activate BAX and BAK to induce MOMP and ultimately apoptosis (Reviewed in Singh, 

Letai, and Sarosiek 2019). 

In healthy cells, BMF is sequestered in the myosin V motor complex by binding to dynein 

light chain-2 (DLC2) (Puthalakath et al. 2001). The myosin V motor complex is a protein structure 

whose function is to attach to organelles and molecules via DLC2 and transport these cargo loads 

within the cell along actin filaments (Izidoro-Toledo et al. 2013). The first study establishing BMF’s 

interaction with myosin V motor proteins found that BMF is released from this sequestration 

under certain conditions such as DNA damaging UV radiation or anoikis, apoptosis induced by 

detachment from the extracellular matrix or neighboring cells that prevents those cells from 

colonizing elsewhere (Puthalakath et al. 2001). Another study discovered that BMF release was 

induced by methods of cell stress that repressed the CAP-dependent translation machinery such 

as serum deprivation, hypoxia, inhibition of the PI3K/AKT pathway or mTOR, or inhibition of the 

eukaryotic translation initiation factor eIF-4E (Grespi et al. 2010). However, a subsequent study 

discovered that cell death from these stimuli still takes place in BMF-/- mouse embryonic 

fibroblasts (MEFs) and gastrointestinal epithelial cells, suggesting there must be redundancy with 

other BH3-only proteins (Labi et al. 2008). This finding that knockdown of BMF can affect but not 
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prevent apoptosis in response to specific stimuli was consistent with the categorization of BMF 

as a pro-apoptotic sensitizer, rather than activator. 

In the context of my dissertation centering on breast cancer, an interesting feature of 

BMF is that along with another BH3-only protein BIM (Figure 1-7, Figure 1-8), it plays an 

important role in mammary gland development. The mammary gland is a very complex system 

due to its intricate structure and the fact that it undergoes various stages of development and 

myriad changes requiring precise control of proliferation and apoptosis throughout a woman’s 

lifetime (Reviewed in Oudenaarden, van de Ven, and Derksen 2018). BIM- and BMF-mediated 

anoikis keeps the lumen of mammary glands free of any detached luminal epithelial cells during 

lactation to keep the ducts clear for milk secretion, and also clears epithelial cells during 

involution after weaning. In both processes, a loss of either of these proteins results in the 

mammary duct lumens filling with hyperplastic mammary epithelial cells (Mailleux et al. 2007; 

Schuler et al. 2016). It is important to note that the lumen filling with hyperplastic mammary cells 

is also a characteristic of ductal carcinoma in situ (DCIS) providing a hint at the way in which BMF 

and apoptosis may be involved in breast cancer (Pradeep et al. 2012). 

 

BMF in Cancer 

As previously discussed, apoptosis is a pathway that allows for the elimination of 

abnormal cells, and thus acts as an important way to prevent cancer development. Therefore, it 

is not surprising that evading apoptosis is a hallmark of cancer (Hanahan and Weinberg 2000). 

This also highlights the potential importance of pro-apoptotic proteins such as BMF to act as 
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tumor suppressors by coordinating the controlled killing of tumors cells. Indeed, development of 

irradiation-induced thymic lymphomas is accelerated in BMF knockout mice (Labi et al. 2008) and 

knocking down BMF in human mammary epithelial cells is sufficient to prevent anoikis and acinar 

cell death and promote anchorage-independent growth (Schmelzle et al. 2007).  

In vivo models of breast cancer have also shown the importance of BMF in metastases. E-

cadherin is a vital component of the adherens junctions necessary for cell adhesion and 

maintaining a cell’s epithelial phenotype (Mendonsa, Na, and Gumbiner 2018). In metastatic 

breast cancer, E-cadherin is inactivated, leading to anoikis resistance and dissemination (Derksen 

et al. 2006). Expressing BMF in the E-cadherin negative and metastatic mouse invasive lobular 

carcinoma cell line mILC1 is sufficient to inhibit tumor growth and dissemination, demonstrating 

loss of E-cadherin and inhibition of BMF-dependent anoikis are factors in malignant tumor 

progression (Hornsveld et al. 2016). 

In addition, constitutive activation of the MEK/ERK or PI3K/AKT pathways represses BMF 

during anoikis, revealing that these pathways known to be involved in tumorigenesis when 

deregulated, can clamp down on BMF expression, and with this, the apoptotic machinery 

(Schmelzle et al. 2007). This fact is especially interesting in the context of my thesis, as HER2 

overactivation constitutively activates downstream signaling pathways that include MEK/ERK 

and PI3K/AKT (Yarden and Sliwkowski 2001) (Figure 1-2).    
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YAP-TEAD 

In this section, I will focus on the YAP/TEAD complex, as it is crucial to the mechanism of 

action of my combination therapy. I will focus on each component in turn. 

The transcriptional regulator yes-associated protein (YAP) is a major effector of the Hippo 

pathway, an evolutionarily conserved signaling cascade that controls cell growth and fate 

decision, organ size, and regeneration (Pentimalli 2018). Under conditions that indicate cells 

should no longer proliferate, such as contact inhibition, the Hippo pathway activates a kinase 

cascade that phosphorylates and inhibits YAP, causing it to accumulate in the cytoplasm where 

it is ubiquitinated and degraded by proteasomes (B. Zhao et al. 2007; 2010). Under conditions 

requiring proliferation, the Hippo pathway is off and YAP is dephosphorylated and translocated 

into the nucleus where it interacts with transcription factors to induce expression of genes 

important for cell proliferation, survival, and migration (T. Guo et al. 2013; Koontz et al. 2013).  

Though initially studied in the context of development and the Hippo pathway, it is now 

clear that YAP is an oncogene. In cancer, sustained YAP activation causes aberrant cell 

proliferation, survival, and reprogramming of non-stem cell tumor cells into cancer stem cells, 

(Reviewed in Zanconato, Cordenonsi, and Piccolo 2016). Mouse fibroblasts overexpressing YAP 

continue to proliferate despite reaching confluency when contact inhibition mechanisms would 

ordinarily prevent cell division (B. Zhao et al. 2007). YAP overexpression in in vivo studies utilizing 

multiple mammary carcinoma cell lines noted an increase in tumor volume as well as metastatic 

ability and size of metastases. In addition, a benign non-transformed mammary epithelial cell line 

was rendered highly metastatic upon YAP overexpression (Lamar et al. 2012). Additional studies 
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using a doxycycline-inducible YAP construct in the liver of mice increased liver size more than 4-

fold and eventually caused hepatocellular carcinoma (Camargo et al. 2007). Taken together, 

these studies illustrate YAP’s involvement in cancer.  

It is important to note that YAP does not have a DNA binding domain, and so in order to 

fulfill its role as a transcriptional regulator, it must interact with transcription factors such as 

members of the TEA domain (TEAD) family (Vassilev et al. 2001). The TEAD family of transcription 

factors are canonical binding partners of YAP and consist of four members (TEAD1-TEAD4), and 

it is hypothesized that the TEADs may be key mediators of the growth and tumorigenic potential 

of YAP. By creating stable pools of human mammary epithelial MCF10A with either constitutively 

active YAP (YAP-5SA) or a version of YAP unable to bind to TEAD (YAP-S94A), it was demonstrated 

that as expected, YAP-5SA induced YAP-inducible genes more strongly than the wild-type YAP, 

while YAP-S94A was, interestingly, severely compromised in its previously established gene 

regulation functions of promoting cell growth, oncogenic transformation, and epithelial-

mesenchymal transition, as determined by microarray (B. Zhao et al. 2008).  

The importance of the YAP/TEAD relationship and their dependence on one another to 

properly carry out YAP’s functions as a gene regulator is further confirmed by comparing mice 

with a TEAD binding deficient YAP construct in the epidermis to those with YAP knockout in the 

epidermis and seeing that they phenocopy one another (Schlegelmilch et al. 2011). An additional 

function of YAP/TEAD activity that is of interest in the context of cancer therapeutics and my 

dissertation is that it has been associated with targeted therapy resistance in NSCLC to EGFR 

inhibition (Chaib et al. 2017; P.-C. Hsu et al. 2016).   
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While YAP is canonically considered to be a transcriptional activator, it can also repress 

transcription. For example, previous studies have indicated that YAP/TEAD suppress expression 

of differentiation markers to maintain pluripotency in human embryonic stem cells (Beyer et al. 

2013), tumor-suppressor genes in human epithelial mammary cells to promote cell proliferation 

and survival (M. Kim et al. 2015), and the pro-apoptotic protein BMF to suppress apoptosis and 

induce therapeutic resistance in EGFR-mutant lung cancers (Kurppa et al. 2020). Additionally, YAP 

acts as a transcriptional repressor when bound to other transcription factors such as the 

osteoblast-related transcription factor RUNX2 to attenuate skeletal gene expression (Zaidi et al. 

2005) and PPARγ, a transcription factor that induces adipocyte differentiation and genes involved 

in fat deposition, to suppresses adipogenesis (Pan et al. 2018). In Chapter 2, I will discuss the role 

that YAP plays in regulating the therapeutic response to EZH2 and HER2 inhibitors.  

 

OVERVIEW OF DISSERTATION 

 Recent therapeutic advancements have improved outcomes for patients with advanced 

stage HER2+ breast cancer, but it is still an ultimately incurable disease. The lack of an effective 

therapy demonstrates the clear unmet need for advancements in this field. This dissertation 

describes a promising new therapeutic combination targeting both epigenetic and oncogenic 

pathways in the treatment of HER2+ breast cancer. 

 In Chapter 2, my primary research chapter, I explore the combination of HER2 and EZH2 

inhibitors for the treatment of HER2+ breast cancer and elucidate its mechanism of action. By 

utilizing various in vitro and in vivo methods, I show that this combination not only overcomes 
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HER2 inhibitor resistance, but also targets residual disease. In addition, I demonstrate how EZH2 

and HER2 inhibitors cooperatively upregulate BMF and trigger apoptosis to cause cell death. 

 In Chapter 3, I will describe additional preliminary studies that were conducted alongside 

my initial studies in Chapter 3. This chapter will serve to document other EZH2 inhibitor-based 

drug combinations that worked or did not work and will explain why we chose to move forward 

with the HER2/EZH2 inhibitor combination.  

Finally, in Chapter 4, I make conclusions and discuss the potential implications of my 

findings for not just HER2+ breast cancer patients, but other breast cancer subtypes. I review 

current treatment options for patients and discuss my combination within the context of the 

clinical landscape. In addition, I discuss the promising results and how they could be utilized to 

treat individuals with other HER2 overexpressing cancers. Lastly, I will highlight future research 

questions and avenues of inquiry to pursue in light of the exciting results of my thesis work.  
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ABSTRACT 

Human epidermal growth factor receptor positive (HER2+) tumors account for 15-25% of 

breast cancers. While a variety of HER2-targeted therapies have been developed, tumors can 

exhibit de novo or acquired resistance and metastatic disease remains incurable. Here we show 

that EZH2 inhibitors shift the epigenetic state of HER2 tumors, dramatically enhancing baseline 

responses to HER2 kinase inhibitors and re-sensitizing drug resistant tumors in vitro and in vivo. 

Specifically, we report that EZH2 normally silences the pro-apoptotic gene, BMF, by methylating 

H3K27 at the BMF locus. EZH2 inhibitors promote the release of H3K27me3, however this 

stimulates the binding of repressive YAP/TEAD complexes. Nevertheless, once tumors are 

exposed to EZH2 inhibitors, genetic or chemical inhibition of YAP/TEAD rapidly induces BMF 

expression and apoptosis. Importantly, in the presence of EZH2 inhibitors, HER2 kinase inhibitors 

similarly trigger the dissociation of YAP/TEAD complexes, upregulate BMF, and kill resistant cells. 

Together these studies show how EZH2 and YAP coordinately insulate the BMF locus and 

demonstrate that EZH2 inhibitors can be used to reprogram HER2+ tumors, resulting in a 

dramatic sensitization to HER2 kinase inhibitors and enhanced killing of residual disease.  

 

INTRODUCTION 

The human epidermal growth factor receptor 2 (HER2) is overexpressed in 15-25% of 

breast cancers where it functions as an oncogenic driver (Hung et al. 2006; Rimawi, Schiff, and 

Osborne 2015). While multiple agents that target HER2 have been FDA-approved, tumors can 

exhibit de novo or acquired resistance. As such, metastatic and/or recurrent HER2+ breast cancer 

remains incurable with an overall survival of 57 months (Bredin, Walshe, and Denduluri 2020). 
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Thus, there is a clear need to develop new treatments that overcome therapeutic resistance of 

HER2+ breast cancers and kill more residual disease. 

The current standard of care for metastatic HER2+ breast cancer includes HER2-directed 

monoclonal antibodies, which are thought to work largely by promoting antibody-dependent cell 

mediated cytotoxicity (ADCC), followed by the HER2 antibody-drug conjugate T-DM1 in the 

second line, which brings DM1, a cytotoxic maytansinoid to HER2 expressing cells (Bang et al. 

2017; Choong, Cullen, and O’Sullivan 2020). Subsequent treatments typically include HER2 kinase 

inhibitors; however, there is no standard third-line regimen (Fehrenbacher et al. 2014; D. Slamon 

et al. 2011; Bredin, Walshe, and Denduluri 2020; Choong, Cullen, and O’Sullivan 2020). Moreover, 

none of these approaches are curative. Therefore, we set out to develop a strategy that would 

improve responses to HER2 kinase inhibitors and kill more residual disease. We also reasoned 

that a promising new kinase inhibitor-based combination, in particular, could be readily 

translated into a clinical trial in the third-line setting.  

When contemplating other targetable oncoproteins in HER2+ breast cancers, we 

considered the histone methyltransferase enhancer of zeste homolog 2, EZH2. Gain-of-function 

mutations in EZH2 can occur in some cancers, but EZH2 is more commonly overexpressed in solid 

tumors (Chase and Cross 2011; Wassef and Margueron 2017). High EZH2 expression levels in 

breast cancer have been shown to correlate with poor survival (Kleer et al. 2003; Sun et al. 2009), 

but much remains to be learned about its function generally and in specific breast cancer 

subtypes.  
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Here we report that EZH2 inhibitors dramatically sensitize HER2+ breast cancers to HER2 

kinase inhibitors. We further show that together these agents kill residual disease via a cell-

autonomous mechanism that involves YAP and the pro-apoptotic protein BMF. Importantly, our 

data suggest that this cooperativity is best conferred by kinase inhibitors, which more effectively 

suppress HER2, rather than monoclonal antibodies which primarily kill tumors via ADCC. Together, 

these studies reveal a promising new therapeutic strategy for HER2+ breast cancers and 

demonstrate how epigenetic enzymes and transcription factors can cooperatively buffer tumors 

from apoptotic signals. 

 

RESULTS 

EZH2 inhibitors dramatically enhance responses to HER2 kinase inhibitors in both HER2 

inhibitor-resistant and sensitive models 

In breast cancer, high EZH2 expression is correlated with poor clinical outcome and is 

associated with more aggressive and advanced stage disease (Kleer et al. 2003; Sun et al. 2009). 

Importantly, matched normal breast and tumor tissue data from TCGA Firehouse demonstrates 

that EZH2 is overexpressed in 91% of HER2+ breast cancers (>2SD compared to normal breast 

tissue) (Figure 2-1A). Moreover, EZH2 is overexpressed in HER2+ tumors even at early stages 

(Figure 2-1B), suggesting that its upregulation occurs early in the development of this breast 

cancer subtype.  

To determine whether EZH2 inhibitors might sensitize cells to HER2 inhibitors, we 

collected HER2+ breast cancer cell lines that have either been defined as resistant (MDA-MB-453 
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and HCC202) or sensitive (SKBR3 and BT474) to the HER2/EGFR kinase inhibitor lapatinib (O’Brien 

et al. 2010). Cells were pre-treated with the EZH2 inhibitor (EZH2i) GSK126 for 5 days and 

increasing concentrations of lapatinib were added for another 3 days. Notably, the EZH2 inhibitor 

sensitized both resistant cell lines to lapatinib, resulting in cell death and a dramatic loss of cells 

over time (Figure 2-1C). Specifically, lapatinib exerted only cytostatic effects in MDA-MB-453 cells, 

even at high concentrations. However, EZH2 inhibition sensitized these cells to lapatinib, 

resulting in cell death and a loss of cells (Figure 2-1C, top left). HCC202 cells were slightly more 

sensitive to lapatinib but again more cells died in the presence of both EZH2 inhibitor and 

lapatinib at multiple concentrations (Figure 2-1C, top right).  

Lower concentrations of lapatinib were evaluated in the lapatinib sensitive cell lines, 

BT474 and SKBR3. Surprisingly, EZH2 inhibitors also dramatically sensitized these cells to lapatinib. 

Whereas cell death was only observed at >300nM lapatinib in SKBR3 cells, in the presence of 

EZH2 inhibitor, dose-dependent cytotoxic responses were observed beginning at 30nM (Figure 

2-1C, bottom left). EZH2 inhibitor similarly shifted the sensitivity of SKBR3 cells, triggering 

cytotoxic effects at 30nM versus 100nM (Figure 2-1C, bottom right). Notably, EZH2 inhibitors had 

no effect on the degree of HER2 inhibition conferred by lapatinib in all cell lines, although as 

might be expected, higher concentrations of lapatinib were required for effective HER2 

suppression in resistant lines (Figure 2-1D). Nevertheless, in all instances, effective HER2 and 

EZH2 target inhibition was observed in cells prior to cell death (Figure 2-1D). These results 

demonstrate that together EZH2 and HER2 inhibitors kill more residual cells, both in models that 

are considered to be lapatinib-resistant and sensitive.   
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The cooperative effects of EZH2 and HER kinase inhibitors and cell death were further 

confirmed using the FDA-approved EZH2 inhibitor tazemetostat (Figure 2-1E). Importantly, 

tazemetostat and lapatinib potently synergized in both types of models, as determined by the 

Gaddum model of non-interaction (Figure 2-1F) (Ianevski et al. 2020). It should be noted that 

lapatinib was initially selected for these studies because of its routine use in the third-line setting 

(Waks and Winer 2019; Choong, Cullen, and O’Sullivan 2020). However, a more selective HER2 

kinases inhibitor, tucatinib, has more recently been approved (Choong, Cullen, and O’Sullivan 

2020). Tazemetostat also cooperated with tucatinib, demonstrating that EZH2 inhibitors may be 

effectively combined with either of these kinase inhibitors (Figure 2-1G). 

EZH2 is the catalytic subunit of polycomb repressive complex 2 (PRC2) (K. H. Kim and 

Roberts 2016). As a histone methyltransferase, EZH2 trimethylates histone H3 at lysine 27—an 

epigenetic mark that mediates gene silencing by repressing transcription. However, EZH2 has 

also been reported to function in a PRC2-independent complex (Xu et al. 2012). To determine 

whether the suppression of the PRC2 complex could recapitulate the therapeutic effects of EZH2 

inhibitors, cells were pre-treated with MAK683, an inhibitor of the obligate PRC2 subunit EED 

(embryonic ectoderm development protein). MAK683 similarly cooperated with lapatinib to kill 

these HER2+ cells (Figure 2-1H), demonstrating that suppression of the PRC2 complex is sufficient 

for these effects and revealing another potential therapeutic combination.  
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Figure 2-1. HER2 and EZH2 Inhibitor combinations cause cell death in HER2+ breast cancer cell 
lines 
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Figure 2-1 (continued) 

(A) Relative EZH2 expression in matched normal breast tissue and HER2+ breast cancer tumor 

samples from TCGA Firehose. HER2 status was determined by IHC.  

(B) Relative EZH2 expression in matched normal breast tissue and HER2+ breast cancer tumor 

samples from TCGA Firehose. HER2 status was determined by IHC. 

(C) Response of lapatinib-resistant (MDA-MB-453 and HCC202) and lapatinib-sensitive (SKBR3 

and BT474) cells after 3 days of the indicated treatment. After 5 days of pretreatment in 5µM 

GSK126 or DMSO, indicated concentrations of lapatinib or DMSO was layered on, and cells 

treated for 3 days. Graphs represent log2 transformation of the fold change in cell number at day 

3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative values 

represent a decrease in cell number over time and positive values represent an increase in cell 

number. Bars depict mean change in cell number ± SD from technical triplicates after 3 days of 

treatment with lapatinib and GSK126 determined by manual counting.  

(D) Lapatinib and GSK126 target inhibition was confirmed by immunoblotting. 

(E) Response of indicated HER2+ breast cancer cell lines after 5 days of the indicated treatment. 

After 5 days of pretreatment in 5µM tazemetostat or DMSO, lapatinib (1µM for MDA-MB-361 

and MDA-MB-453 and 100nM for BT474 and SKBR3) or DMSO was layered on, and cells treated 

for 5 days. Graphs represent log2 transformation of the fold change in cell number at day 5 versus 

day 0. Right axis shows percent change in cell number relative to day 0. Negative values represent 

a decrease in cell number over time and positive values represent an increase in cell number. 

Bars depict mean change in cell number ± SD from technical triplicates after 5 days of treatment 

with lapatinib and tazemetostat determined by manual counting.  

(F) Synergy scores for tazemetostat and lapatinib combination for (left) lapatinib-resistant MDA-

MB453 and (right) lapatinib-sensitive SKBR3. After 5 days of pretreatment in 5µM tazemetostat 

or DMSO, lapatinib or DMSO was layered on, and cells treated for 5 days. Strong synergy is 

indicated in red.  

(G) Response of SKBR3 after 5 days of the indicated treatment. After 5 days of pretreatment in 

5µM tazemetostat or DMSO, 100nM lapatinib, 10nM tucatinib, or DMSO was layered on, and 

cells treated for 5 days. Graphs represent log2 transformation of the fold change in cell number 

at day 5 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative 

values represent a decrease in cell number over time and positive values represent an increase 

in cell number. Bars depict mean change in cell number ± SD from technical triplicates after 5 

days of treatment with lapatinib and tazemetostat determined by manual counting. HER2 and 

EZH2 inhibition were confirmed by immunoblotting.  

(H) Response of indicated HER2+ breast cancer cell lines after 5 days of the indicated treatment. 

After 5 days of pretreatment in 5µM MAK683 or DMSO, lapatinib (1µM for MDA-MB-453 and 

100nM for SKBR3) or DMSO was layered on, and cells treated for 5 days. Graphs represent log2  



52 
 

Figure 2-1 (continued) 

transformation of the fold change in cell number at day 5 versus day 0. Right axis shows percent 

change in cell number relative to day 0. Negative values represent a decrease in cell number 

over time and positive values represent an increase in cell number. Bars depict mean change in 

cell number ± SD from technical triplicates after 5 

 

EZH2 and HER2 kinase inhibitors cooperatively promote tumor regression in drug-resistant and 

sensitive models 

Before dissecting the mechanism of action, we first assessed the in vivo efficacy of these 

agents in lapatinib-resistant MDA-MB-453 and lapatinib-sensitive BT474 orthotopic xenografts. 

The EZH2 inhibitor GSK126 was used as a tool compound for these studies, so that mice could be 

treated for a longer period of time, which was not permitted under IACUC guidelines using 

tazemetostat, due to the requirement for twice daily dosing via oral gavage. Cells were injected 

into mammary fat pads and animals were randomly enrolled into one of four treatment arms 

when tumors were > 200mm3: (1) Vehicle (2) EZH2i (3) Lapatinib or (4) EZH2i + lapatinib. All mice 

were first treated with vehicle or EZH2i for 7 days and then divided into the appropriate 

experimental arms as described in Experimental Methods and outlined in (Figure 2-2A). 

 In the resistant MDA-MB-453 model, the addition of lapatinib alone exerted a minimal 

transient effect on tumor size as depicted by the dark gray line (Figure 2-2B, left). The EZH2 

inhibitor alone slightly reduced tumor size, but together EZH2 inhibitor and lapatinib caused 

tumors to regress on average more than 75% (Figure 2-2B left, red line). As expected, lapatinib 

treatment caused some tumor regression in the sensitive BT474 model (Figure 2-2C right, dark 

gray line) and in this setting the EZH2 inhibitor had no effect (light gray line). Nevertheless, the 

EZH2i + lapatinib combination similarly induced an average tumor regression of 75% (Figure 2-2C, 
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right, red line). Individual tumor sizes are depicted in waterfall plots below each graph (Figure 

2-2B,C). Importantly, this combination had no adverse effects on mouse condition or weight 

(Supplemental Figure A-1). 
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Figure 2-2. HER2 and EZH2 inhibitor combination causes potent tumor regression in HER2+ 
breast cancer xenografts 
(A) Experimental dosages and workflow of in vivo orthotopic mammary fat pad xenograft studies. 

(B and C) Mean change in tumor size ± SEM of (B) lapatinib-resistant MDA-MB-453 and (C) 

lapatinib-sensitive BT474 xenografts Waterfall plots depicting size change of MDA-MB-453 

tumors at 38 days and BT474 tumors at day 43 ****p < 0.0001 (Mann-Whitney test). Each bar 

depicts one tumor. 

(D) Immunoblots on BT474 protein lysates treated with indicated HER2i at indicated 

concentrations collected after 24 hours of treatment. 

(E) BT474 tumors at day 21 ****p < 0.0001 (Mann-Whitney test). Each bar depicts one tumor. 

 

A recent study reported that EZH2 inhibitors modestly cooperate with HER2-directed 

monoclonal antibodies in vivo in an immune competent orthotopic model by enhancing 

interferon-driven innate immune responses (Hirukawa et al. 2019). However, together these 

agents only attenuated growth, and did not trigger the potent regression observed with 

combined EZH2 inhibitors and HER2 kinase inhibitors (Figure 2-2B,C). As noted previously, HER2-

directed monoclonal antibodies such as trastuzumab modestly suppress HER2 signaling, and 

instead are thought to function by inducing the activation of antibody-dependent cytotoxicity or 

phagocytosis of tumor cells (Bang et al. 2017; Choong, Cullen, and O’Sullivan 2020; Shi et al. 2015; 

Tsao et al. 2019; Su et al. 2018). The relative effects of lapatinib (strong), trastuzumab (weak) and 

tucatinib (strongest) on the phosphorylation of HER2 and downstream ERK and AKT signals are 

shown in (Figure 2-2D). Based on the observation that EZH2 and HER2 kinase inhibitors potently 

kill cells via a cell autonomous mechanism in vitro, we would have anticipated that HER2 

monoclonal antibodies might exert weaker effects. Indeed, we confirmed that the effects of 

EZH2i + trastuzumab were less effective than EZH2i + lapatinib, even in the more sensitive 
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orthotopic model (Figure 2-2E). The observation that EZH2 inhibitors and HER2 kinase inhibitors 

cause massive tumor regression in two xenografts in the absence of an intact immune system 

and in vitro suggests that these cells are dying via a potent cell-autonomous mechanism of action 

that relies on the downstream effects of kinase suppression. 

 

EZH2 and HER2 inhibitors cooperatively upregulate BMF and trigger apoptosis 

To elucidate the mechanism underlying the cooperativity of EZH2i and HER2i, we first 

investigated whether these cells were undergoing apoptosis using an Incucyte live-cell imaging 

system to evaluate caspase activity. In both lapatinib-sensitive and resistant cell lines, EZH2 and 

HER2 inhibitors triggered much higher levels of apoptosis when combined, as compared to each 

agent alone (Figure 2-3A). GSEA analysis of transcriptional profiles from drug treated cells 

confirmed that an apoptotic signature was enriched in cells treated with both HER2 and EZH2 

inhibitors (Figure 2-3B). However, a closer inspection of the genes within this signature revealed 

that BMF, a pro-apoptotic gene highly expressed in the developing mammary gland (Schmelzle 

et al. 2007), was one of the most differentially expressed genes in the combination-treated cells 

versus the single treatment arms (Supplemental Figure A-2). The cooperative effect of EZH2 and 

HER2 inhibitors on BMF mRNA levels was confirmed in both lapatinib-sensitive and resistant cell 

lines by quantitative PCR (Figure 2-3C). Because high affinity BMF antibodies are not available, 

we used CRISPR/Cas9 technology to introduce HA-tagged BMF into the endogenous BMF locus 

in SKBR3 cells. An immunoblot confirmed that both agents cooperatively induced BMF protein 

levels (Figure 2-3D; Supplemental Figure A-3). Similar to mRNA data, EZH2 inhibitor alone had a 
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greater effect than lapatinib, suggesting that EZH2 was particularly important for restricting BMF 

expression. 

Pooled siRNAs were then used to investigate whether BMF upregulation was required for 

cell death. siRNAs effectively reduced BMF expression and prevented cell death in response to 

tazemetostat and lapatinib in SKBR3 cells, which was confirmed using distinct shRNA sequences 

(Figure 2-3E). Notably BMF ablation in MDA-MB-453 cells similarly prevented cell death in 

response to this combination (Figure 2-3F). Taken together, these results demonstrate BMF 

expression is cooperatively upregulated by EZH2 inhibitors and HER2 kinase inhibitors, and that 

it is essential for cell death in response to this drug combination. 
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Figure 2-3. EZH2 and HER2 inhibitors cooperatively upregulate BMF and trigger apoptosis 
(A) Live-cell imaging depicting mean change in the percent of caspase 3/7+ cells ± SD from 

technical triplicates over 5 days of indicated treatment. After 5 days of pretreatment in 5µM 

tazemetostat or DMSO, lapatinib (100nM for SKBR3 and 1µM for MDA-MB-453) or DMSO was 

layered on, and cells treated for 5 days. 

(B) GSEA analysis of RNA-Seq data from SKBR3 cells from technical triplicates collected 24 hours 

after treatment. After 5 days of pretreatment in 5µM tazemetostat or DMSO, 100nM lapatinib 

or DMSO was layered on, and cells treated for 24 hours before RNA was extracted. 

(C) Fold change + SD of BMF expression calculated relative to DMSO-treated cells. After 5 days of 

pretreatment in 5µM tazemetostat or DMSO, lapatinib (100nM for SKBRS or 1µM for MDA-MB-

453) or DMSO was layered on, and cells treated for 24 hours before RNA was extracted.  

(D) Immunoblots on SKBR3 HA-BMF cells. After 5 days of pretreatment in 5µM tazemetostat or 

DMSO, lapatinib (100nM for SKBR3 and 1µM for MDA-MB-453) or DMSO was layered on, and 

cells treated for 24 hours before protein was collected. 

(E and F) Mean change in cell number ± SD from technical triplicates determined by manual 

counting after BMF knockdown in (E) SKBR3 and (F) MDA-MB-453 cells after 5 days of treatment 

with lapatinib and tazemetostat. After 5 days of pretreatment in 5µM tazemetostat or DMSO, 

lapatinib (100nM for SKBR3 and 1µM for MDA-MB-453) or DMSO was layered on, and cells 

treated for 5 days. Graphs represent log2 transformation of the fold change in cell number at day 

5 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative values 

represent a decrease in cell number over time and positive values represent an increase in cell 

number. BMF knockdown was confirmed by qPCR. 

 

EZH2 and YAP-TEAD complexes coordinately suppress BMF 

We next considered mechanisms by which these agents might be promoting BMF 

expression. Interestingly, BMF has recently been shown to be controlled by the oncoprotein YAP 

(Yes associated protein) and its binding partner TEAD, which repress its expression in drug-

resistant NSCLCs (Kurppa et al. 2020). To determine if and how YAP/TEAD complexes might be 

regulating BMF expression in this setting, we assessed YAP and TEAD binding to proximal BMF 

regulatory sequences by ChIP-qPCR. Notably, while lapatinib alone had little effect, EZH2 

inhibitor potently induced YAP and TEAD binding (Figure 2-4A). Interestingly, however, the 
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addition of lapatinib triggered the release of YAP/TEAD complexes from BMF regulatory 

sequences in EZH2i pretreated cells (Figure 2-4A, red bar). These results demonstrate that EZH2i 

and HER2i dynamically regulate YAP and TEAD binding to proximal BMF regulatory sequences in 

HER2+ breast cancer cells. 

Given the dynamics of YAP and TEAD binding shown in Figure 2-4A, and the notion that 

YAP and TEAD repress BMF transcription, we proposed the model shown in Figure 2-4B. First, we 

hypothesized that high levels of EZH2 were actively suppressing BMF transcription in HER2+ 

breast cancer by promoting H3K27 methylation at the BMF locus. If that were true, EZH2 

inhibitors would trigger H3K27 demethylation, thereby opening chromatin, which then might 

permit the YAP/TEAD binding observed in Figure 2-4A. Indeed, tazemetostat induced a loss of 

H3K27me3 at these same regulatory sequences, demonstrated by H3K27me3 ChIP-qPCR (Figure 

2-4C). However, while the loss of H3K27me3 alone might permit BMF expression in some cells, 

EZH2 inhibitor clearly induced YAP/TEAD binding (Figure 2-4A). Therefore, we hypothesized that 

YAP/TEAD complexes were binding and restricting BMF expression in this setting. Consistent with 

this model, ablation of YAP with siRNA sequences had no effect on baseline levels of BMF; 

however, in cells pretreated with EZH2 inhibitor, YAP suppression induced BMF expression 

(Figure 2-4D). Similarly, while YAP ablation alone did not trigger apoptosis, it was able to do so in 

cells that were first treated with EZH2 inhibitors (Figure 2-4E). Notably, chemical suppression of 

TEAD with a covalent inhibitor recapitulated these effects (Figure 2-4F).  

Taken together these findings suggest that EZH2 and YAP cooperatively suppress BMF 

expression. Specifically, high levels of EZH2 maintain the BMF locus in an inactive closed state by 

promoting H3K27 methylation. While EZH2 inhibitors induce a loss of H3K27 methylation at this 
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locus, BMF expression becomes restrained by YAP/TEAD binding, which is induced by this 

epigenetic shift. Accordingly, BMF expression is maximally induced by the combined suppression 

of EZH2 and YAP. The repressive effects of YAP can be relieved by genetic or chemical inhibition 

of the YAP/TEAD complex. However, HER2 kinase inhibitors also clearly suppress YAP binding in 

this context. Specifically, while EZH2 inhibitor induces YAP and TEAD binding to BMF regulatory 

sequences, the subsequent addition of lapatinib triggers the dissociation of this complex (Figure 

2-4A). These findings are further supported by the observation that the cytotoxic effects of the 

combination require EZH2 inhibitor pretreatment, and do not occur when EZH2 and HER2 

inhibitors are administered together (Supplemental Figure A-4). Together, these findings 

demonstrate how EZH2 and YAP cooperatively regulate the apoptotic machinery and buffer 

HER2+ breast cancers from cell death. 
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Figure 2-4. YAP-TEAD protects HER2+ breast cancer from cell death in response to EZH2 
inhibitor 
(A) ChIP-qPCR analysis of TEAD and YAP binding at BMF regulatory region in SKBR3 cells. After 5 

days of pretreatment in 5µM tazemetostat or DMSO, 100nM lapatinib or DMSO was layered on, 

and cells treated for 24 hours before being crosslinked and processed. 

(B) The proposed mechanism. 
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Figure 2-4 (continued) 

(C) ChIP-qPCR analysis of H3K27me3 binding at BMF regulatory region in SKBR3 cells. After 5 days 

of pretreatment in 5µM tazemetostat or DMSO, 100nM lapatinib or DMSO was layered on, and 

cells treated for 24 hours before being crosslinked and processed. 

(D) Fold change + SD of BMF expression of siCTL and siYAP SKBR3 cells calculated relative to 

DMSO-treated cells. After 5 days of pretreatment in 5µM tazemetostat or DMSO, media and 

drugs were refreshed, and cells treated for 24 hours before RNA was extracted. 

(E) Live-cell imaging of siCTL and siYAP SKBR3 cells depicting mean change in the percent of 

caspase 3/7+ cells ± SD from technical triplicates over 5 days of indicated treatment. After 5 days 

of pretreatment in 5µM tazemetostat or DMSO, media and drugs were refreshed, and cells 

treated for 5 days. Tazemetostat drug inhibition and YAP knockdown were confirmed by 

immunoblotting. 

(F) Live-cell imaging of SKBR3 cells depicting mean change in the percent of caspase 3/7+ cells ± 
SD from technical triplicates at 120 hours of indicated treatment. After 5 days of pretreatment in 
5µM tazemetostat or DMSO, 10µM of TEAD inhibitor or DMSO was layered on, and cells treated 
for 5 days. 

 

DISCUSSION 

Advances in HER2 targeted therapies have dramatically improved outcomes for HER2+ 

breast cancer patients. However, the poor prognosis for patients with advanced disease highlight 

their inadequacies. More durable and ultimately curative responses will require improved 

strategies for eliminating residual disease. In this study, we describe a combinatorial strategy that 

dramatically enhances responses to HER2 kinase inhibitors by killing tumor cells that are normally 

resistant to these agents.  

Specifically, we show that EZH2 inhibitors trigger a shift in the epigenetic state of HER2+ 

breast cancers, which sensitizes them to HER2 kinase inhibitors. This occurs because EZH2, which 

is frequently overexpressed in HER2+ breast cancers, actively suppresses the expression of the 

pro-apoptotic protein BMF, by depositing repressive H3K27me3 marks at transcriptional 
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regulatory sequences. Nevertheless, in most cells EZH2 inhibitors are not sufficient to induce BMF 

expression because loss of H3K27me3 promotes the binding repressive YAP/TEAD complexes at 

these regulatory sites. However, repression can be relieved by genetic or chemical inhibition of 

YAP/TEAD complexes or by HER2 kinase inhibitors which trigger the dissociation of YAP and TEAD 

from the BMF locus. Together these studies demonstrate how EZH2 and YAP play redundant yet 

distinct roles in buffering BMF expression and protecting HER2+ breast cancers from apoptotic 

signals. 

Importantly, our data also suggest EZH2 inhibitors should be combined specifically with 

HER2 kinase inhibitors, because these agents potently induce apoptosis via cooperative cell-

autonomous mechanisms. Certainly, the addition of HER2 directed antibodies might further 

enhance therapeutic responses by promoting ADCC or ADCP, however the full cytotoxic response 

would not likely be achieved by HER2 antibodies alone. It should be noted that there is currently 

no standard third-line therapy for HER2+ disease, and some patients cannot or do not wish to 

endure chemotherapy at this stage. The striking potency of EZH2 and HER2 kinase inhibitors, 

suggests that these agents may represent an alternative to chemotherapy in this setting, either 

on their own, or combined with HER2 monoclonal antibodies.  

Finally, the observation that EZH2 inhibitors prime tumors to become more responsive to 

HER2 kinase inhibitors may have important clinical implications for other cancer types. For 

example, both HER2 and EZH2 are overexpressed in a subset of other advanced solid tumors such 

as colorectal, non–small cell lung, pancreatic, and ovarian cancers, raising the intriguing 

possibility of the utility of this combination outside of HER2+ breast cancer (J. Zhao and Xia 2020; 

Kanayama et al. 2018; Richman et al. 2016; H. Zhang et al. 2016; Bonello, Sims, and Langdon 
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2018; Jones, Varambally, and Arend 2018; Ougolkov, Bilim, and Billadeau 2008; Shibata et al. 

2018). Functional and epigenetic studies must be performed to formally assess this possibility; 

however, our studies suggest that mechanistic differences between HER2 kinase inhibitors and 

monoclonal antibodies should be considered when assessing future combinations. 

 

EXPERIMENTAL METHODS 

Cell Lines and Reagents 

All cell lines were purchased from ATCC, except for HCC202, which were a generous gift 

from Yannis Zervantonakiss in Joan Brugge’s lab. No further authentication of these cell lines was 

performed. All cell lines were regularly tested for Mycoplasma using the MycoAlert Mycoplasma 

Detection Kit (Lonza, LT07-318). Cells were used for experiments within 10-15 passages from 

thawing. HCC202 and BT474 were cultured in RPMI medium supplemented with 10% FBS. MDA-

MB-361 and MDA-MB-453 were cultured in DMEM medium supplemented with 10% FBS. SKBR3 

were cultured in McCoy’s 5A medium supplemented with 10% FBS.  

Antibodies for immunoblot were obtained from the following sources: Cell Signaling 

Technology: GAPDH (2118), H3K27me3 (9733), HER2 (2242), pHER2 (2241), YAP (14074). HA 

(3724S) 

Antibodies for ChIP-qPCR were obtained from the following sources: Cell Signaling 

Technology: H3K27me3 (9733S), IgG (2729), TEAD (13295), YAP (14074S); Diagenode: H3K27ac 

(C15410196) 
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Drugs were obtained from the following sources: Selleck Chem: GSK126 (S7061), lapatinib 

ditosylate (S1028), MAK683 (S8983), MYF-01-37 (S8950), tazemetostat (S7128), trastuzumab 

(A2007), tucatinib (S8362); LC Laboratories: Lapatinib, Di-p-Toluenesulfonate Salt (L-4804).  

Drug vehicle chemicals were obtained from the following sources: Methocel K15M 

Premium CR Hydroxypropyl Methylcellulose was a generous gift from Jason Zoeller in Joan 

Brugge’s lab; Ligand Pharmaceuticals: Captisol (RC - 0C7 - K01). 

17β-Estradiol 0.36mg 90-day release pellets were obtained from Innovative Research of 

America (NE-121). 

CRISPR/Cas9 HA-BMF N-terminal tagged construct was a gift from Magda Bahcall in Pasi 

Jänne’s lab. 

Infections and Transfections 

shRNA constructs were prepared and virus was harvested as previously described 

(McLaughlin et al. 2013). Virus was incubated on target cells for 6 to 16 hours at a 1:2–1:10 

dilution with 8-µg/mL polybrene. 

Short interfering RNAs (siRNAs) ON-TARGET SMARTpool siRNA were purchased from GE 

Healthcare/Dharmacon to target BMF and YAP, and transfected with lipofectamine RNAiMAX 

(Invitrogen, cat. # 13778-075). Cells were transfected approximately 24 hours before 

proliferation experiments were started. Cells were transfected for 8 hours with 10 mM siRNA 

constructs using a 1:400 dilution of Lipofectamine RNAiMAX (Invitrogen, cat. # 13778-075) in 

antibiotic-free media.  
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Drug Concentrations 

For all in vitro experiments throughout this manuscript the following drug concentrations 

were used: EEDi MAK638=5µM, EZH2i GSK126=5µM, EZH2i tazemetostat=5µM, HER2i 

lapatinib=30-1000nM, HER2i trastuzumab= 0.1-20µg/mL, HER2i tucatinib =10n-300nM, TEADi 

MYF-01-37=1µM 

Cell Proliferation Assays 

Cells were pretreated with either EZH2i or DMSO control for 5 days. On day 0 of 

experiment, 150,000 cells per well were seeded onto 6-well plates in appropriate media. 24 hours 

later, cells were counted for day 0 timepoint and combination treatment started. Cells were then 

counted in triplicate on day 3 or 5 to determine the change in cell number compared to day 0. 

Media was not replaced for day 3 proliferation assays, but was changed at day 3 for day 5 assays. 

Proliferation experiments that included siRNA knockdown were performed on cells 

approximately 24 hours after the initial transfection. 

Synergy Assays  

For the dose-response matrix assay, cells were plated in 96-well plates. 3 replicates were 

done for each condition. At 24 hours, one plate of cells was flash frozen and stored at -80ºC to 

represent the time 0 plate. Drugs were added to the remaining plates. After 5 days, each of the 

plates was frozen. After freezing, the plates (day 0 and 5) were thawed simultaneously and cells 

were quantified using CellTiter-Glo (Promega) as per manufacturer’s instructions. SynergyFinder 

(Ianevski et al. 2020) was used to analyze drug combination dose-response matrix data. To 
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determine the combination effects in excess of Loewe additivity, a Synergy Score was calculated 

to characterize the strength of synergistic interaction.  

Incucyte Cell Proliferation and Death Assays 

Cells were infected with IncuCyte Nuclight red reagent (Sartorius, cat. #4476) and 

selected in puromycin to create stable cell lines. Nuclight versions of each cell line were plated at 

3,000 cells/well in a 96-well plate. Approximately 24 hours later, the media was removed and 

media containing 1:1000 green caspase 3/7 apoptosis assay reagent (Sartorius, cat. #4440) and 

appropriate drug concentrations was added. The 96-well plate was then placed in the Incucyte 

instrument and images were taken every two to four hours over the course of 5 days. The 

Incucyte software was then trained to count the cells based on the number of red-expressing 

nuclei in the field of view. Four images were taken per well and averaged and triplicate wells 

were counted per condition. Percent caspase 3/7+ cells was assayed by the presence of yellow 

cells, which contain green signal (caspase reagent) overlapping with red signal (nuclei) and 

dividing that by the red signal count (nuclei).  

Chromatin Immunoprecipitation-qPCR 

For YAP and TEAD chromatin immunoprecipitation, chromatin was dually crosslinked 

using 2 mM DSG (Thermo #20593) for 45 minutes at room temperature and then 1% 

formaldehyde for 10 minutes at room temperature before quenching with 2.5M glycine. For 

H3K27me3 chromatin immunoprecipitation, chromatin was crosslinked with 1% formaldehyde 

only. Chromatin was harvested from cells by lysis in lysis buffer 1 (50 mM HEPES-KOH pH 7.5, 140 

mM NaCl, 1 mM EDTA pH 8, 10% glycerol, 0.0033% NP-40, 0.25% Triton-X100), lysis buffer 2 (10 
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mM TrisHCl pH 8, 200 mM NaCl), and lysis buffer 3 (10 mM Tris HCl pH 8, 100 mM NaCl, 0.1% 

sodium deoxycolate, 0.5% sarcosyl). Crosslinked chromatin was digested using micrococcal 

nuclease (CST 10011) for 10 minutes at 37C and then sonicated for 30 cycles of 30 seconds on, 

30 seconds off. Immunoprecipitation was performed using anti-YAP (CST 14074), anti-TEAD (CST 

13295), anti-H3K27me3 (CST 9733S), and anti-IgG (CST 2729S) antibodies with 36 ug of chromatin 

per YAP or TEAD IP and 5 ug of chromatin per H3K27me3 IP. Immunoprecipitate was harvested 

using ChIP-grade Protein A/G magnetic beads and washed with 3x low salt buffer (0.1% SDS, 1% 

Triton-X100, 2 mM EDTA, 20mM TrisHCl pH 8, 150 mM NaCl), 3x high salt buffer (0.1% SDS, 1% 

Triton-X100, 2 mM EDTA, 20mM TrisHCl pH 8, 500 mM NaCl), 3x LiCl wash buffer (0.25M LiCl, 1% 

NP-40, 1 mM EDTA, 10mM TrisHCl pH 8, 1% sodium deoxycolate) , 1x TE buffer, and eluted in 

elution buffer (50 mM TrisHCl pH 8, 10 mM EDTA, 1% SDS). Eluted chromatin was reverse 

crosslinked using proteinase K (CST 10012) overnight at 55C and purified using the Qiagen PCR 

purification kit (Qiagen 28106). qPCR was performed using SYBR PerfeCTa Master Mix (Quanta 

3332S). Fold change enrichment was calculated by normalizing signal to IgG signal for that IP. 

In Vivo Drug Studies 

Animal procedures were approved by the Center for Animal and Comparative Medicine 

in Harvard Medical School in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals and the Animal Welfare Act. 

For all in vivo experiments, 10 week old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 

were purchased from The Jackson Laboratory (005557) 
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For BT474 experiments, mice were first subcutaneously implanted with 17β-Estradiol 

0.36mg 90 day pellets, and mammary fat pad injections done 24 hours later. 3x106 cells in 1:1 

Matrigel:DMEM/F12 were orthotopically injected into the fourth mammary fat pads of each 

mouse. Treatment commenced at day 0 when tumors reached an average size of 200 mm3 

approximately 5-6 weeks after initial injection. Mice were randomly assigned to experimental 

groups. Same procedure was followed with the xenografts of MDA-MB-453, but no estradiol 

pellets were implanted. 

For all mouse experiments, lapatinib was administered at 200 mg/kg daily by oral gavage 

(vehicle: 0.5% (w/v) hydroxypropyl methylcellulose with 0.1% (v/v) Tween 80). GSK126 was 

administered at 300 mg/kg intraperitoneally twice weekly (vehicle: 200mg/ml Captisol in water). 

Trastuzumab was diluted in PBS and administered at 20mg/kg intraperitoneally twice weekly. 

Compounds given in combination were administered six hours apart. Tumor size was measured 

every 2-3 days using digital calipers. Tumor volume was calculated using the standard formula L 

x W2 x 0.52. 

Appropriate mass of lapatinib was measured onto a weigh paper, and a small amount 

gently poured into an autoclaved medium-sized mortar. 1mL of 0.5% (w/v) hydroxypropyl 

methylcellulose with 0.1% (v/v) Tween 80) (lapatinib vehicle) was directly added to lapatinib in 

mortar and then autoclaved pestle used to grind the lapatinib until a uniform liquid suspension 

(not a paste) was achieved. This procedure was repeated until all powder was ground. The 

volume was completed with 0.5% (w/v) hydroxypropyl methylcellulose with 0.1% (v/v) Tween 

80) whenever there wasn’t enough. The Bioruptor was set to High, pulse on: 30“ pulse off 30” 

and sonicated for 30’ at 4C. The mixture was vortexed and made into 1mL aliquots. Lapatinib was 
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prepared once a week and stored at 4C until 30’ before drug treatment when it was allowed to 

come to room temperature.  

0.5% (w/v) hydroxypropyl methylcellulose with 0.1% (v/v) Tween 80) (lapatinib vehicle) 

was prepared by first heating ultrapure water to 80-90°C in a sterile 150-250mL plastic bottle. 

Appropriate volume of HPMC was added and immediately vortexed. Completed the volume and 

left on shaker at high speed for 30’. Appropriate volume of Tween80 was added and placed on 

shaker at high speed until Tween80 went into solution. HPMC vehicle was prepared once a month, 

made into 1mL aliquots, and stored at 4C until 30’ before drug treatment when it was allowed to 

come to room temperature. 

Appropriate masses of GSK126 and Captisol were measured using separate weigh papers. 

GSK126 was slowly poured over the Captisol, distributing it evenly across the surface. A clean flat 

edge razor blade was used to thoroughly cut and mix the two powders until no large chunks 

remained. The powder mix was placed into a sterile 15mL tube and ultra clean water used to 

bring the volume up to 75% of the final volume. 1N acetic acid was added dropwise while 

periodically vortexing until the powders went into solution. Completed the volume with ultra 

clean water. GSK126 was prepared once a week, distributed into 1mL aliquots, and stored at 4C 

until 30’ before drug treatment when it was allowed to come to room temperature. 

To make Captisol vehicle for GSK126, appropriate mass of Captisol powder was massed 

and placed into a sterile 15mL tube. Ultrapure water was added to complete the volume. Captisol 

solution was prepared once a week, made into 1mL aliquots, and stored at 4C until 30’ before 

drug treatment when it was allowed to come to room temperature. 
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Trastuzumab was made fresh daily by diluting appropriate volume with sterile, USP-grade 

PBS. 

RNA-Seq Expression Analysis 

RNA was isolated from MDA-MB-453 and SKBR3 cells 24 hours after treatment with 

indicated drugs. RNA was isolated using TRIzol, following the manufacturer’s protocol and RNA 

cleanup was performed using the Invitrogen TURBO DNA-free kit. The Molecular Biology Core 

Facilities at Dana-Farber Cancer Institute constructed cDNA libraries and sequenced samples.  

Gene Set Enrichment analysis (GSEA) was performed on RNA-Seq data. Gene lists are from 

publicly available GSEA lists (MSigDB) of the Broad Institute. 

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

For quantitative measurements, graphs represent mean ± SD. Where indicated data are 

presented as log2 fold change over initial measurements. Changes in tumor volume are 

presented in a waterfall plot with each bar representing the change in tumor volume of an 

individual animal in the study. A bar over the zero line indicates tumor growth and a bar under 

the zero line indicates tumor shrinkage. 2-tailed unpaired t tests and Mann-Whitney U tests were 

used to compare data sets where indicated, and p values are shown. A p value less than or equal 

to 0.05 was considered significant. Data were graphed and analyzed using GraphPad Prism. Cell 

proliferation assays are representative of 3 biological replicates. 

 



71 
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PREFACE 

This chapter contains unpublished, preliminary data that was chronologically completed 

before or simultaneous with  the earliest experiments shown in Chapter 2. However, after 

observing the therapeutic potential of co-targeting EZH2 and HER2 in HER2+ breast cancer, I 

chose to exclusively focus on that project. Nevertheless, this Chapter provides a written record 

of my studies assessing the effects of other drug combinations in HER2+ and TNBC models and 

may serve as a launchpad for future investigations. 

 

INTRODUCTION 

Breast cancer subtypes vary considerably from one another and must be treated as 

completely different diseases. Accordingly, a therapy that is effective in one subtype may not 

work in another. For this reason, I investigated various EZH2 inhibitor-based combination 

therapies in both HER2+ and TNBC models. Importantly, TNBC and HER2+ breast cancer subtypes 

overexpress EZH2, suggesting that EZH2 may serve as a potential therapeutic target in these 

diseases. In addition, these are the two deadliest breast cancer subtypes, and there is an unmet 

clinical need to develop improved therapies. 

Work in our lab and others has shown that EZH2 inhibitors alone are not effective in most 

solid tumor models. However, we reasoned that EZH2 inhibitors might cooperate with other 

therapeutic agents. Again, different breast cancer subtypes are treated with different therapeutic 

agents, and so we chose to determine if layering EZH2 inhibitor onto the current standard of care 

(SOC) would result in a cooperative effect. For TNBC, the SOC is chemotherapy, but when I began 
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this project, clinical trials using Poly(ADP-Ribose) Polymerase Inhibitors (PARPi) and histone 

deacetylase inhibitors (HDACi) were emerging (Schech et al. 2015; Comen and Robson 2010). In 

addition, unpublished work from our lab showed that combined EZH2i + HDACi could kill 

castration-resistant prostate cancers, due to the cooperative effects of these agents on H3K27 

acetylation, and so we were inspired to assess this combination in the triple negative and HER2+ 

subtypes. Therefore, in TNBC models we evaluated the effects of EZH2 inhibitors combined with 

(1) various chemotherapies or (2) HDAC inhibitors. For HER2+ tumors, the standard of care 

includes HER2-targeted therapies, which led to our assessment of the primary drug combination 

described in this thesis: combined HER2 and EZH2 inhibitors. However, we also chose to 

investigate EZH2 and HDAC inhibitors in HER2+ tumors, based on the scientific rationale noted 

above and the fact that there was an ongoing clinical trial evaluating the HDAC inhibitor 

entinostat combined with lapatinib and trastuzumab in recurrent or metastatic HER2+ tumors 

(Lim et al. 2019). Our studies investigating the effects of EZH2 and HER2 inhibitors were 

extensively discussed in Chapter 2, however the effects of these other drug combinations, both 

positive and negative, are described here.  

 

RESULTS 

EZH2i + chemotherapy do not cooperate in TNBC 

As discussed in the introduction and Chapter 2, high EZH2 levels in breast cancer are 

associated with poor clinical outcome, a more aggressive phenotype, and advanced stage disease 

(Kleer et al. 2003; Sun et al. 2009) (Figure 1-5). Analysis of TCGA primary tumor samples with 
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matched normal tissue broken down by subtype indicate that EZH2 levels are high in the basal, 

luminal B, and HER2+ subtypes (Figure 1-6), confirming that high levels of EZH2 correlate with 

the subtypes known to have more aggressive disease and worse outcomes (Figure 1-1). 

Triple negative tumors are often diagnosed at later stages due to their aggressive nature, 

and so it is important to determine if the higher expression in these tumors might simply be due 

to a higher population of later stage tumors that skews the data (Zuo et al. 2017). Comparing 

TNBC samples to matched normal breast tissue from TCGA Firehouse demonstrated that EZH2 

expression was substantially increased in breast cancer tissues irrespective of the relative stage 

of the tumor (Figure 3-1). EZH2 expression is independent of staging, suggesting that gain of EZH2 

expression occurs early in tumor development, and is not simply a result of more advanced stage 

disease. These elevated levels of EZH2 in an incurable disease led us to consider EZH2 as a 

potential therapeutic target in TNBC. 

 

Figure 3-1. EZH2 is overexpressed in TNBC irrespective of staging 
Matched normal breast and TNBC tumor tissue data from TCGA Firehouse. ER, PR, and HER2 
status were determined IHC. Figure from Amy Schade 
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The standard of care for TNBC has long been chemotherapy. However, recent insights 

into the molecular characteristics of TNBC (Table 1-2) have led to clinical trials and FDA-approval 

of agents that utilize a more targeted approach. For example, patients with BRCA1 or BRCA2 

mutations typically have homologous recombination deficiency (HRD), leading to faulty DNA 

repair that allows for the abnormal cells to survive (Denkert et al. 2017). For these patients, DNA-

crosslinking platinum chemotherapies such as cisplatin and carboplatin have been of interest, 

and have shown promise in clinical trials (Pandy et al. 2019). In addition, olaparib and talazoparib, 

inhibitors of the poly(ADP-ribose) polymerase (PARP) family of enzymes involved in DNA repair, 

are theorized to trigger cell death in BRCA1/2-mutant cancers via synthetic lethality and have 

been FDA-approved for patients with germline BRCA1/2 mutations (Robson et al. 2017). More 

recently, the 2021 FDA-approvals of the monoclonal antibody pembrolizumab and antibody drug 

conjugate sacituzumab govitecan illustrate that some TNBCs are sensitive to immunotherapies, 

providing more treatment options to combat a disease with few effective therapies (Torres and 

Emens 2021).  

Though chemotherapy is the standard of care for TNBC, it is not curative, and patients 

have a 5 year survival of less than 30% and a mortality rate 3 months after relapse of 75% (Yin et 

al. 2020; Lehmann et al. 2011). We therefore investigated whether EZH2 inhibitors could enhance 

the effects of various chemotherapies. Specifically, we evaluated the effects of EZH2 inhibitor 

combined with 5 individual chemotherapeutic drugs currently in use in the treatment of TNBC—

3 FDA approved and 2 not. Because TNBC is treated by different categories of chemotherapies, 

we selected a panel of drugs that represent these different classifications (Figure 3-2A). 



76 
 

Unfortunately, we did not observe any cooperativity between chemotherapeutic agents 

and EZH2 inhibition (Figure 3-2B-F and data not shown). Any cytotoxic effects in the combination-

treated cells seemed to be largely driven by the chemotherapy drug, and EZH2 inhibitor did not 

enhance the effects of chemotherapy in non-responsive cells. Given that the combination of 

chemotherapeutic agents and EZH2 inhibitor did not yield a cooperative effect, we chose to move 

forward testing new combinations. 

 
Figure 3-2. Chemotherapeutic agents and EZH2i combinations do not have a cooperative effect 

(A) Chemotherapeutic drugs we used for our preliminary panel, whether they have been FDA-
approved for use in TNBC or not, and what category of chemotherapy they belong to. 

(B) Response of indicated TNBC cells after 3 days of the indicated treatment. After 5 days of 
pretreatment in 5µM GSK126 or DMSO, 1.56µM cisplatin or DMSO was layered on and cells were 
treated for 3 days. Graphs represent log2 transformation of the fold change in cell number at day 



77 
 

3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative values 
represent a decrease in cell number over time and positive values represent an increase in cell 
number. 

(C) Response of indicated TNBC cells after 3 days of the indicated treatment. After 5 days of 
pretreatment in 5µM GSK126 or DMSO, 10mM gemcitabine or DMSO was layered on and cells 

Figure 3-2 (continued) 

were treated for 3 days. Graphs represent log2 transformation of the fold change in cell number 
at day 3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative 
values represent a decrease in cell number over time and positive values represent an increase 
in cell number. 

(D) Response of indicated TNBC cells after 3 days of the indicated treatment. After 5 days of 
pretreatment in 5µM GSK126 or DMSO, 0.5µM doxorubicin or DMSO was layered on and cells 
were treated for 3 days. Graphs represent log2 transformation of the fold change in cell number 
at day 3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative 
values represent a decrease in cell number over time and positive values represent an increase 
in cell number. 

(E) Response of indicated TNBC cells after 3 days of the indicated treatment. After 5 days of 
pretreatment in 5µM GSK126 or DMSO, 1nM topotecan or DMSO was layered on and cells were 
treated for 3 days. Graphs represent log2 transformation of the fold change in cell number at day 
3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative values 
represent a decrease in cell number over time and positive values represent an increase in cell 
number. 

(F) Response of indicated TNBC cells after 3 days of the indicated treatment. After 5 days of 
pretreatment in 5µM GSK126 or DMSO, 1nM paclitaxel or DMSO was layered on and cells were 
treated for 3 days. Graphs represent log2 transformation of the fold change in cell number at day 
3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative values 
represent a decrease in cell number over time and positive values represent an increase in cell 
number. 

   

EZH2i + HDACi cooperate in TNBC 

Dysregulation of the epigenome plays an important role in cancer. Notably, HDACs are 

key epigenetic regulators and are often overexpressed in cancers, including breast cancers 

(Reviewed in Glozak and Seto 2007). While HDAC inhibitors are effective in some hematopoietic 

malignancies they do not exhibit activity as single agents in solid tumors (Hontecillas-Prieto et al. 
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2020). However, promising preclinical studies have fueled an interest in combining HDAC 

inhibitors with other targeted agents in solid tumors such as, PARP inhibitors, proteasome 

inhibitors, immune checkpoint inhibitors, and mTOR inhibitors, among others (Hontecillas-Prieto 

et al. 2020; A. Min et al. 2015; Laporte et al. 2017; K. Kim et al. 2014; Malone et al. 2017; Booth 

et al. 2017). Clinical trials are also underway testing HDACi with the aromatase inhibitors letrozole 

(W. W. Tan et al. 2016) and anastrozole, monoclonal antibody atezolizumab (O’Shaughnessy et 

al. 2020) and taxane paclitaxel (Ramaswamy et al. 2012). This renewed interest in developing 

clinical trials with HDAC inhibitor-based drug combinations and the potential mechanistic 

cooperativity between HDAC and EZH2 inhibitors on gene regulation, inspired the following study.  

As outlined in the introduction, there are four classes of HDACs that are classified based 

on their sequence homology to yeast (Hontecillas-Prieto et al. 2020). We tested two HDAC 

inhibitors: entinostat and panobinostat (Figure 3-3A). We first chose to investigate the more 

selective HDAC inhibitor, entinostat, which suppresses only a subset of class I HDACs, specifically 

HDACs1 and 3 (Malone et al. 2017; Hu et al. 2003). Entinostat + EZH2i exerted cooperative effects 

and potently induced cell death in two of the cell lines tested (Figure 3-3B). The potent but less 

selective HDAC inhibitor panobinostat, which inhibits Class I, II, and IV HDAC complexes, also 

killed TNBC cells when combined with an EZH2 inhibitor, although more cell lines should be 

examined (Figure 3-3C). Nevertheless, the observation that EZH2i + HDACi potently kill TNBC cells 

suggest that these combinations may be worth further investigation.  
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Figure 3-3. Entinostat and panobinostat have cooperative effects with EZH2i in TNBC cell lines 
(A) HDAC inhibitors used for our preliminary panel and the HDAC classes they target.  

(B) Response of indicated TNBC cells after 3 days of the indicated treatment. After 5 days of 
pretreatment in 5µM GSK126 or DMSO, 1µM entinostat or DMSO was layered on and cells were 
treated for 3 days. Graphs represent log2 transformation of the fold change in cell number at day 
3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative values 
represent a decrease in cell number over time and positive values represent an increase in cell 
number. 

(C) Response of indicated HCC70 after 3 days of the indicated treatment. After 5 days of 
pretreatment in 5µM GSK126 or DMSO, 10nM panobinostat or DMSO was layered on and cells 
were treated for 3 days. Graphs represent log2 transformation of the fold change in cell number 
at day 3 versus day 0. Right axis shows percent change in cell number relative to day 0. Negative 
values represent a decrease in cell number over time and positive values represent an increase 
in cell number. 

 

EZH2i + HDACi cooperate in HER2+ breast cancer 

Though there are a breadth of FDA-approved HER2-targeting agents for use in HER2+ 

breast cancer in the clinic, the poor prognosis for metastatic patients demonstrates the need for 

additional therapeutic targets. HDAC inhibitors were particularly attractive agents to consider as 
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several known mechanisms of resistance to HER2-targeting agents are thought to be epigenetic 

in nature (Table 1-5). Indeed, in HER2+ breast cancer cell lines, an entinostat and trastuzumab 

combination was capable of overcoming trastuzumab-resistance and enhancing its growth 

inhibition effects and promote apoptosis in vitro (Huang et al. 2011). Building off of this 

observation, another group showed that treating HER2+ breast cancer cell lines that were 

resistant to single-agent trastuzumab or lapatinib with a lapatinib and entinostat combination, 

synergistically inhibited cell proliferation, reduced in vitro colony formation, and caused in vivo 

tumor shrinking or growth inhibition (Lee et al. 2014). These results spurred a phase Ib clinical 

trial utilizing entinostat and lapatinib + trastuzumab in metastatic HER2+ breast cancer patients 

who progressed after a trastuzumab-containing regimen. Preliminary results suggested that the 

combination was well-tolerated with promising clinical benefits for the patients. (Lim et al. 2019). 

Given the observed cooperativity between HDAC and EZH2 inhibitors in prostate and triple 

negative breast cancers, and the suggestion that HDACs might be involved in mediating drug 

resistance in HER2+ breast cancers (Huang et al. 2011), I began evaluating the effects of 

combined EZH2 and HDAC inhibitors in HER2+ breast cancer. 

I began by treating a panel of HER2+ breast cancer cell lines with EZH2 inhibitors and the 

HDACs 1 and 4 inhibitor entinostat. Notably, EZH2i + entinostat potently cooperated in 7/9 lines, 

triggering cell death or more cell death than either agent alone (Figure 3-4A). As expected, the 

potent broader HDAC inhibitor panobinostat exerted similar effects (Figure 3-4B).  

Taken altogether with findings discussed in Chapter 2, my results suggest that in TNBC 

models EZH2 inhibitors do not potentiate the effects of chemotherapy but do cooperate with 

HDAC inhibitors. In HER2+ tumors, EZH2 inhibitors cooperate with both HER2 kinase inhibitors 
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and HDAC inhibitors. The rationale for exclusively moving forward with the HER2i + EZH2i 

combination and the future prospects of other EZH2-inhibitor based combinations are discussed 

below. 

 

Figure 3-4. Entinostat and panobinostat have cooperative effects with EZH2i in HER2+ breast 
cancer cell lines 
(A) Response of indicated HER2+ breast cancer cells after 3 days of the indicated treatment. After 

5 days of pretreatment in 5µM GSK126 or DMSO, 1µM entinostat or DMSO was layered on and 

cells were treated for 3 days. Graphs represent log2 transformation of the fold change in cell 

number at day 3 versus day 0. Right axis shows percent change in cell number relative to day 0. 

Negative values represent a decrease in cell number over time and positive values represent an 

increase in cell number. 

(B) Response of indicated HER2+ breast cancer cells after 3 days of the indicated treatment. 

After 5 days of pretreatment in 5µM GSK126 or DMSO, 10nM panobinostat or DMSO was 

layered on and cells were treated for 3 days. Graphs represent log2 transformation of the fold 

change in cell number at day 3 versus day 0. Right axis shows percent change in cell number 

relative to day 0. Negative values represent a decrease in cell number over time and positive 

values represent an increase in cell number. 
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DISCUSSION 

The goal of my thesis work has been to identify promising EZH2 inhibitor-based 

therapeutic combinations for breast cancer and deconstruct their mechanism of action. The data 

reported in this Chapter was part of a series of preliminary studies conducted at the beginning of 

my graduate work. Specifically, I describe the effects of combining EZH2 inhibitors with either 

chemotherapies or HDAC inhibitors in TNBC and HER2+ models.  

In TNBC, we first chose to evaluate the effects of EZH2 inhibitors combined with 

chemotherapeutic agents because chemotherapies represented the standard of care. Despite 

selecting a variety of chemotherapeutic agents with very different mechanisms of action, I found 

that none of the agents appeared to cooperate with EZH2 inhibition. However, this does not 

necessarily mean that EZH2 inhibitors and chemotherapy never cooperate. It may simply mean 

that the combinations that I evaluated did not work in the specific cell lines I used, which may 

not represent all TNBCs. When considering TNBC, it is important to remember that it can be 

further divided into 6 different subtypes based on their gene expression profiles (Lehmann et al. 

2011). Out of the four cell lines that I used, only the BL1 and BL2 subtypes were represented.  

However, it is also possible that EZH2 inhibitors may ultimately enhance responses to 

chemotherapy in patients, due to effects on the immune system, which was not assessed in my 

in vitro studies. For example, EZH2 inhibitors have been shown to upregulate MHC Class I genes 

and promote immune responses in other diseases (Cañadas et al. 2018; Burr et al. 2019). 

Accordingly, while chemotherapy would be expected to trigger cell death, EZH2 inhibitors might 

promote an immune response, resulting in a greater therapeutic response in patients. This could 
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be further enhanced by the addition of immune checkpoint inhibitors. Indeed, a clinical trial 

evaluating the effects of tazemetostat + pembrolizumab has been initiated in locally advanced or 

metastatic urothelial carcinoma (NCT03854474). 

I also investigated EZH2i + HDACi combinations in TNBC and HER2+ breast cancers,  

because (1) HDACi + EZH2i cooperatively enhance H3K27 acetylation and gene expression, (2) 

various studies have implicated HDACs in breast cancer, (3) we found that these agents exerted 

synergistic effects in other tumor types, and (4) several ongoing clinical trials were initiated to 

assess the utility of HDAC inhibitors in TNBC and HER2+ breast cancer.  

My data suggest that EZH2 and HDAC inhibitors cooperatively kill triple negative and 

HER2+ breast cancer cells, although additional in vitro and in vivo preclinical studies must be 

performed to strengthen that conclusion. Currently, the standard of care for TNBC is non-specific, 

systemic chemotherapy due to the lack of defined therapeutic targets (Waks and Winer 2019). 

The high levels of EZH2 and HDACs would provide two specific and defined druggable targets that 

might yield therapeutic benefit. In addition, there are already many clinical trials underway 

utilizing HDAC inhibitors in combination with such agents as the PARP inhibitor olaparib or 

chemotherapeutic agents paclitaxel, capecitabine, or carboplatin (Reviewed in Wawruszak et al. 

2021), suggesting the use of HDAC inhibitors in the treatment of TNBC may be a feasible 

therapeutic option.  

However, the recent failure of several HDAC inhibitor-based trials, in both TNBC and 

HER2+ tumors may likely dampen enthusiasm for additional clinical trials, whether this belief is 

warranted or not (Conte et al. 2009; Goldstein et al. 2017; O’Shaughnessy et al. 2020). 
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Nevertheless, our studies in prostate cancer have shown us that we can still glean information 

about important biological (protective) pathways and new therapeutic targets by dissecting the 

mechanism by which these agents kill tumors, which could be assessed in the future.  

For both subtypes, the initial set of experiments would parallel the path of my 

dissertation—first testing a larger panel of cell lines to confirm that the combination is synergistic 

in a substantial number of cell lines, and then use transcriptional and epigenetic studies to 

interrogate the mechanism. Interestingly, other soon to be published studies from our laboratory 

demonstrate that EZH2 and HDAC inhibitors are extremely potent in castration-resistant prostate 

cancer and that EZH2 and HDACs cooperatively buffer the ATF3 gene, a broad stress sensor that 

kills cells when its expression is upregulated and sustained. Specifically, in the presence of EZH2 

and HDAC inhibitors, H3 histones (bound to the ATF3 promoter) become progressively 

demethylated and then acetylated specifically at lysine 27. This potently induced ATF3 expression 

and killed advanced CRPC, due to the inherent cellular stresses that are present in advanced 

tumors (e.g. DNA damage, oxidative stress, metabolic stress, etc.) (Kuzmickas 2019). Similar 

mechanistic studies in TNBC and HER2+ breast cancers could reveal important genes and key 

vulnerabilities in these tumor types.  
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METHODS 

Cell Lines and Reagents 

All cell lines were purchased from ATCC, except for HCC202, which were a generous gift 

from Yannis Zervantonakiss in Joan Brugge’s lab and HCC70, which were a generous gift from 

Laura Ghisolfi in Alex Toker’s lab. No further authentication of these cell lines was performed. All 

cell lines were regularly tested for Mycoplasma using the MycoAlert Mycoplasma Detection Kit 

(Lonza, LT07-318). Cells were used for experiments within 10-15 passages from thawing. HCC70, 

HCC202 and BT474 were cultured in RPMI medium supplemented with 10% FBS. MDA-MB-361 

and MDA-MB-453, MDA-MB-468 were cultured in DMEM medium supplemented with 10% FBS. 

SKBR3 were cultured in McCoy’s 5A medium supplemented with 10% FBS. SUM149PT were 

cultured in Ham’s F12 medium supplemented with 5% FBS, 5µg/mL insulin, 1µg/mL 

hydrocortisone. SUM1315 were cultured in Ham’e F12 medium supplemented with 5% FBS, 

5µg/mL insulin, 10ng/mL EGF.  

Drugs were obtained from the following sources: Cisplatin was a generous gift from Isaac 

Harris in Joan Brugge’s lab; Selleck Chem: GSK126 (S7061), Topotecan (S1231), Paclitaxel (S1150), 

Entinostat (S1053), Panobinostat (S1030), Vorinostat (S1047); Tocris: Gemcitabine hydrochloride 

(3259); Cell Signaling Technology: Doxorubicin (5927)  

Drug Concentrations 

For all in vitro experiments throughout this chapter, the following drug concentrations 

were used: GSK126=5µM, cisplatin=1.56 µM, germcitabine=10nM, doxorubicin=0.5µM, 

topotecan=1nM, paclitaxel=1nM, entinostat=1µM, panobinostat=10nM, vorinostat= 1µM 
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Cell Proliferation Assays 

Cells were pretreated with either GSK126 or DMSO control for 5 days. On day 0 of 

experiment, 150,000 cells per well were seeded onto 6-well plates in appropriate media. 24 hours 

later, cells were counted for day 0 timepoint and combination treatment started. Cells were then 

counted in triplicate on day 3 to determine the change in cell number compared to day 0.  
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Chapter 4 : Conclusions and Future Directions 
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SUMMARY 

The goal of my thesis work has been to develop new combinatorial therapies for breast 

cancer by exploiting agents that target the epigenetic enzyme, EZH2. EZH2 has been shown to 

play a role in breast cancer development and progression, and is highly overexpressed in HER2+ 

and triple negative breast cancers. It is also known to maintain stem-cell like states. As such, we 

reasoned that the epigenetic changes conferred by EZH2 inhibitors might sensitize tumors to 

other therapeutic agents. Despite advances in breast cancer therapies, the current standard of 

care is not curative for recurrent and/or metastatic disease, underscoring the need for more 

effective treatments.  

In Chapter 2, I found that EZH2 inhibitors dramatically potentiate the effects of HER2 

kinase inhibitors in HER2+ breast cancers: both by enhancing baseline responses to these agents 

and re-sensitizing resistant cells. Importantly, this combination has real potential to be translated 

into a clinical trial. HER2 kinase inhibitors are already routinely used in the metastatic setting, 

EZH2 inhibitors are currently in clinical trials for a variety of cancers, and one agent has already 

been FDA-approved. In the course of my studies, I primarily utilized the HER2 tyrosine kinase 

inhibitor lapatinib because it is used in the third-line setting for patients with advanced stage 

disease who have relapsed after treatment with alternative HER2 drugs (monoclonal antibodies 

and antibody-drug conjugates). However, I also showed that tucatinib, which has been more 

recently approved, is also effective when combined with EZH2 inhibitors. I also used two EZH2 

inhibitors in my studies, tazemetostat and GSK126. GSK126 is no longer being clinically developed 

but tazemetostat has been FDA approved and therefore could be readily integrated into a clinical 

trial. Other promising EZH2 inhibitors, such as CPI-0209, could also be evaluated (Table 1-7). 
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Importantly I found that this drug combination was effective in multiple models of HER2+ 

breast cancer, both in vitro and in vivo. By performing transcriptional and epigenetic studies, I 

showed that EZH2 inhibitors cause an epigenetic shift, triggering the loss of H3K27me3 and 

inducing the binding of repressive YAP-TEAD complexes to regulatory sequences of the pro-

apoptotic protein BMF. While BMF levels remain low, EZH2 inhibitor-treated cells are “poised” 

to be more sensitive to HER2 kinase inhibitors. Accordingly, layering on HER2 kinase inhibitors 

stimulates the release of YAP/TEAD complexes and an induction of BMF expression, which 

triggers apoptosis. Importantly, I found that this combination exerted enhanced and more 

durable tumor responses in distinct in vivo models. Therefore, these studies should support the 

development of a clinical trial and may ultimately represent a promising therapeutic option for 

HER2+ patients.   

In Chapter 3, I shared my unpublished preliminary studies evaluating other EZH2 inhibitor-

based combinations in triple negative and HER2+ breast cancers, by using agents that represent 

the standard of care or were being clinically investigated in these diseases. I chose these two 

subtypes due to their high EZH2 expression, and the fact that patients with advanced disease 

have poor prognoses. For both subtypes, I investigated EZH2i + HDACi and EZH2i + chemotherapy 

(with HER2i + EZH2i being discussed in Chapter 2). 

I conducted cell proliferation assays using a panel of TNBC and HER2+ breast cancer cell 

lines to systematically determine if these agents had a cooperative effect in either subtype. I 

found that EZH2 inhibitors did not potentiate the effects of various chemotherapies, at least in 

vitro. However, combined EZH2i + HDACi appeared to be a promising combination for both 
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subtypes. While I chose to not proceed studying this combination, these observations suggest 

that it may warrant further study in one or both subtypes, which was discussed in Chapter 3. 

 

FUTURE DIRECTIONS 

Clinical outlook for co-targeting HER2 and EZH2 in metastatic HER2+ breast cancer 

Despite the many treatment options for metastatic HER2+ breast cancer, the lack of a 

curative regimen highlights the unmet need for new, more effective combinations. In addition, 

many current options rely on the use of a HER2 inhibitor combined with some form of 

chemotherapy, and the side effects from such a systemic, untargeted approach are often 

debilitating and devastating to a patient’s quality of life. Thus, I believe that the combination 

identified by my thesis work, comprised of two targeted agents, may ultimately be beneficial to 

patients.  

I anticipate that this combination could move forward in a clinical trial in the third-line 

setting, for patients who have progressed on current first- and second- line treatments: 

trastuzumab + pertuzumab + taxane and T-DM1, respectively (Figure 1-4). Unlike many of the 

current third-line therapies that pair a HER2-targeted agent with a chemotherapeutic agent, my 

combination does not include a systemic and non-specific chemotherapeutic agent, which should 

result in less toxicity for the patient. Alternatively, because trastuzumab can further enhance the 

effects of lapatinib, even in the third-line setting (Blackwell et al. 2012), perhaps EZH2 inhibitors 

could be layered on top of these two agents. While additional preclinical studies investigating the 

efficacy of a triple combination in HER2+ tumors, using an immunocompetent model, would 
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further support this approach, my dissertation work sets the ground for two potential 

therapeutic combinations that do not utilize chemotherapy, and may have real promise in the 

clinic. 

Importantly, my studies have shown that inhibiting EZH2 enhances baseline responses to 

HER2 kinase inhibitors, but also sensitizes tumors that have become resistant to these agents. 

This is directly relevant for use in the clinic, as patients need treatment options capable of: (1) 

Destroying tumors before they can acquire resistance mechanisms and (2) Overcoming acquired 

and de novo resistance mechanisms. The potency of my combination suggests that it may be able 

to kill more tumor cells up front, reducing the potential for developing acquired resistance. 

However, my combination may still be effective in tumors that already exhibit resistance to HER2-

targeted therapies. For example, ~70% of HER2+ breast cancers are resistant to trastuzumab 

(Spector and Blackwell 2009), and one resistance mechanism is the accumulation of carboxyl tail 

fragments (CTFs) collectively known as p95HER2, which can emerge either from proteolytic 

cleavage of the extracellular domain of the full length HER2 receptor or alternative splicing of the 

mRNA encoding HER2 (Hart et al. 2020). Of particular note is the p95HER2 611-CTF, which results 

in HER2 that lacks the trastuzumab-binding epitope (Arribas et al. 2011). Because my 

combination does not rely on trastuzumab or the trastuzumab-binding epitope, it would easily 

be able to bypass this resistance mechanism and induce cell death. In addition, the observation 

that EZH2 inhibitors sensitize tumor cells to lower levels of HER2 inhibition, suggest that this 

combination may overcome resistance mechanisms in which HER2-targeting agents elicit 

incomplete inhibition of HER2, allowing for the activation of other HER family members (Pernas 

and Tolaney 2019). Similarly, this increased sensitivity to HER2-targeted agents may prevent the 
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development of mutations in the PIK3CA/PTEN pathway, by killing cells before they emerge, or 

render them less effective (Koboldt et al. 2012).  

An exciting additional benefit of my combination is its potential to affect brain metastases, 

which are an incurable and deadly threat. Up to half of metastatic HER2+ breast cancer patients 

will develop brain metastases. The current standard of care for these patients depends on the 

number, location, and size of the tumors, as well as the patient’s overall health and disease 

condition, but the options consist of locally directed therapy with surgical resection, stereotactic 

radiosurgery, and/or whole-brain radiation therapy (Stavrou, Winer, and Lin 2021). All options 

are invasive and imprecise, and despite their aggressive nature, the rate of intracranial 

progression is still unacceptably high (N. U. Lin et al. 2020). 

Though trastuzumab and pertuzumab have been shown to delay the onset of brain 

metastases, they are unable to penetrate the blood brain barrier and cannot be utilized as a 

therapy for established brain metastases (Duchnowska, Loibl, and Jassem 2018). Interestingly, 

utilizing trastuzumab as an adjuvant therapy is associated with a significantly increased risk of 

brain metastases as the first site of recurrence (Olson et al. 2013). It is yet unclear whether this 

is due to the increased life expectancy of trastuzumab-treated patients that now allows them to 

live long enough to develop brain metastases, improved diagnostic methods, or micro-metastatic 

cells utilizing the central nervous system as a “sanctuary” from trastuzumab (Bria et al. 2007).  

As a small molecule inhibitor, lapatinib is able to cross the blood-brain barrier and has 

already shown some efficacy against brain metastases in clinical trials, both alone and with the 

chemotherapy capecitabine, which is also thought to cross the blood-brain barrier (Cameron et 
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al. 2008; Metro et al. 2011; Bachelot et al. 2013). These results indicate lapatinib-based 

combination therapies show promise in the clinic and are worth studying in HER2+ disease, due 

to its propensity for brain metastases. 

It should be noted that though we emphasized lapatinib in our study, we also showed 

that the HER2 selective tyrosine kinase inhibitor tucatinib was also very effective (Figure 2-1G). 

Tucatinib’s recent FDA-approval is very exciting, as it is also a small molecule tyrosine kinase 

inhibitor that can cross the blood-brain barrier (Duchnowska, Loibl, and Jassem 2018). Recent 

clinical trial results showed that patients with brain metastases treated with tucatinib, 

capecitabine, and trastuzumab had a 1-year progression free survival of 24.9% compared to 0% 

for the capecitabine and trastuzumab-treated patients (Murthy et al. 2020). Such stark numbers 

provide grounds for further investigations using tucatinib in combination with EZH2 inhibitors. 

Preclinical studies have shown that the FDA-approved EZH2 inhibitor tazemetostat 

cannot cross the intact blood-brain-barrier, as it interacts with the drug efflux transporters ABCB1 

and/or ABCG2. However, the ABCB1/ABCG1 inhibitor elacridar led to greater brain penetration, 

suggesting potential methods for tazemetostat to bypass the blood-brain barrier (P. Zhang et al. 

2015). In addition, brain tumors often compromise the blood-brain barrier, creating their own 

vasculature system known as the blood-tumor barrier (Arvanitis, Ferraro, and Jain 2020), and it 

is possible that this may allow tazemetostat to penetrate a brain tumor. Preclinical studies have 

indicated that EZH2 inhibition may be an effective strategy against H3K27M-mutant pediatric 

gliomas (Mohammad et al. 2017), and tazemetostat is currently being tested in a phase II clinical 

trial in a variety of recurrent pediatric gliomas (NCT03155620). As a result, more data regarding 

tazemetostat’s ability to cross the blood-brain barrier may shortly become available (Mueller et 
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al. 2020).  The blood-brain barrier permeability of other clinical EZH2 inhibitors is not yet known, 

but will also become available. 

Regardless of tazemetostat’s ability to cross the blood-brain barrier, if the combination of 

HER2 tyrosine kinase inhibitors and EZH2 inhibitors were to be utilized in the third-line setting 

for disease that has not yet metastasized to the brain, it may be potent enough to completely 

ablate systemic disease, preventing brain colonization from occurring.  

The combination of HER2i + EZH2i represent a promising clinical option as HER2 inhibitors 

are already a standard treatment for metastatic HER2+ patients, and EZH2 inhibitors are currently 

being tested in a variety of clinical trials as part of combination therapies. In addition, the 2020 

FDA-approval of tazemetostat demonstrates the widespread acceptance of EZH2 inhibitors in 

cancer treatment and is indicative of the very real potential for this combination to be developed 

into a clinical trial.  

 

Future questions about the role of YAP/TEAD as a repressor of BMF 

My thesis describes a promising novel therapeutic combination in the treatment of 

metastatic HER2+ breast cancer. However, several important mechanistic questions warrant 

further investigation.  

The exact function of YAP in breast cancer, much less in HER2+ breast cancer, has yet to 

be understood. As discussed in the introduction, YAP overexpression in in vivo studies utilizing 

multiple mammary carcinoma cell lines resulted in more aggressive disease and rendered a 
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benign non-transformed mammary epithelial cell line highly metastatic (Lamar et al. 2012). In 

addition, studies in human epithelial mammary cells showed that YAP/TEAD can suppress tumor-

suppressor genes in order to promote cell proliferation and survival (M. Kim et al. 2015). Taken 

together, these studies suggest an oncogenic role for YAP in breast cancer. 

However, others have demonstrated that YAP expression, as measured by IHC, is lower 

in patient tumor samples relative to normal breast tissue (Yuan et al. 2008; Jaramillo-Rodríguez 

et al. 2014) and that its knockdown in BT474 (HER2+), MDA-MB-231 (triple negative), and T47D 

(luminal A) breast cancer cell lines suppressed anoikis in vitro. Furthermore, in vivo studies using 

YAP knockdown MDA-MB-231 cells demonstrated that tumors formed earlier and grew faster 

than in control mice (Yuan et al. 2008).  

Taken together these data suggest that YAP functions in a very context-specific manner. 

Notably, while genetic knockdown of YAP alone did not have a marked effect on apoptosis in my 

models (Figure 2-4E), the mechanism by which it buffers BMF to prevent its upregulation upon 

EZH2 inhibitor-treatment, is more in line with an oncogenic function in the context of my 

combination. 

In addition to an incomplete understanding of YAP’s function in breast cancer, its role in 

HER2+ breast cancer is also not fully understood,. Interestingly however, there is some work 

suggesting that it may be involved in therapeutic resistance triggered by different signals. For 

example, one study proposes that the Hippo pathway and YAP are important in sensing a cell’s 

environment and responding to microenvironmental rigidity. Specifically, the authors suggest 

that YAP acts as a mechanosensitive transcriptional activator that promotes lapatinib resistance 



96 
 

in response to increased extracellular matrix rigidity. (C.-H. Lin et al. 2015). However, the 

upstream signals and downstream effectors were not identified in this study. In a separate report, 

lapatinib-resistant HER2+ breast cancer cell lines were found to activate the mevalonate pathway 

(MVA), a metabolic pathway essential in cell growth and proliferation. The authors suggested 

that enhanced MVA activated YAP, which promoted mTORC1 activation through an unknown 

mechanism, and ultimately therapeutic resistance (Sethunath et al. 2019). While I did not 

observe any effects on the mTOR pathway in my studies, these two reports raise the intriguing 

possibility that multiple signals converge on YAP to promote resistance to HER2 kinase inhibitors. 

However, it should be noted that in both settings EZH2 inhibitors would be expected to open up 

the BMF locus and enhance the cell death signals triggered by lapatinib, perhaps overcoming 

these resistance signals. 

 

The role of HER2 inhibitors in triggering apoptosis 

In Chapter 2, we determined that EZH2 inhibitors induce YAP/TEAD to repress BMF, 

triggering a protective response that prevents apoptosis. However, HER2 induces YAP/TEAD 

dissociation from the BMF locus, thus promoting its expression and inducing apoptosis (Figure 

2-4B). However, we did not investigate how lapatinib transduces its effects. Specifically, how do 

HER2 inhibitors suppress YAP in HER2+ breast cancer?  

Some potential avenues of investigation are to study kinases that are thought to activate 

YAP and determine what, if any, is their relationship to HER2. One potential candidate includes 

Src, the proto-oncogene and nonreceptor tyrosine kinase known to be an activator of YAP and 



97 
 

driver of YAP activity and metastatic potential in a mouse TNBC model (Lamar et al. 2019). Src 

can bind HER2 and these kinases cooperatively control cell growth and survival (Belsches-

Jablonski et al. 2001). In addition, aberrant Src activation has been shown to promote resistance 

to HER2 inhibitors and Src inhibition can overcome trastuzumab resistance both in vitro and in 

vivo (S. Zhang et al. 2011). In fact, the Src inhibitor dasatinib was combined with trastuzumab and 

paclitaxel in a phase II clinical trial for first line HER2+ metastatic breast cancer patients and 

showed very promising results (Ocana et al. 2019). Notably, amplification of another Src-family 

kinase member, YES1, has been shown to promote acquired resistance to neratinib (Takeda et al. 

2020), trastuzumab/lapatinib (Takeda et al. 2017), and T-DM1 (Lei Wang et al. 2020). In fact, 

YAP’s full name is “YES-associated protein 1,” and YES1 has been shown to regulate YAP’s 

transcriptional activity. All of these studies demonstrate that Src or Src-family tyrosine kinases 

are critical regulators of YAP activity.  

Because Src directly binds HER2-family receptors, and HER2 kinase inhibitors suppress Src 

binding and its activation, we hypothesize that lapatinib may suppress YAP activity through its 

effects on Src. One way I can interrogate this possibility would be to monitor YAP/TEAD activity 

by transfecting a fluorescent YAP/Hippo pathway reporter developed by (Mohseni et al. 2014) 

into my cells and treat them with the Src-family kinase inhibitor, dasatanib. Using the Incucyte 

live-cell imaging system, we can track YAP activity over time. If Src suppression mediates YAP 

suppression in this setting, then dasatanib should suppress YAP activity, but only in the presence 

of EZH2 inhibitors. Conversely, a constitutively activated Src mutant should prevent YAP 

inactivation and dissociation from the BMF locus. It would also be expected to prevent cell death 

in response to EZH2 and HER2 inhibitors.  
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Targeting other EZH2 and HER2 overexpressing malignancies 

Lastly, it is important to note that EZH2 and HER2 kinase inhibitors may be useful in other 

cancers. Notably, HER2 is overexpressed in many other solid tumors including, but not limited to, 

gastric, ovarian, biliary tract, colorectal, and bladder cancers. The frequency of this 

overexpression can vary from ~2% in NSCLC to >50% of uterine cancers (Reviewed in Oh and Bang 

2020). Though HER2 amplification and/or overexpression is observed in 2-3% of solid tumors, 

HER2-targeted therapies are only FDA-approved for breast, gastric, and gastroesophageal 

cancers (Meric-Bernstam et al. 2021). However, the therapeutic value for utilizing these agents 

has become clear with promising preliminary results from HER2 basket trials using pertuzumab + 

trastuzumab (Meric-Bernstam et al. 2021), T-DM1 (B. T. Li et al. 2018), and neratinib (Hyman et 

al. 2018). Thus, HER2 is a rational therapeutic target that should be targeted in a variety of cancer 

types. 

Importantly, high levels of EZH2 have been observed in many tumor types including 

breast, prostate, bladder, gastric, lung, and hepatocellular carcinoma (J. Min et al. 2010; Chase 

and Cross 2011; Deb, Thakur, and Gupta 2013). While tazemetostat is the only FDA-approved 

EZH2 inhibitor, and even then only for follicular lymphoma and epithelioid sarcoma, it and other 

EZH2 inhibitors are in clinical trials for many other cancer types (Duan, Du, and Guo 2020) (Table 

1-7). In addition, Epizyme, the manufacturer of tazemetostat has announced plans to initiate 

basket trials using tazemetostat across heme and solid tumors (Epizyme, Inc. 2021). 

Taken together, these data suggest that HER2 inhibitors and EZH2 inhibitors may be useful 

across a variety of cancers separately. However, the observation that many of these cancers  
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express high levels of both EZH2 and HER2 suggest that our combination may have broader utility. 

Therefore, I plan to test my combination in other cancer types with high levels of EZH2 and HER2 

such as colorectal, non–small cell lung, pancreatic, and ovarian. 
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Appendix A: Supplementary Materials for Chapter 2 
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Supplemental Figure A-1 HER2 and EZH2 inhibitor treatment does not affect mouse weight 
Weight of mice with (left) BT474 xenografts and (right) MDA-MB-453 xenografts treated with 

lapatinib and GSK126. X-axis indicates days on treatment. Y-axis indicates relative weight 

(normalized to day 0 weight of individual animal). Legend at right indicates identifier of each 

mouse. 

 

 

Supplemental Figure A-2 Hallmarks of cancer apoptosis signature is enriched in cells treated 
with both HER2 and EZH2 inhibitors 
GSEA analysis of RNA-Seq data from SKBR3 cells from technical triplicates collected 24 hours after 

treatment. After 5 days of pretreatment in 5µM tazemetostat or DMSO, 100nM lapatinib or 

DMSO was layered on, and cells treated for 24 hours before RNA was extracted. 
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Supplemental Figure A-3 EZH2 and HER2 inhibitors cooperatively upregulate BMF 
(Left) Immunoblots on MDA-MB-453 HA-BMF cells. After 5 days of pretreatment in 5µM 
tazemetostat or DMSO, 1µM lapatinib or DMSO was layered on, and cells treated for 24 hours 
before protein was harvested. (Right) Schematic representation of the endogenous BMF locus 
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Supplemental Figure A-4 Co-inhibition of EZH2 and HER2 without pre-treatment of EZH2 is 
not cytotoxic 
Response of SKBR3 HER2+ breast cancer cells after 5 days of the indicated treatment. Graphs 

represent log2 transformation of the fold change in cell number at day 5 versus day 0. Right axis 

shows percent change in cell number relative to day 0. Negative values represent a decrease in 

cell number over time and positive values represent an increase in cell number. 
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