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Abstract

Introduction: Progesterone receptors (PR) are emerging as important breast cancer drivers. 

Phosphorylation events common to breast cancer cells impact PR transcriptional activity, in 

part by direct phosphorylation. PR-B but not PR-A isoforms are phosphorylated on Ser294 

by MAPK and CDK2. Phospho-Ser294 PRs are resistant to ligand-dependent Lys388 

SUMOylation (i.e. a repressive modification). Antagonism of  PR SUMOylation by mitogenic 

protein kinases provides a mechanism for derepression (i.e. transcriptional activation) of  

target genes. As a broad range of  PR protein expression is observed clinically, a PR gene 

signature would provide a valuable marker of  PR contribution to early breast cancer 

progression. 

Methods: Global gene expression patterns were measured in T47D and MCF-7 breast cancer 

cells expressing either wild-type (SUMOylation-capable) or K388R (SUMOylation-deficient) 

PRs and subjected to pathway analysis. Gene sets were validated by RT-qPCR. Recruitment 

of  coregulators and histone methylation levels were determined by chromatin 
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immunoprecipitation. Changes in cell proliferation and survival were determined by MTT 

and western blotting. Finally, human breast tumor cohort datasets were probed to identify 

PR-associated gene signatures; metagene analysis was employed to define survival rates in 

patients whose tumors express a PR gene signature.

Results: “SUMO-sensitive” PR target genes (i.e. repressed by PR SUMOylation) primarily 

include genes required for proliferative and pro-survival signaling. DeSUMOylated K388R 

receptors are preferentially recruited to enhancer regions of  derepressed genes (i.e. MSX2, 

RGS2, MAP1A, and PDK4) along with the steroid receptor coactivator, CBP, and MLL2, a 

histone methyltransferase mediator of  nucleosome remodeling. PR SUMOylation blocks 

these events, suggesting that SUMO modification of  PR prevents interactions with 

mediators of  early chromatin remodeling at “closed” enhancer regions. SUMO-deficient 

(phospho-Ser294) PR gene signatures are significantly associated with ERBB2-positive 

luminal breast tumors and predictive of  early metastasis and shortened survival. Treatment 

with antiprogestin or MEK inhibitor abrogated expression of  SUMO-sensitive PR target-

genes and inhibited proliferation in BT-474 (ER+/PR+/ERBB2+) breast cancer cells. 

Conclusions: We conclude that reversible PR SUMOylation/deSUMOylation profoundly 

alters target gene selection in breast cancer cells. Phosphorylation-induced PR 

deSUMOylation favors a permissive chromatin environment via recruitment of  CBP and 

MLL2. Patients whose ER+/PR+ tumors are driven by hyperactive (i.e. derepressed) 

phospho-PRs may benefit from endocrine (antiestrogen) therapies that contain an 
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antiprogestin.

Supplementary files: The supplementary files presented in this dissertation are fully 

described in the appendices. They include: (A) Antibodies used in this study, (B) PCR primer 

sets used in this study, (C) Genes differentially regulated by wild-type and SUMO-deficient 

PR, (D) Overlapping lists of  PR-dependent target genes from previously described gene 

expression microarrays, (E) The PR ligand-dependent (LD) and ligand-independent (LI) 

KR>WT gene signatures, (F) Breast tumor Oncomine concepts associated with the LD 

KR>WT gene signature.

vi



____________

Table of Contents

Page

ACKNOWLEDGMENTS  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .      i 

DEDICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    iii

ABSTRACT  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    iv

TABLE OF CONTENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   vii

LIST OF FIGURES   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    ix

ABBREVIATIONS   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   xii

CHAPTER

1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     1

2. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    39

3. Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    44

4. PR SUMOylation alters promoter selection in breast 

  cancer cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    56

5. PR SUMO modification provides a mechanism for 

  promoter selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   69

6. The SUMO-deficient PR gene signature is associated 

  with aggressive breast tumors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   81

7. Discussion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   94

vii



Page

BIBLIOGRAPHY  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

APPENDICES            

A. Antibodies used in this study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

B. PCR primer sets used in this study  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

C. Genes differentially regulated by wild-type and 

  SUMO-deficient PR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

D. Overlapping lists of  PR-dependent target genes from 

  previously described gene expression microarrays . . . . . . . . . . . . . 138

E. The PR ligand-dependent (LD) and ligand-independent 

  (LI) KR>WT gene signatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

F. Breast tumor Oncomine concepts associated with 

  the LD KR>WT gene signature . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

viii



____________

List of Figures

Page

1.Background

1.1. Breast tumor initiation and progression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     3

1.2. Ligand-dependent steroid receptor activation . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     7

1.3. Mammary gland architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .      9

1.4. The progesterone receptor is post-translationally modified by 

 phosphorylation and SUMOylation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   16

1.5. PR phosphorylation governs functional activity  . . . . . . . . . . . . . . . . . . . . . . . . . . .   20

2.Introduction

2.1. PR SUMOylation alters its protein-protein binding partners  . . . . . . . . . . . . . . . . .   41

2.2. Hypothesis: PR Ser294 phosphorylation dependent 

  deSUMOylation drives transcriptional activity at 

  cancer relevant genes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   42

3.Materials and Methods

4.PR SUMOylation alters promoter selection in breast cancer cells 

4.1. Human breast tumors express phosphorylated PR Ser294 . . . . . . . . . . . . . . . . . . .   58

4.2. Whole genome gene expression analysis in T47D cell lines 

  expressing PR-null, WT PR, or KR mutant PR  . . . . . . . . . . . . . . . . . . . . . .   60

4.3. The number of  genes regulated by WT and/or SUMO-deficient (KR) PR . . . . . .   61

ix



Page

4.4. RT-qPCR validation of  multiple PR dependent target genes  . . . . . . . . . . . . . . . . .   62

4.5. Creation of  isogenic models of  inducible PR expression in T47D cells . . . . . . . . .   63

4.6. Validation of  isogenic models of  inducible PR expression in T47D cells . . . . . . . .   64

4.7. Small molecule AP21967 does not rapidly activate AKT 

  or ERK1/2 kinases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  65

4.8. PR Ser294 phosphorylation mediates SUMO-deficient PR 

 gene expression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  66

4.9. Growth factor treatment enhances PR dependent transcription  . . . . . . . . . . . . . .   68

5.PR SUMO modification provides a mechanism for promoter selection 

5.1. PR regulates MSX2 gene expression through coactivator 

  recruitment and chromatin modification . . . . . . . . . . . . . . . . . . . . . . . . . . .   72

5.2. Promoter selectivity is achieved through increased recruitment 

  of  SUMO-deficient KR PR and CBP to enhancer loci . . . . . . . . . . . . . . . . .   73

5.3. Relative recruitment of  WT and SUMO-deficient PR molecules 

  to selected PR target gene enhancers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   74

5.4. ChIP analysis at the MSX2 proximal promoter region for 

  recruitment of  phospho-Ser5 and total-RNA polymerase II . . . . . . . . . . . .   74

5.5. Promoter selectivity is achieved through increased H3K4 dimethylation 

  and recruitment of  methyltransferase (MLL2) to enhancer loci . . . . . . . . .  76

5.6. WT and KR recruitment is similar at enhancer loci of  

 SUMO-insensitive genes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77

5.7. Genes specially up-regulated by SUMO-deficient PR have 

  significantly more RUNX1 binding sites in their 

  transcriptional regulatory regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   79

6.The SUMO-deficient PR gene signature is associated with aggressive breast tumors

6.1. SUMO-deficient PR upregulates genes involved in cell 

 proliferation determined by Ingenuity Pathway Analysis . . . . . . . . . . . . . .   83

x



Page

6.2. SUMO-deficient progesterone receptors promote increased 

  cell proliferation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   84

6.3. SUMO-deficient progesterone receptor gene expression 

  promotes decreased apoptosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   85

6.4. The SUMO-deficient PR gene expression signature is associated 

  with HER2-positive human breast tumors . . . . . . . . . . . . . . . . . . . . . . . . . .   87

6.5. SUMO-deficient progesterone receptors have increased sensitivity 

  to ERBB2 kinase inhibitor, lapatinib, compared to cells 

  expressing WT PR  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   89

6.6. SUMO-deficient PR-dependent gene expression is inhibited by 

  MAPK pathway inactivation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   90

6.7. The SUMO-deficient PR gene expression signature predicts 

  reduced patient survival . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   92

7.Discussion

7.1. Kinase dependent PR Ser294 phosphorylation antagonizes 

  PR Lys388 SUMOylation and mediates rapid protein turnover  . . . . . . . . .   95

7.2. Histone methylation at transcriptional regulatory elements  . . . . . . . . . . . . . . . . . 100

xi



____________

Abbreviations

AR androgen receptor

CBP  CREB-(cAMP-response element-binding protein)-binding protein

CDK  cyclin dependent kinase

ChIP  chromatin immunoprecipitation

CK2 protein kinase CK2 (previously known as casein kinase II)

EGF  epidermal growth factor

ER estrogen receptor

ERBB2/HER2 human epidermal growth factor receptor 2

GR glucocorticoid receptor

H3K4me2  histone H3 lysine 4 dimethylation

HRE hormone response element

HRT  hormone replacement therapy

IPA  ingenuity pathway analysis

Ki67 MKI67 gene (antigen identified by monoclonal antibody Ki-67)

KR  K388R PR-B mutant

KRSA K388R and S294A PR-B mutant

MAPK  mitogen activated protein kinase

MLL2 mixed lineage leukemia 

MR mineralocorticoid receptor

xii



MTT 3-[4,5-dimethylthiazol-2-yl]- 2,5-diphenyltetrazolium bromide

PARP poly (ADP) ribose polymerase 1

PCNA proliferating cell nuclear antigen

PR  progesterone receptor

PRE  progesterone receptor response element

SA  S294A PR-B mutant

SERM selective estrogen receptor modulator

SR  steroid receptor

SUMO  small ubiquitin-like modifier protein

WT  wild-type PR-B

xiii



A distorted version of  our normal selves.

– Harold E. Varmus, describing a 
cancer cell

The revolution in cancer research can be summed up in a single sentence: cancer 
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CHAPTER ONE

____________

Background

The impact of breast cancer on society

Breast cancer is the most commonly diagnosed cancer in women (29%) and the 

second leading cause of  cancer-related death (14%) in women [1]. The American Cancer 

Society has estimated that almost 227,000 new cases of  female breast cancer will be 

diagnosed and greater than 39,000 women will die from the disease in 2012 [1]. Despite this, 

breast cancer death rates have been steadily decreasing since the early 1990’s [1]. However, 

the rate of  breast cancer incidence has remained steady in recent years (2005–2008) despite 

newly validated prevention strategies, the availability of  advanced screening and detection 

methods, and the use of  modern targeted therapies. While 99% of  women diagnosed with 

localized disease remain alive after five years, only 60% of  women fall into this category at 

the time of  diagnosis. For women diagnosed with metastatic disease, only 23% remain alive 

after five years [1]. Due to these grim statistics, breast cancer has been intensely studied and 
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we now have a broad understanding of  its biological mechanisms. Many foundational 

concepts of  cancer pathology were first discovered in these tumors. 

The biology of breast cancer

Breast cancers form when a cell accumulates multiple genetic alterations that 

support unrestricted cell replication and escape from cell death. Specific mutations that have 

been repeatedly identified in key proliferation and survival pathways implicate these 

proteins as molecular drivers of  tumor formation (for review, [2]). However, the initiation 

and progression of  the majority of  breast cancers are uniquely susceptible to the actions of  

steroid hormones, particularly estrogens and progestins. These hormones are chief  

regulators in many tissues and contribute to breast cancer risk through the actions of  their 

cognate receptors [3, 4].

The transformation of  normal breast epithelial cells to metastatic tumors results 

from a multi-step process beginning with genetic or epigenetic changes that cause the 

deregulation of  normal cellular development, proliferation, and survival (for review, [5]). 

Tumors are made up of  transformed breast cells that transition toward progressively 

unfavorable stages: from premalignant carcinoma in situ, to malignant invasive breast 

carcinoma, to breast cancer metastasis (Fig. 1.1). The majority of  breast tumors develop 

slowly over many years and become detectable only in the post-menopausal years [1]. Breast 

cancer is a heterogeneous disease that displays unique histopathology, varied degrees of  

tumor aggressiveness, and diverse clinical outcomes.
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Breast cancer can no longer be considered a single disease. Early research identified 

unique pathological markers that could classify subtypes, guide treatment options, and 

predict clinical outcomes (for review, [6]); this was based on the protein expression of  

estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 

receptor 2 (HER2). Data from recent molecular profiling studies (using whole-genome gene 

expression and copy number analysis) have determined that individual breast tumors fall 

into one of  six different molecular subtypes that have unique molecular drivers (e.g. normal-

like, basal, HER2-enriched, claudin-low, luminal A and B) [7-11]. In fact, very recent data 

suggest that breast cancers are actually driven by one of  ten distinct gene expression 

programs [12]. However, despite these exciting advances in our understanding, all the 

molecular factors driving breast cancer initiation and progression are not completely 

understood and further studies are needed to characterize the genetic and signaling 

mechanisms in tumors. Thus, additional knowledge of  these characteristics will help guide 
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Fig. 1.1.  Breast tumor initiation and progression.
Breast epithelial cells accumulate epigenetic or genetic changes that initiate cellular 
transformation (left), leading to tumor cell replication and neoplastic expansion (ductal or 
lobular carcinoma in situ, middle). The tumor microenvironment also undergoes changes to 
allow tumor invasion through the basement membrane and metastasize to other sites (right). 
(Vargo-Gogola and Rosen, Nat Rev Cancer, 2007)
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Figure 1 | The biology of breast cancer. a | Breast cancer is a genetically and genomically heterogeneous disease that 
develops along a continuum. The normal breast terminal ductal lobular unit (TDLU) contains lobules and ducts that consist of 
a bi-layered epithelium of luminal and myoepithelial cells. Atypical ductal hyperplasia (ADH) is a premalignant lesion 
characterized by abnormal cell layers within the duct or lobule. ADH is thought to be the precursor of ductal carcinoma 
in situ (DCIS), which is a non-invasive lesion that contains abnormal cells. With each stage, the risk of developing malignant 
or invasive breast cancer (IBC) increases. DCIS may give rise to IBC (indicated by a blue star adjacent to a DCIS lesion), but it 
is unclear how to predict which lesions will progress. Once cells have invaded, the risk for developing metastasis significantly 
increases. The lymph nodes are the primary site for breast cancer metastasis (MET; indicated by a blue star). b | A schematic of 
breast cancer progression is shown. The transformation of breast epithelial cells to give rise to metastatic breast cancer is an 
amalgamation of epigenetic and genetic changes and aberrant interactions within the microenvironment. During this 
multistage process, control of proliferation, survival, differentiation and migration become deregulated, and aberrant tumour– 
stromal cell interactions facilitate this process. To form metastases, cells must invade through the basement membrane, enter 
the vasculature (intravasate), survive in the absence of adhesion, exit the vasculature (extravasate) and establish a new 
tumour in a foreign microenvironment14,60,129. c | Several parallels between normal breast stem or progenitor cells and cancer 
cells, such as dormancy, self-renewal and differentiation capabilities, have lead researchers to propose that cancer cells with 
stem cell-like characteristics (called ‘cancer stem cells’ or ‘tumour-initiating cells’, which is a more appropriate designation), 
drive breast cancer initiation, progression and recurrence130. This hypothesis is depicted as epigenetic and genetic 
alterations that occur in different stem or progenitor cells, including the long term (LT), short term (ST) and luminal or basal 
(myoepithelial) progenitors, and give rise to different subtypes of tumours that consist of different cell types (mixed, luminal 
or basal lineage), which display characteristic gene-expression profiles and exhibit distinct prognoses.
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future therapeutic strategies as clinicians approach each of  these different genetic diseases in 

unique ways.

Breast cancer risk factors

Multiple breast cancer risk factors have been empirically determined. Heritable 

mutations in the BRCA1 or BRCA2 genes increase a woman’s risk of  breast cancer from 

45-65%, depending on the particular mutation and other factors [13]. However, relatively few 

breast tumors express these mutations (10-15%) suggesting that multiple other mechanisms 

contribute to tumor initiation and progression [14]. Lifetime exposure to elevated levels of  

steroid hormones (including estrogens and progestins) increases the relative risk of  breast 

cancer incidence in post-menopausal women [15, 16]. Exposure to increased levels of  

testosterone or androgens also increase breast cancer risk, because these molecules are 

converted to estradiol in post-menopausal women [15]. Obesity, weight gain after 

menopause, and alcohol use are associated with elevated breast cancer risk [17-19]. Obesity 

is a strong risk factor for breast cancer incidence, partly because additional adipose can drive 

higher levels of  aromatase enzyme expression, resulting in higher than normal estradiol 

levels [20, 21]. Further, anti-inflammatory immune signals are elevated in excess adipose 

tissues that provide pro-growth paracrine signals to nearby epithelial cells [22]. Additionally, 

women who experienced early menarche (before age 11), a late first pregnancy (after age 

35), or were never pregnant are at elevated risk for breast cancer [23]. Alternatively, early 

pregnancy, multiparous women, and prolonged duration of  breast-feeding decrease breast 

cancer risk because circulating levels of  estradiol are reduced during these events [24, 25]. 
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Early studies showed that oophorectomy in pre-menopausal women (before age 35) reduced 

breast cancer risk by 75% [26, 27]. A highly significant risk factor for breast cancer incidence 

is elevated mammographic breast density with 6-fold higher levels of  relative risk [28, 29]. 

Further, increased mammographic breast density is associated with use of  hormone 

replacement therapy (HRT) containing estrogen and progestins in post-menopausal women 

[30-32].

A double blind randomized phase III clinical trial conducted by the Women’s Health 

Initiative has determined that HRT containing estrogens and progestins significantly 

increased invasive breast cancer risk and HRT should be avoided if  possible [3, 33, 34]. Data 

from a separate arm of  that clinical trial indicated that post-menopausal women with prior 

hysterectomy, treated with estrogen-only HRT, actually had reduced breast cancer risk 

suggesting that estrogen alone may be protective in this cohort [35, 36]. Conclusions from an 

observational study by the Million Women Study Collaborators indicated that post-

menopausal women taking HRT that contain progestins were at highest risk of  breast 

cancer, compared to combined HRT [37]. Thus, estrogens and progestins are steroid 

hormones that have been identified as important mediators of  breast cancer initiation and 

progression.

Steroid hormones and their receptors

Steroid hormones are lipid molecules that consist of  a 

cyclopentanoperhydrophenanthrene (four-ring) skeleton structure derived from cholesterol 

that can freely diffuse across plasma membranes [38]. They are synthesized primarily by the 
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cyctochrome P450 family of  enzymes in the adrenal glands, gonads (testis and ovary), 

placenta, and to a lesser extent in other glandular tissues (including the breast adipose) 

[39-41]. Estrogens and progestins are primarily produced in the ovary and placenta through a 

multi-step process that converts precursor molecules into mature forms [42]. 

Nuclear hormone receptors are defined as ligand-activated transcription factors that 

become localized in the nucleus upon ligand binding where they regulate transcriptional 

programs necessary for development, metabolism, and homoeostasis. The nuclear hormone 

receptor superfamily includes approximately 50 genes [43], many of  which are conserved 

among vertebrates, and mediate multiple unique functions including almost all aspects of  

physiology. Steroid hormone receptors (SR) are a subset of  proteins within the nuclear 

hormone receptor superfamily that include the estrogen receptor (ER), progesterone 

receptor (PR), glucocorticoid receptor (GR), androgen receptor (AR), and mineralocorticoid 

receptor (MR). Each receptor binds unique steroid hormone ligands (agonists) that induce a 

conformational change in the receptor protein that initiates unique functional actions, 

including precise transcriptional transactivation at various gene loci [44, 45]. These receptors 

are highly selective to their endogenous ligands; however, SRs can also bind multiple closely 

related synthetic ligands, many of  which contain antagonistic properties. Additionally, recent 

studies have revealed that SRs participate in kinase signaling pathways, multi-protein 

complexes/scaffolds, and regulate transcription independent of  ligand [46]. These receptors 

exhibit diverse functions in tissue development and homoeostasis.

SR proteins contain multiple conserved functional protein domains, including a 

ligand binding domain (LBD), hinge region (H), DNA binding domain (DBD), activation 
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functions (AF), and variable length amino-terminal regions. SR tertiary structures resemble 

a molecule folded upon itself  at the hinge region, resulting in N- and C-terminal interactions 

that regulate SR function [47]. The AF domains contain residues important for 

transcriptional transactivation and often mediate protein-protein interactions (including 

coactivator and corepressor binding) [48-50]. The DBD is crucial for efficient DNA binding at 

conserved sequences, hormone response elements (HREs), within DNA and the LBD 

domain is necessary for determining hormone binding specificity [51-54]. Both of  these 

domains are needed for effective SR dimerization on chromatin, a fundamental process 

required for transcriptional transactivation [55]. The classical mechanism of  SR action (Fig. 

1.2) follows this general process: (i) steroid hormone ligands diffuse through the plasma 

membrane and bind cytoplasmic SRs causing their disassociation from heat shock chaperone 

proteins, (ii) SRs accumulate in the nucleus where they dimerize on HREs in enhancer/

7

Figure 2 | Three progressive models of transcriptional 
regulation by HAT- and HDAC-containing complexes. 
Aa | The classic model of a signal-dependent switch 
between co-repressors and co-activators. Co-repressors are 
recruited by the unliganded nuclear receptor to a repressed 
promoter. Upon ligand binding they are dismissed and 
co-activators are recruited to the active transcription unit. 
Ab | The simple exchange between co-repressor and 
co-activators as measured by promoter occupancy.  
Ba | Ligand-induced regulation of hormone-dependent 
genes with cyclic recruitment and dismissal of co- 
repressor and co-activator complexes. Bb | In this case, 
co-repressors and co-activators are continuously 
exchanged on the promoter. Ca | Summary of a recent 
genome-wide location analysis for histone deacetylases 
(HDACs) and histone acetyltransferases (HATs). Three 
classes of regulated genes have been identified: silent, 
primed and active genes59. Cb | Co-activators and 
co-repressors cycle on and off both primed and active 
genes. Ac, acetylation; K4me3, trimethylation at lysine 4; 
K27me3, trimethylation at lysine 27; IIB/IIE/IIF/IIH/IIJ, 
transcription factor IIB/IIE/IIF/IIH/IIJ; P, phosphorylation; 
PCG, polycomb group complex; Pol II, RNA polymerase II; 
TAF, TATA box-binding protein (TBP)-associated factor. Part c 
is modified, with permission, from REF. 59  (2009) Elsevier. 
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Fig. 1.2.  Ligand-dependent steroid receptor activation.
Steroid receptors dimerize on hormone response element DNA sequences and interact with co-
repressor molecules via N-terminal alpha-helix 12 (left). Upon ligand binding, the receptor 
conformation changes, and steroid receptors interact with co-activator molecules via alpha helix 
12 (right). The steroid receptor/co-activator complex facilitates the recruitment of  the general 
transcription factor machinery to a nearby gene where transcription is initiated. (Perissi et al., 
Nat Rev Genet, 2010)



promoter sequences (or tether to other transcription factors), (iii) coregulatory molecules 

and basal transcriptional machinery are recruited and directly interact with SRs and the basal 

transcriptional machinery, (iv) coregulatory molecules remodel the chromatin structure 

(acetylation/deacetylation, methylation/demethylation, etc.), (v) resulting in transcriptional 

activation or repression. Recent studies have identified regulatory mechanisms that alter SR 

action at every step described above, indicating this process is very dynamic and highly 

sensitive to changes that mediate SR activity (for reviews, see [56-58]). Deregulation of  these 

processes can have severe consequences for hormonally regulated tissues, including 

facilitation of  tumor development.

Hormone actions in mammary gland development and breast cancer

Studies describing normal mammary gland development have primarily been 

conducted using mouse and rat models (for review, see [59]). The mammary gland contains 

two major tissue compartments: the epithelium and stroma (Fig. 1.3). The epithelium 

includes ductal and alveolar structures and the stroma is comprised of  supporting cells and is 

also called the mammary fat pad. Alveoli are bud-like structures that form a lumen within 

the stroma that differentiate into milk-producing secretory epithelial cells during pregnancy. 

Alveoli are interconnected via complex branching of  epithelial ducts that converge and open 

to the body surface at the nipple. Alveolar structures are supported by contractile basal 

myoepithelial cells that facilitate the delivery of  milk. These basic structures of  the 

mammary gland are embedded within the stroma, consisting primarily of  adipose and 

vascular tissues.

8



Mammary gland development primarily occurs during puberty and is dependent on 

the actions of  steroid hormones estrogen and progesterone. Estrogen (17 beta-estradiol) is a 

ligand for ER and is primarily responsible for mediating ductal outgrowth and side 

branching [60], whereas progesterone is necessary for alveolar development [61, 62]. 

Progesterone actions are mediated through PR, despite the small percentage of  PR-positive 

cells within the alveoli [63]. PR-positive cells are non-dividing but stimulate proliferation of  

adjacent cells through paracrine signaling [64] by the secretion of  important PR-dependent 

growth signals, including WNT1 and IGF2 [65]. The mammary epithelium is derived from a 

population of  self-renewing mammary stem cells (MSC) that produce committed ductal or 

alveolar precursor cells (for review, [66]). These cells are necessary for the hormone driven 

massive alveolar expansion that occurs during pregnancy, in preparation for milk production. 

Upon weaning, the breast epithelium undergoes hormone regulated involution; thus 

demonstrating the dynamic nature of  these glands (i.e. multiple cycles of  proliferation and 

apoptosis) and their susceptibility to deregulation and cancer. 
9
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Why prolonged oestrogen exposure should increase
breast cancer risk is unknown. One possibility is that
oestrogens promote breast cancer through non-
ER-mediated action of some of its metabolites. There is
evidence to show that some hydroxylated products of
oestrogens (known as catechol-oestrogens) can be con-
verted to quinones that can cause DNA adduct forma-
tion, at least in rodents20. Nonsteroidal oestrogens, such as
diethylstilbesterol, are also carcinogens, again probably
through their conversion to catechol-quinones that lead
to DNA adduct formation. However, it is not evident why
these carcinogenic actions would be restricted largely to
the breast and uterus in humans, although one possibility
is that these tissues have higher levels of oestrogen-
metabolizing enzymes18,19. Indeed, investigation of poly-
morphisms of one of the enzymes responsible for catchol
oestrogen metabolism — catechol O-methyltransferase
— revealed that its genotype was a significant determi-
nant of breast cancer development, being associated with
a fourfold increase in breast cancer incidence21.

It is also possible that the breast-cancer-promoting
effects of oestrogens arise simply from their prolifera-
tive effects on the breast. It is certainly clear that in a
large proportion of cases E2 promotes breast cancer
progression by stimulating malignant cell prolifera-
tion. This is supported by the clear correlation
between ER positivity in breast tumours and their
response to endocrine therapy. Furthermore, ER
expression in benign breast epithelium is higher in
patients with breast cancer than it is in women who do
not have breast cancer22, indicating that the ER is
involved in early events in breast cancer. This might
reflect deregulated control of ER expression in preneo-
plastic breast cancer cells9,23, although the underlying
mechanisms are not defined. Even so, although only
15–25% of normal breast epithelial cells are ER-posi-
tive, two-thirds of breast cancers are ER-positive and
most of these respond to endocrine therapy (for
example, see REF. 24).

Endocrine therapies
There are several ways of blocking the effects of
oestrogen in ER-positive breast cancer (FIG. 3). The 
anti-oestrogen tamoxifen was first used in the treatment
of metastatic breast cancer, and led to disease regression
in approximately 30% of cancers. More recently, studies
have resulted in its application following surgery for pri-
mary breast cancer3. Most women with breast cancer
have localized disease at the time of diagnosis, with no
evidence of metastatic spread outside the breast and
draining lymph nodes. Despite this, more than half of
these women will eventually die from disseminated dis-
ease. Surgery is therefore usually followed by ADJUVANT

THERAPY, as the presence of MICROMETASTASES cannot be
ruled out. In patients with ER-positive disease, tamox-
ifen is now the principal form of adjuvant treatment in
pre- and post-menopausal women. In the adjuvant set-
ting, medical ovariectomy with luteinizing-hormone-
releasing hormone (LHRH) agonists such as goserelin is
also a commonly used treatment in pre-menopausal
women. LHRH agonists decrease luteinizing-hormone

enable ER-positive cells to be converted from non-
dividing cells to a state in which their proliferation is E2
dependent is at present unclear.

E2 is synthesized primarily in the ovaries. Ovarian
function and E2 synthesis are regulated by the pitu-
itary gonadotrophins, follicle-stimulating hormone
and luteinizing hormone (FIG. 2). Considerably lower
levels of E2 and oestrone are also synthesized by other
organs, including MESENCHYMAL CELLS of adipose tissue,
OSTEOBLASTS and CHONDROCYTES in bone, the vascular
endothelium, aortic smooth muscle and many regions
in the brain15. In post-menopausal women, local syn-
thesis is important for the non-reproductive functions
of E2, such as in the maintenance of bone density and
cardiovascular protection. Ovarian synthesis of
oestrogen ceases at menopause and, because in most
cases breast cancer strikes post-menopausal women,
the non-ovarian sources of E2 are important in dis-
ease progression. Indeed, in post-menopausal
patients, intratumoral concentrations of E2 are more
than 20-fold higher than those present in the plasma.
This is probably because breast tumours produce high
levels of aromatase, a CYTOCHROME P450 ENZYME COMPLEX

that synthesizes oestrogens from adrenal steroids16,17.
There is considerable evidence that associates

increased breast cancer risk with prolonged exposure
to oestrogens. This includes the increased risk associ-
ated with early menarche, late first full-term pregnancy
and late menopause. Oral contraceptives and oestro-
gen-replacement therapy have also been implicated in
breast cancer risk. In addition, dietary and environ-
mental agents that can act as oestrogens have been
linked to breast cancer risk, although their true
involvement in breast cancer remains to be proven18,19.
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Figure 1 | Structure of normal and malignant breast tissue. a | Anatomy of the human
mammary gland. Each mammary gland contains 15–20 lobes, each lobe containing a series of
branched ducts that drain into the nipple. b | Each duct is lined with a layer of epithelial cells,
responsible for milk production. These are surrounded by an outer layer of myoepithelial cells with
contractile properties. The glandular ducts are embedded in fibroblast stroma. c | This structure
breaks down in breast cancer, resulting in an epithelial cell mass. b and c are immunostained
using antibodies to the oestrogen receptor (ER; brown stained nuclei), showing that only a small
proportion of epithelial cells are ER positive in the normal breast.

MESENCHYME

Embryonic tissue composed of
loosely organized, unpolarized
cells of both mesodermal and
ectodermal (for example, neural
crest) origin, with a
proteoglycan-rich extracellular
matrix.

OSTEOBLASTS

Cells that reside in bone, where
they are responsible for
depositing the bone matrix.

CHONDROCYTES

Cells that produce cartilage.

CYTOCHROME P450 ENZYME

COMPLEX

Haem-containing enzymes that
oxidize small molecules,
including many carcinogens.

ADJUVANT THERAPY

Therapy given in addition to the
primary form of treatment —
for example, after surgery.

MICROMETASTASES

Clinically undetectable
secondary tumours.

Fig. 1.3.  Mammary gland 
architecture.
The mammary gland consists to two major 
compartments, epithelium and stroma. A 
network of  ductal structures terminates at 
the alveolus and consists primarily of  
epithelium. The stromal compartment 
contains adipose, vasculature, and other 
supporting cells. Breast tumors often initiate 
in the ductal or alveolar epithelial cells. (Ali 
and Coombes, Nat Rev Cancer, 2002)



Estrogen and progesterone also contribute to breast tumor initiation and 

progression. In the normal breast epithelium, few cells are ER/PR-positive [63]; whereas, a 

large percentage of  breast cancers express high levels of  ER (75%) and PR (50-70%) [67, 68]. 

In many cell contexts ER and PR have similar expression levels because estrogens can 

stimulate the expression of  PR. High levels of  PR expression in tumor epithelial cells drive 

cell proliferation via both PR-dependent autocrine/paracrine signaling and cell autonomous 

PR-dependent transcriptional action [65, 69]. Elevated levels of  estrogen and progesterone 

have the potential to initiate DNA mutations in breast tissues through the stimulation of  

pro-proliferative and pro-survival transcriptional programs via their cognate receptors, 

resulting in frequent rounds of  cell replication causing higher mutational frequencies [70, 

71]. In addition, the conversion of  estradiol into various metabolites (including 4-OH-

estradiol and 3,4 estradiol-quinone) that can covalently bind purine DNA bases, causing 

depurination and higher rates of  error-prone DNA repair [72-74]. Due to the 

aforementioned effects of  hormone action on breast cancer initiation and growth, the first 

breast cancer therapies were designed to target steroid hormone effects.  

Development of antiestrogens and antiprogestins to block SR 
function

Early data showed that steroid hormone actions drive a substantial portion of  breast 

cancers [26, 75-78], thus triggering the development of  pharmacological strategies to block 

the hormonal drivers in these tumors. Several ER and PR antagonists have been developed 

for the prevention and treatment of  breast cancers [79, 80]. Crystal structure studies 
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demonstrate that ER and PR agonists (e.g. 17-beta-estradiol and progesterone) bind a 

hydrophobic pocket and cause a conformational change to the conserved alpha-helix 12, 

causing it to swing shut closing the ligand-binding pocket [45]. Alpha-helix 12 contains an AF 

domain and this new position allows the receptor to interact with coactivator molecules and 

enhance transcription [45]. Conversely, ER and PR antagonists often contain bulky side 

chains that block the conformational change in alpha-helix 12, allowing for corepressor 

interactions and transcriptional repression [81, 82]. Tamoxifen and raloxifene are anti-

estrogens that have mixed agonist and antagonist actions [83]. Upon ER binding, they 

facilitate ER-mediated transcriptional repression (or activation depending on cellular 

context). Ligands of  this class are labeled as SERMs (selective estrogen receptor modulators) 

[83]. The effects of  tamoxifen are antagonistic in breast tissue but agonistic in the uterus 

(causing the endometrial wall thickening) [84, 85]. However, the pure ER antagonist 

fulvestrant causes ER degradation, inhibits ER-mediated transcriptional action, and provides 

a similar anti-tumor effect as the aromatase inhibitor anastrozole [86, 87]. Aromatase 

inhibitors are drugs that block ER function by preventing the synthesis of  estrogen precursor 

molecules, limiting the availability of  ER ligand (17-beta-estradiol). Despite a major decrease 

in circulating estradiol levels in post-menopausal women (the subgroup with highest breast 

cancer risk), high levels of  estradiol (similar to that found in pre-menopausal women) can be 

found in breast tissue [88-90]. Thus in post-menopausal women, estradiol is primarily 

synthesized in the breast through the conversion of  androgens by aromatase enzymes or the 

conversion of  estrone sulfate by sulfatase enzymes [20, 91]. Multiple aromatase inhibitor 
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drugs have been characterized for use in breast cancer prevention and treatment, including 

anastrozole, letrozole, and exemestane (discussed further below).

Early development of  PR antagonists yielded several ligands that dramatically 

inhibited PR transcriptional action. Mifepristone (RU486) is a progesterone receptor 

modulator (PRM) that binds in the ligand pocket and completely blocks PR transcriptional 

activity (depending on cellular context) [92]. Mifepristone was tested in phase II clinical trials 

for breast cancer but the antagonist had limited effect and substantial toxicity; side affects 

included lethargy, nausea and anorexia [93]. Mifepristone also binds GR with moderate 

affinity and this likely caused the toxicity in patients [94]. Less toxicity was reported for trials 

with mifepristone in meningioma patients possibly due to co-administration of  

glucocorticoids (to limit the anti-GR effects of  mifepristone) [95]. Onapristone (ZK 98299) is 

another PRM that had significant anti-tumor effects in clinical trials [96]. However, the drug 

caused hepatotoxicity in patients and the trial was halted [96]. Lonaprisan (ZK 230211) is a 

second-generation highly selective PR antagonist that was recently tested in phase II clinical 

trials for metastatic breast cancer [97] but the results have not been reported. In cell culture 

models, lonaprisan-bound-PR mediated cell cycle arrest and blocked proliferation through 

the induction of  p21 [98]. This antiprogestin may have significant clinical impact and awaits 

large phase III clinical investigation. Additional PR antagonists have been investigated to 

combat breast cancer growth including: telapristone (CDB-4124), asoprisnil, and ulipristal 

acetates [81, 99, 100]. However, new development of  highly selective PR antagonists would 

significantly advance hormone-modulation therapies for breast cancer.
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Clinical strategies for breast cancer prevention and treatment

Breast cancer prevention strategies have been investigated in the National Surgical 

Adjuvant Breast and Bowel Project (NSABP) prevention (P-1) clinical trial. The study 

determined that long-term use of  tamoxifen dramatically reduced breast cancer risk in high 

risk women [101-103]. Another prevention trial demonstrated that raloxifene use provided a 

highly significant 76% reduction in all breast cancers in post-menopausal women with 

osteoporosis [104]. A panel commissioned by the American Society of  Clinical Oncologists 

(ASCO) reviewed the current literature and determined that long-term tamoxifen treatment 

does indeed prevent breast cancer in women with elevated risk [105]. However, continued 

use of  tamoxifen may cause endometrial cancer (predominantly stage I) and non-fatal 

pulmonary emboli. No cardiovascular risks or benefits have been observed in patients taking 

tamoxifen [106, 107]. Treating women at elevated breast cancer risk with tamoxifen for 

prevention has been associated with lower incidence, but is only associated with a breast 

cancer survival advantage after 15-years [102]. Thus, exactly how tamoxifen prevents breast 

cancers (either by preventing lesions, curing early lesions, or delaying tumor growth) is not 

clear [107]. Additionally, recent data have shown that long-term use of  aromatase inhibitors 

(exemestane) reduces the incidence of  breast cancer in post-menopausal women with few 

reported side effects [108]. 

Breast tumors are often identified through regular screening efforts, including self-

exam, mammography, and/or breast MRI. Typically, a patient will undergo surgical removal 

of  the primary tumor, followed by adjuvant treatments (e.g. general chemotherapy, targeted 

kinase inhibitors, or hormonal therapy). These treatment regimens are modified upon 
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tumor relapse or metastasis. Several general chemotherapy regimens exist, but their 

discussion is outside of  the scope of  this thesis. However, I will discuss many clinically 

available hormonal and targeted therapies. Upon tumor detection, standard information is 

gathered that can predict tumor aggressiveness. These characteristics include: tumor size, 

lymph node status, histologic grade, ER/PR positivity, oncogene amplification status 

(HER2/ERBB2), proliferation index (measured by PCNA or Ki67 histological staining), or 

the expression or mutational status of  known breast cancer oncogenes and tumor 

suppressors (e.g. BRCA1/2, c-myc, cyclin D1, AIB1, MAPK, Ras, EGFR, or c-Src) [13, 14, 

109-114]. Based on these tumor characteristics, oncologists develop treatment strategies; 

many breast cancers are hormone responsive (70%) and are treated with hormonal therapies 

targeting ER (and/or PR) activity [67, 68, 115].

Various methods have been developed to ablate steroid hormone actions in tumors. 

Estrogens are primarily synthesized in the ovary; thus, oophorectomy is a surgical method 

of  hormone ablation. Surgical oophorectomy was the first effective treatment recognized 

for breast cancer [75, 76] and provides a survival advantage [116-118]. However, instead of  

surgery, medical oophorectomy is more likely considered for women with ER-positive 

tumors through the use of  tamoxifen treatment. Tamoxifen is a widely prescribed breast 

cancer drug and has demonstrated very good long-term benefit in the adjuvant setting 

[119-121]. However, 40% of  patients on tamoxifen relapse during treatment [122-128]. In 

patients with tamoxifen-resistant tumors, sequential treatment with additionally hormonal 

therapies can be effective using aromatase inhibitors, or stopping tamoxifen treatment [128]. 

Often patient tumors become resistant to hormonal therapies after 12-18 months due to 
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tumor adaptive mechanisms that include: the de novo production of  local estrogen, 

hypersensitivity of  ER to low estrogen levels, the metabolites of  tamoxifen can be 

estrogenic, growth factor pathway proteins are overexpressed and activated, and/or 

transcriptional repressors become downregulated [128, 129]. There is in vivo and in vitro data 

to support a hypothesis that under tamoxifen treatment the tumor becomes hypersensitive 

to low levels of  estrogen or begins responding to the antagonist (tamoxifen) as an ER agonist 

[130]. Tumor regression in these patients may occur if  treated with aromatase inhibitors that 

prevent the production of  estrogens or with the pure antiestrogen fulvestrant [131].

Despite the relative success of  tamoxifen treatment for ER-positive tumors, recent 

clinical trials have demonstrated that aromatase inhibitors are superior to anti-estrogens 

[132-135]. Currently, aromatase inhibitors (anastrozole, letrozole, or exemestane) are better 

first-line adjuvant breast cancer therapies and have fewer side effects in advanced breast 

cancers, compared to tamoxifen [132-142]. This was primarily tested in the large scale 

Anastrozole and Tamoxifen Alone or in Combination (ATAC) clinical trial. The reason 

aromatase inhibitors are more effective than tamoxifen likely depends on their mechanism of 

action: antiestrogens can only impact ER-mediated transcriptional programs, but do not 

reduce the absolute levels of  free estradiol (which at high levels, may contribute to DNA 

mutagenesis) in breast tissue [143, 144]. Conversely, aromatase inhibitors reduce free 

estradiol levels blocking both ER-mediated transcription and estradiol’s mutagenic 

properties. Additionally, treating patients with aromatase inhibitors is clinically advantageous 

because, unlike the agonistic properties of  tamoxifen outside the breast, they do not increase 

15



deep vein thrombosis, pulmonary emboli, or adversely affect endometrial tissue, vaginal 

mucosa, or cholesterol levels in women [133, 139].

PR structure and function

Classically, PR is a ligand-activated transcription factor that binds target gene 

promoters as a dimer and recruits co-regulatory molecules to enhance transcription (for 

review, see [145]). Two primary PR protein isoforms exist (PR-A and PR-B) that are derived 

from a single gene, but unique PR transcripts [146]. PR-B is the full-length receptor that 

contains an additional 164 amino acids at the N-terminus missing from PR-A; otherwise 

these protein isoforms have the same peptide sequence [147]. Both receptors contain a DBD, 

a LBD separated by a hinge region, and two AF domains (Fig. 1.4). PR-B contains a third AF 

domain located in its N-terminus, that PR-A lacks [148]. PR-A and PR-B have distinct 
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Fig. 1.4.  The progesterone receptor is post-translationally modified by 
phosphorylation and SUMOylation.
Both progesterone receptor (PR) protein isoforms, PRA and PR-B, are heavily phosphorylated by 
multiple kinases, including MAPK, CK2, and CDK2. Both receptors contain DNA binding 
domains (DBD), ligand binding domains (LBD), hinge regions (H), and two activation function 
(AF) domains. PR-B contains an additional 164 amino acids at its N-terminus and a third AF 
domain. PR phosphorylation at Ser294 antagonizes PR SUMOylation at Lys388.



transcriptional activities [149] and mediate unique developmental processes determined by 

PR knockout studies in mice. Mice with knockout of  both PR-A and PR-B isoforms develop 

into adulthood but have drastically impaired female reproductive processes including 

anovulation, uterine hyperplasia, and complete loss of  mammary gland ductal and alveolar 

expansion during pregnancy [150]. Selective ablation of  PR-A in mice demonstrated that PR-

B is the isoform responsible for alveolar expansion during pregnancy and regulates a 

different set of  reproductive functions from PR-A [151, 152]. Alternatively, PR-A primarily 

mediates ovarian and uterine development in response to progestins [152]. Additional work 

from the PR knockout mouse models showed definitively that PR contributes to mammary 

gland tumorigenesis (independent of  ER action) [150]. PR knockout mice were resistant to 

mammary tumor incidence after being challenged with chemical carcinogens [153]. These 

and other studies have provoked great interest in PR functional activity and its role in breast 

cancer initiation and progression. Subsequent studies have revealed complex mechanisms of  

PR transcriptional activity and cross talk with kinase signaling pathways.

PR post-translational modifications

Post-translational modifications are a class of  covalently attached moieties that often 

impact the functional activity of  substrate proteins by influencing protein-protein 

interactions, DNA repair, replication, transcription, chromosome segregation, genomic 

stability, and intracellular trafficking (for reviews, see [154-157]). PR isoforms are post-

translationally modified by phosphorylation, ubiquitination, SUMOylation, and acetylation 
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[158-161]. These modifications are highly dynamic, depend on cellular context, and refine 

PR transcriptional regulation.

 PR contains 14 serine residues that are phosphorylated by multiple kinases (e.g. 

MAPK, CK2, and CDK2) either basally or in response to ligand binding (Fig. 1.4) [162]. Many 

breast cancers display heightened ErbB/MAPK pathway activation where PR is a substrate 

for phosphorylation and also regulates MAPK activation via interaction with signaling 

pathway components [158]. PR phosphorylation at Ser294 has been intensely studied. In the 

presence of  ligand, PR is rapidly phosphorylated at Ser294, accumulates in the nucleus, and 

becomes highly transcriptionally active at multiple genes important for cell cycle progression 

(cyclin D1), proliferation (c-Myc) and survival (Bcl-xL) [163, 164]. Most SRs are degraded 

upon ligand binding via the ubiquitination-proteasome pathway and PR phosphorylation at 

Ser294 is required for this degradation [160]. Thus, when PR is phosphorylated and highly 

transcriptionally active it undergoes rapid turnover and often becomes undetectable (by 

western blotting) [163]. Mutation at this phosphorylation site (S294A) causes PR to be 

transcriptionally repressed and the receptor fails to undergo rapid ligand-induced turnover 

[163]. PR Ser294 phosphorylation also regulates PR SUMOylation at Lys388 (discussed 

below) [165]. 

There is a complex interplay between PR activity and cell cycle regulation. In 

response to progestin or mitogen treatment, CDK2 signaling is activated and the G1/S-phase 

transition is initiated. CDK2 has been shown to phosphorylate PR at multiple sites 

regulating PR transcriptional activity [166, 167]. PR is basally phosphorylated on Ser400 in 

resting cells and highly phosphorylated by CDK2 in response to progestins [166]. In addition, 
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treatment with mitogenic growth factors known to activate CDK2 activity, or expression of  

constitutively active CDK2 in vitro, induce ligand-independent PR transcriptional activity. PR 

Ser400 mutation to alanine (S400A) blocked CDK2-dependent PR transcriptional induction 

[167]. In T47D breast cancer cells, high expression of  the cell cycle inhibitor p27 also blocked 

CDK2-induced PR Ser400 phosphorylation and ligand-independent PR transcriptional 

action. Knockdown of  p27 restored WT PR transactivation, whereas, PR S400A 

transcriptional activity remained impaired [167]. These data suggest phosphorylation at PR 

Ser400 by activated CDK2 regulates the transcriptional activity of  PR during the cell cycle 

and this may be deregulated in tumor cells. 

PR genomic (transcriptional) activities are also integrated with nongenomic actions 

where PR is a node within cytoplasmic kinase signaling cascades (for reviews, see [46, 58, 

168, 169]). For example, rapid activation (5-10 min) of  MAPK signaling can occur after 

progestin treatment (nongenomic PR action) [170], and progestin bound PR-B can sustain 

late activation of  MAPK signaling (18-24 h) dependent on transcriptional upregulation of  

WNT1, which mediates EGFR transactivation through matrix metalloproteinase mediated 

release of  EGFR ligands (genomic PR action) [171]. In addition to directly binding DNA (e.g. 

WNT1), PR are known to mediate transcriptional transactivation through tethering to other 

transcription factors like specificity factor 1 (Sp1) and activator protein 1 (AP-1) (Fig. 1.5) 

[172, 173]. Rapid progestin induced PR Ser345 phosphorylation (5-10 min) is dependent on 

intact c-Src, EGFR, and MAPK signaling. Phosphorylated PR-B Ser345 receptors can directly 

interact with Sp1 (at Sp1 DNA binding motifs) to regulate PR dependent gene activation 

(including p21) [174]. Receptors that contained mutations in the poly-proline tract (mPro) or 
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S345A could not associate with Sp1 on the p21 promoter and could not activate progestin-

dependent p21 transcription [174]. There are likely multiple S345 phosphorylation 

dependent PR target genes regulated in this manner. Thus, PR phosphorylation is a context-

dependent mechanism that specifies PR promoter selectivity and resulting gene regulation.

Another example of  phosphorylation dependent PR promoter selectivity involves PR 

Ser81. Phosphorylation at this site is dependent on CK2 (formally casein kinase II) 

expression and progestin binding [175]. Phosphorylation at PR Ser81 is important for 

progesterone independent breast cancer cell soft agar colony formation and required for 

selected (ligand-dependent and -independent) PR target gene regulation (e.g. BIRC3) [175]. 

Indeed, only phospho-Ser81 PR are associated with CK2 at the BIRC3 enhancer region; 
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Figure 2
Functional significance of SR phosphorylation. Phosphorylation (P) of specific sites in ARs or PRs (SR)
couples multiple SR functions, including transcriptional synergy in the presence of steroid hormones and
growth factors predicted to activate MAPK and/or CDK2 as well as nuclear import or export (shuttling)
in response to MAPK activation. In the case of PRs, rapid ligand-dependent downregulation by the
ubiquitin-proteasome pathway (degradation) occurs upon nuclear export. (1) Ligand binding mediates
dissociation of heat shock proteins (hsp) and nuclear accumulation of SR dimers. (2) Nuclear SRs mediate
gene regulation via the classical pathway; phosphorylated SRs may recruit regulatory molecules that are
phosphoproteins, and function in one or more interconnected processes (transcription, localization, and
turnover), perhaps linked by a common cellular machinery. (3) SRs and growth factors activate MAPKs
independently via a c-Src kinase–dependent pathway. This may result in positive regulation of SR action
via feedback regulation (i.e., direct phosphorylation of liganded SRs or coactivators) occurring in both
the absence and presence of steroid hormone ligands and on hormone response element
(HRE)-containing or other SR-regulated gene promoters. (4 ) Activation of MAPKs by SRs provides for
regulation of gene targets whose promoters do not contain HREs and are otherwise independent of
SR-transcriptional activities but utilize SR-activated MAPKs, such as regulation of the cyclin D1
promoter by ETS factors. (5 ) MAPK regulation of SRs mediates nuclear accumulation/shuttling (for
PRs) and nuclear export (for ARs) that is coupled to regulation of SR transcriptional events. Other
abbreviations used: AP1, activating protein 1; GF, growth factor; RTK; receptor tyrosine kinase.
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Fig. 1.5.  PR phosphorylation governs functional activity.
Progesterone receptor (PR) ligand-dependent phosphorylation controls its non-genomic 
(membrane) and genomic actions. Growth factor pathway activation sustains PR 
phosphorylation. PR Ser345 phosphorylation is dependent on p60 c-Src kinase, resulting in the 
activation of  the MAPK pathway. MAPK and CDK2 directly phosphorylate PR Ser294 to mediate 
transcriptional hyperactivity on multiple early genes, including c-Myc, and is required for 
ubiquitin-mediated proteasome PR turnover. (Lange et al., Annu Rev Physiol, 2007)
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mutation at this site (S79/81A) does not regulate BIRC3 mRNA and is not present at the 

enhancer [175]. PR Ser81 may be very important for ligand-independent gene transactivation 

because this site is basally phosphorylated under high kinase activities (i.e. during cell cycle 

G1/S-phase transition) [175].

Multiple SRs are also modified by acetylation [176], including PR [161]. The hinge 

region of  PR contains a conserved motif  of  lysine residues (KXKK) that are rapidly 

acetylated in response to ligand binding [161]. Cells expressing PR lysine point mutants (3K 

to A) treated with progestins showed that the acetylation-mutant PR could not be 

acetylated, showed defective nuclear retention, delayed total phosphorylation, and reduced 

Ser400 phosphorylation [161]. These PR acetylation mutant traits dramatically influenced 

PR transcriptional selectivity at various promoters and the temporal regulation of  PR target 

genes [161]. These data suggest that regulatory sites in the PR hinge region (including 

acetylation motifs and the nuclear localization signal) are necessary for efficient PR nuclear 

retention and allow for efficient PR phosphorylation in response to ligands [161]. These 

steps are primarily necessary for effective “early gene” transcription, including c-Myc [161].

Recently, it has become appreciated that SRs are covalently modified by SUMO 

peptides. New reports have detailed the diverse implications of  SR SUMOylation and how it 

impacts SR functions [159, 177-180]. This topic is discussed in greater detail below.

Basic mechanisms of protein SUMOylation
 
The SUMO conjugation pathway
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 The SUMO conjugation pathway is similar to the ubiquitin conjugation pathway and 

has been extensively studied. Four small-ubiquitin-like-modifier (SUMO) proteins are 

expressed in mammalian cells, where SUMO2 and -3 are 97% identical, and SUMO1 is 

approximately 55% similar to SUMO2/3 [181]. A fourth variant, SUMO4 was recently 

discovered because it resides in a locus containing multiple single nucleotide polymorphisms 

(SNPs) that are highly correlated with type 1 diabetes [182]. However, subsequent studies 

have shown that SUMO4 cannot be conjugated to substrate proteins and likely functions 

through non-covalent interactions [183]. Each SUMO peptide is approximately 11.5 kD and 

covalently attached to the ε-amino group of  a Lys residue in substrate proteins through an 

isopeptide bond with the carboxy-terminal Gly of  SUMO [155]. A substrate protein lysine 

residue lies within a conserved SUMO attachment consensus motif, ψKx(D/E), where ψ is a 

large hydrophobic residue and x is any residue [179]. Interestingly, SUMO2/3 itself  contains 

a SUMO conjugation motif  and can form polySUMO chains, whereas SUMO1 does not 

contain a SUMO conjugation motif  and is not believed to form chains [184]. Mutating the 

conserved Lys residue to another basic residue (e.g. Arg) can abolish substrate protein 

SUMOylation. In fact, Holstrom et al [185] showed that mutating the other conserved, non-

Lys, residue in the motif  also substantially reduced GR SUMOylation; thus, efficient 

substrate SUMOylation depends on the complete motif  sequence [185]. For example, a 

naturally occurring germline mutation within a SUMO conjugation motif  was discovered in 

the MITF transcription factor, where the fourth position, Glu, was mutated to Lys [186]. 

This substitution substantially decreased the ability for MITF to be SUMOylated [186]. Thus 

far, UBC9 is the only known E2 SUMO conjugation enzyme and is necessary and sufficient 
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for SUMO attachment, unlike the ubiquitin conjugation cascade where hundreds of  E2 and 

E3 enzymes are involved in ubiquitin attachment. However, in cooperation with UBC9, 

SUMO attachment can be catalyzed by a limited number of  SUMO E3 ligases, including 

members of  the PIAS, Pc2, and HDAC protein families. With only a limited number of  

enzymes involved in substrate protein SUMOylation, specificity for SUMO attachment is 

unknown but under active investigation. A small number of  SUMO (Sentrin) proteases 

(SENPs) reverse the reaction and remove SUMO molecules from protein substrates through 

cleavage of  the isopeptide bond [187, 188]. A number of  studies have revealed that cells 

dynamically modulate the expression of  SUMO conjugation pathway proteins (including the 

upregulation of  SENPs) to drive various cellular actions [189, 190]. 

 

Protein phosphorylation affects substrate SUMOylation

 Phosphorylation of  substrate proteins can have positive or negative effects on the 

SUMO conjugation machinery. A number of  SUMOylated proteins have been discovered to 

contain expanded SUMO consensus motifs, ψKx(D/E)xxSP, where phosphorylation at the 

downstream Ser residue enhanced substrate SUMOylation [191]. Thus, these consensus 

motifs were named phosphorylation-dependent SUMO motifs (PDSM) [192]. Multiple 

transcriptional regulators contain PDSMs, including HSF1, MEF2, GATA1, PPARgamma, 

and NCoR [191, 193]. The negative charge of  the phospho-species facilitates interaction with 

the basic residues of  the E2 (UBC9). In fact, many substrate proteins can be SUMOylated 

without requiring an E3 ligase; however, the kinetics are much faster when an E3 ligase is 

available. Through a similar mechanism, negatively charged amino acid-dependent SUMO 
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motifs facilitate E2 binding and SUMO conjugation [194]. Thus, it is likely that 

phosphorylation at nearby residues affects substrate protein conformation or localization, 

allowing efficient E2 and/or E3 access to the consensus Lys attachment site. Conversely, 

substrate protein phosphorylation at residues outside the SUMO conjugation motif  can also 

regulate substrate SUMOylation. For example, phosphorylation of  KAP1 by ataxia 

telangiectasia mutated (ATM) results in decreased KAP1 SUMOylation [195]. Similar 

mechanisms have been described for c-Fos [196], AIB1 [197], and PR [165] (discussed below).

SUMOylated proteins interact via SUMO-interacting motifs 

 The primary molecular consequence of  substrate SUMOylation is altered protein-

protein interactions. Thus, non-covalent binding occurs between SUMO moieties and 

specific surfaces in protein binding partners called SUMO-interacting motifs (SIMs). The 

SIM, V/I-X-V/I-V/I, binds all SUMO isoforms and is found in almost all proteins that 

depend on SUMO regulation [198]. Antibody variants, called monobodies, have been 

genetically developed to bind selective SUMO isoforms and inhibit SUMO/SIM interaction, 

allowing for increased understanding between the diverse functions of  SUMO isoforms 

[199]. Some estimates suggest that one-third of  all proteins are endogenously SUMOylated 

in dynamic fashion [200], but for technical reasons only a few have been observed in vivo, 

including RanGAP1 [201] and Daxx [202]. However, many SUMOylated proteins have been 

characterized in vitro through the overexpression of  unconjugated “free” SUMO precursor 

proteins in cell culture assays. Cell signaling mechanisms are very sensitive to large changes 

in the concentration of  available SUMO proteins, which may cause unexpected or non-

24



physiological results. Therefore, studying the molecular or cellular effects of  substrate 

SUMOylation may be more informative using models exploiting the mutation of  key SUMO 

conjugation motifs.

PR and other steroid receptor SUMOylation

Steroid receptors are SUMOylated

 Steroid receptors are critical mediators of  transcriptional profiles important for 

organ development and tissue maintenance. Thus, the mechanisms controlling SR action are 

under intense investigation. Many critical cell regulators are mutated in various cancers 

(PTEN, TP53, RB1, BRAF, BRCA1/2, PIK3CA, etc.), but few mutations in SRs have been linked 

with malignant disease. Therefore, it appears that SR transcriptional action is primarily 

modulated via post-translational modifications, including SUMOylation. Poukka et al [177] 

showed that AR is SUMOylated at two residues (Lys386 and Lys520) but primarily at Lys386. 

Engineered point mutations at these AR residues demonstrated total loss of  AR 

SUMOylation. GR SUMOylation was characterized at three SUMO conjugation motifs [177, 

180, 203] originally described as synergy control (SC) motifs [179]. GR Lys277 and Lys293 

are the major GR SUMO acceptor sites, as Lys-to-Arg (KR) mutation at these residues fully 

blocks GR SUMOylation, thus GR Lys703 does not appear to contribute to the overall GR 

SUMOylation status [180]. Individual GR SUMO-deficient mutants (K277R or K293R) are 

significantly deSUMOylated and drive greater transcriptional transactivation in luciferase 

reporter assays, compared to wild type (SUMOylated) GR. The double mutant (K227R/
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K293R) has even greater transactivation activity over a wide range of  GR expression levels 

[180]. 

Both PR-A and PR-B isoforms are primarily SUMOylated at Lys388 in the N-terminal 

region upstream from the AF-1 domain [159, 204]. However, PR SUMOylation at Lys7 and 

Lys531 have also been suggested [204]. PR (and AR and GR) modification by SUMO1 or 

SUMO2/3 is largely ligand-dependent and occurs at consensus IKxE SUMO-conjugation 

motifs [159, 205]. PR-A is more heavily SUMOylated than PR-B and thus is more 

transcriptionally repressed in reporter assays [165]. Ligand-dependent PR SUMOylation 

contributes to PR autoinhibition and transrepression of  PR and ER isoforms [159]. PR 

Ser294 phosphorylation facilitates PR ubiquitination, proteasome degradation and also 

antagonizes PR SUMOylation at Lys388 [160, 165]. It has been demonstrated that kinase-

directed phosphorylation at PR Ser294 (by CDK2, MAPK, etc) blocks PR SUMOylation and 

thus, derepresses PR transcriptional action [165, 206]. Indeed, mutation of  Ser294 causes 

elevated PR SUMOylation, transcriptional repression, and receptor stabilization (thereby 

antagonizing receptor activity) [165]. 

ER-alpha is the primary ER isoform driving breast cancer progression and its 

regulation been shown to be affected by SUMOylation among other post-translational 

modifications, including phosphorylation, acetylation, methylation, and ubiquitination 

[207-210]. Sentis et al. provided convincing data that SUMO1 is conjugated to ER-alpha in a 

strictly estrogen-dependent manner [178]. ER-alpha SUMOylation may be somewhat unique 

from other SRs because the receptor lacks a consensus SUMO conjugation motif. However, 

domain deletion studies (combined with in vivo and in vitro SUMO-conjugation assays) have 
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determined that ER-alpha SUMOylation is targeted to the hinge region, residues 251–305 

[178]. Detailed mapping suggests possible ER-alpha SUMO-accepter sites may include K266, 

K268, K299, K302, and K303, but the major SUMOylated lysines are K299, K302, and K303 

[178]. From simple transcriptional reporter assays, it appears that ER-alpha SUMOylation 

enhances transactivation, a mechanism contrary to other SRs [178]. However, these studies 

were conducted via reporter assays and it is plausible that ER SUMOylation also impacts 

endogenous promoter selectivity. Despite these findings, one study found that ER-alpha and 

ER-beta SUMOylation was not observed from in vitro translation and SUMO1 conjugation 

assays [177]. Further studies are needed to expand our understanding of  ER-alpha 

SUMOylation.

Interplay between steroid receptor ubiquitination and SUMOylation

 There is an interesting interplay between PR SUMOylation and ubiquitination-

mediated turnover. Highly SUMOylated receptors are greatly stabilized [165], whereas 

Ser294-phosphorylated and deSUMOylated receptors are transcriptionally hyperactive and 

undergo rapid turnover [160]. Experiments have shown that a small ubiquitin-binding 

protein, CUEDC2, interacts with PR and promotes progesterone-dependent degradation via 

the ubiquitin-proteasome pathway [211]. CUEDC2 knockdown substantially reduced 

progestin-dependent PR degradation [211]. Mutation at PR Lys388 (the SUMO accepter site) 

causes the receptor to be less ubiquitinated (compared to WT PR) thus indicating that 

Lys388 is likely a residue involved (directly or indirectly) in PR ubiquitination. Indeed, these 

experiments showed that Lys388 is modified by both SUMO and ubiquitin and that these 
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modifications compete [211]. However, other reports clearly indicate that K388R PR 

undergoes ligand-dependent turnover [165], reflecting that PR must also be ubiquitinated at 

other residues besides Lys388. Further investigation into the relative levels of  PR 

SUMOylation and ubiquitination at candidate residues is needed. PR ubiquitination sites 

have not been thoroughly investigated.

The impact of SR SUMOylation on promoter selectivity

 Relatively few studies have investigated the impact of  SUMOylation on SR 

transcriptional action. Thus, the precise transcriptional control that SUMO modifications 

have on SRs have not been greatly appreciated. Early studies reported that SUMO-modified 

SRs were transcriptionally repressed [159, 177, 179]; however, new information has revealed 

that SUMO modifications allow substrate proteins to function in altogether different ways 

than previously known. Early data were primarily collected using luciferase reporter assays 

that cannot recapitulate the topology or diversity of  chromatin structure at endogenous 

enhancer and promoter loci that is essential for tissue-specific or disease-dependent 

transcriptional regulation [212, 213]. It is becoming clear that multiple factors are required 

for efficient SR transcriptional action and SUMO-modification may significantly affect those 

cofactor or chromatin interactions. 

 Multiple studies have reported that only a small proportion of  SRs in cells are SUMO 

modified (~5-10% of  total protein) at any given time (when measured by western blotting 

techniques); therefore, the significance of  SR SUMOylation has been questioned. The low 

level of  SUMO-modified proteins measured using in vitro assays may be artificially low due 
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to rapid deSUMOylation upon cell lysis. Alternatively, SUMOylated SRs may need only to be 

transiently modified to initiate the recruitment of  corepressors that will sustain 

transcriptional inhibition, thus relieving the need for sustained high-level SR SUMOylation. 

These mechanisms are not fully understood. Unfortunately, measuring cellular levels of  

SUMOylated proteins is difficult because antibodies targeting specific SUMO-conjugated-

proteins are not available (as ubiquitin conjugated or phospho-specific antibodies are 

available). However, engineered mutations of  a substrate protein’s SUMO acceptor sites 

clearly demonstrate that SUMO modification has significant transcriptional impact in cell 

culture and mouse models. Immunoprecipitation of  substrate proteins followed by 

immunoblotting for SUMO isoforms is an effective technique to determine the level of  

substrate protein SUMOylation. For example, Shao et al. demonstrated that in ovarian 

granulosa cells, PR is substantially SUMOylated in response to gonadotropin stimulation in 

vivo [214]. Further in vivo evidence that SUMO-modified receptors have substantially altered 

function comes from data demonstrating that a SUMOylation-deficient knockin mouse 

model (expressing a Lys-to-Arg (KR) mutation) of  nuclear receptor SF-1 (NR5A1) revealed a 

dramatically different phenotype compared to SF-1 knockout or overexpression [215]. Mice 

expressing the SF-1 KR knockin displayed altered SF-1 promoter selectivity and had a distinct 

endocrine physiology [215]. Thus, for the first time, in vivo mouse models demonstrate that 

SUMO conjugation to nuclear receptors (e.g. SF-1) can significantly affect normal 

development through altered transcriptional function.

  Another example of  the powerful effects that SUMOylation has on substrate 

proteins was discovered in melanoma and hepatacellular carcinoma (HCC) patients [186]. 
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Microphthalmia-associated transcription factor (MITF) is a member of  the Myc family of  

transcription factors and drives cell proliferation and invasion through the regulation of  

important target genes (e.g. MET and CDKN2A/p16INK4A) [216]. Patients with melanoma 

and/or HCC are 4-14 times more likely to carry a germline missense mutation in MITF 

(E318K) that dramatically reduces MITF SUMOylation (at nearby Lys316 within a SUMO-

conjugation motif ) [186]. Subsequent gene expression profiling and ChIP-seq analyses 

demonstrated that deSUMOylated MITF transcriptionally regulates a distinct set of  genes, 

compared to wild type MITF. Thus, alterations in MITF SUMOylation contribute to its 

promoter selectivity, driving melanoma and HCC incidence and malignant progression 

[186], suggesting that SUMOylation is a clinically relevant modification of  proteins (e.g. 

transcription factors). 

Mechanistic interaction between SRs and DNA substrates impact 
promoter selectivity

SUMOylated receptors do not influence DNA binding affinity 

 Data from the SF-1 and MITF experiments demonstrated that SUMOylated or 

deSUMOylated transcription factors have different transcriptional action that contributes to 

broad cellular and physiological consequences. The molecular mechanisms explaining how 

transcription factor SUMOylation modulates promoter selectivity is not fully understood. 

One hypothesis is that WT and SUMO-deficient SRs have differences in DNA binding 

affinities. However, this is not the case. Wild type and SUMO-deficient mutant PR or AR 

receptors had similar DNA binding affinity for HREs measured in electrophoretic mobility 
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shift assays [179, 217]. However, SR-interacting proteins may affect SR/DNA binding 

complexes in a SUMO-dependent manner; in vitro gel shift assays show that PIAS3 

overexpression reduces PR binding to PRE containing DNA sequences [204]. However, it 

seems more likely that differences in SR DNA binding sequence motifs contribute to the 

altered transcriptional activity of  SUMO-modified and unmodified SRs. Experiments 

involving GR demonstrated that DNA itself  is a sequence specific allosteric ligand, where 

single base pair changes in the DNA motif  can alter GR structural conformation, revealing 

substantially different GR surfaces [218]. This conformational change altered cofactor 

recruitment and gene regulation [218]. Thus, variation in SR DNA binding sequence motifs 

may alter the structural presentation of  SUMOylated SRs, likely influencing cofactor 

involvement and promoter selectivity.

Hormone response element (HRE) positioning and transcriptional synergy control

 Iniguez-Lluhi and Pearce discovered that promoter DNA sequences influence the 

transcriptional action of  SUMOylated GR [179]. They screened a library of  GR mutants to 

identify regulatory domains that affect GR transcriptional action [179]. They identified two 

particular mutants that contain substitutions in the GR activation function 1 (AF1) domain 

that resulted in non-additive transcriptional synergy in response to ligand, but only on 

promoters containing multiple HREs. Thus, the mutant regions conferring increased 

transcriptional activity were named synergy control (SC) motifs [179] and it was 

subsequently shown that SC motifs are sites of  receptor SUMOylation [180, 203]. The SC 

motifs in GR are conserved across multiple nuclear receptors, including AR, PR and MR. 
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These researchers showed that GR transcriptional synergy requires mutations in the SC 

motif  (i.e. a deSUMOylated receptor) and depends on compound HREs (multiple HREs in 

tandem) for greatly increased GR transcriptional transactivation. Promoters with up to three 

tandem HREs were tested and synergy increased with HRE number. Notably, when the 

conserved Lys residue within the SC motif  was mutated to Glu (switching from positive to 

negative charge) synergy was enhanced, yet switching the residue charge was not necessary; 

Lys to Arg mutations (both positive) also disrupted the transcriptional effects of  SC motifs. 

These data suggest that a post-translational modification may be covalently attached to this 

site and that mutation to any residue will suffice [179]. Similar observations were realized for 

AR-dependent transcriptional transactivation [217]. However, in GR transcriptional reporter 

assays using different promoters (i.e. ARE4-tk promoter contains four HREs and the MMTV 

promoter contains one HRE) the SUMO-deficient GR mutants were not more 

transcriptionally active, compared to wild type [180]. Thus, the authors conclude that GR 

SUMOylation affects its transcriptional activity in a promoter selective manner [180] that 

also depends on the number of  nearby (tandem) HREs [179]. 

 Similar to GR and AR, PR also displays transcriptional synergy when the key SUMO-

conjugation site is mutated (K388R). However, this transcriptional transactivation synergy is 

restricted to assays involving the PRE2-luc promoter that contains two palindromic PREs 

[219]. On the other hand, SUMO-deficient PR does not drive transcriptional synergy in 

MMTV-luc reporter assays [219]. The MMTV promoter contains a single palindromic PRE 

and three PRE-half-sites, thus PR promoter selectivity does indeed depend on PR 

SUMOylation status [165].
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Using recent ChIP-chip data investigating genome-wide binding site of  GR [220], 

Holstrom et al [221] characterized multiple GR binding sites for transcriptional synergy. 

They investigated eight GR binding sites that contained multiple GREs and found that three 

sites had some level of  transcriptional synergy when GR SUMO-attachment sites were 

mutated. For one of  those three genes, FKBP5, endogenous mRNA expression was higher in 

cells expressing SC mutants, compared to WT [221]. With the availability of  many SR 

cistromes and transcriptomes [54], it would be interesting to investigate how the number of  

HREs within SR binding regions affects nearby gene expression levels on a global scale.

 

The need for high-throughput transcriptional and chromatin-binding assays

 The major findings related to the influence of  SUMO on SR transcriptional action 

have been found using luciferase reporter assays, containing various promoter sequences: 

some from endogenous genes (e.g. rat tyrosine aminotransferase, TAT), others from viruses 

(e.g. MMTV), and others from highly manipulated promoter sequences. The field needs to 

further transition this work toward measuring endogenous gene activities within chromatin 

using less manipulated cells, where the effects of  SR SUMOylation can be more fully 

understood. In fact, is has been shown that most SR binding sites are not in the proximal 

promoters of  regulated genes ([222], etc), thus the relevance of  reporter assay data 

containing only proximal promoters can be somewhat questionable. However, mechanistic 

findings related to multiple HREs in promoters may also be relatable in the context of  

endogenous DNA looping, thus combining multiple distant HREs to a single transcriptional 

enhancer hub. New work is emerging to define functional SR enhancer regions via DNase I 
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hypersensitivity mapping, FAIRE (Formaldehyde-Assisted Isolation of  Regulatory Elements), 

paired nucleosome positioning, histone acetylation and methylation markers, etc. Combined 

data from these chromatin studies, along with global SR ChIP-seq mapping, and gene 

expression studies, will provide greater insight into SR interaction with DNA/chromatin and 

the regulation of  their target genes. Thus far, few global studies have directly investigated 

differences between SUMOylated and SUMO-deficient SR action [223].

The impact of SR coregulators on promoter selectivity

Steroid receptor coactivators 

 Multiple transcriptional coregulators have been implicated in modulating the actions 

of  SUMOylated SRs. The p160 family of  steroid receptor coactivators (SRC1, SRC2, SRC3) 

are proteins that directly interact with SRs via LXXLL motifs (nuclear receptor boxes) and 

facilitate SR dependent transcriptional activation (for review, [57]). STC1 (an endogenous 

ligand-independent PR target gene) mRNA levels were specifically upregulated in cells 

expressing SUMO-deficient PR and reduced upon SRC1 knockdown [206]. In addition, both 

SUMO-deficient PR mutants and SRC1, but not WT PR, were preferentially recruited to 

STC1 enhancer regions [206]. These experiments demonstrate that SR coactivators (e.g. 

SRC1) cooperate to regulate selected SR target genes through SUMO-dependent 

mechanisms.

 In fact, SRC1 itself  is SUMOylated at five potential Lys residues that enhance the 

PR/SRC1 interaction through LXXLL motifs in the PR N-terminus and the SRC1 C-

terminus [224]. This was discovered because overexpression of  SUMO1 augmented PR 
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transactivation, even in cells expressing SUMO-deficient PR mutants. Instead, overexpression 

of  SUMO1 was found to drive SRC1 SUMOylation, thus stabilizing the interaction between 

PR and SRC1. Expression of  completely SUMO-deficient SRC1 reduced PR/SRC1 binding. 

Therefore, SUMOylation of  a prominent PR transcriptional coactivator, SRC1, facilitates the 

PR/SRC1 interaction, resulting in greatly enhanced PR transactivation, regardless of  PR 

SUMOylation status [224]. Similar assays testing multiple SR target genes are needed to 

determine the extent of  SRC1 contribution to SR promoter selectivity.

Histone deacetylases

 Like SRC1, other co-regulatory proteins involved in SR-mediated transactivation are 

also SUMOylated, including HDAC1. Generally, chromatin regions with high levels of  

histone acetylation are associated with transcriptional activation and these regions are reset 

through the actions of  histone deacetylases (HDACs), resulting in transcriptional repression. 

HDACs also deacetylate non-histone proteins to modulate their function. SUMOylation of  

HDAC1 promotes its deacetylase activity whereas SENP1 overexpression inhibits this 

activity, thus relieving the repressive effects of  HDAC1 on AR-dependent transcription [225]. 

Indeed, expression of  catalytically inactive SENP1 was unable to deSUMOylate HDAC1 and 

inhibit its deacetylase activity, indicating that the repressive effects of  HDAC1 on AR 

transcription are mediated through HDAC1 SUMOylation [225]. This was further validated 

when siRNA knockdown of  HDAC1 relived repression of  AR-mediated transactivation. 

Hence, in addition to being described as general SR corepressors, HDACs can influence 

SUMO-dependent SR transcriptional transactivation.
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 For example, Daniel et al. demonstrated that STC1 and HBEGF gene expression was 

primarily driven by SUMO-deficient mutant PR, and only WT (SUMOylated) PR recruited 

HDAC3 to their enhancer regions via ChIP assay [206]. In agreement with the ChIP studies, 

treating cells with an HDAC inhibitor (trichostatin A) reduced STC1 gene expression [206]. 

Additionally, siRNA knockdown of  HDAC3 allowed PR-dependent STC1 gene expression, 

thus implicating HDAC3 as a PR transcriptional corepressor, dependent on the 

SUMOylation status of  PR [206]. The transcriptional impact of  HDAC expression on the 

transactivation potential of  AR was also tested. AR is acetylated in the KLKK region near the 

DBD by p300, PCAF [226] and Tip60 [227], resulting in increased AR transcriptional activity. 

Overexpression of  HDAC1, HDAC4 and HDAC7 were shown to deacetylate AR and all 

reduced AR transcriptional action (via ARE luciferase reporter expression assays), but 

HDAC4 was most repressive [227, 228]. Indeed, HDAC4 knockdown via siRNA reduced 

HDAC4 protein levels and increased AR-mediated transcriptional activation, indicating that 

endogenous HDAC4 mediates AR transcriptional repression. Surprisingly, the HDAC4-

mediated AR repression did not occur through AR deacetylation because the transcriptional 

activity of  acetylation-mutant AR (K632A/K633A) was equally repressed by HDAC4 

expression [228]. However, these authors noted that HDAC4-mediated repression of  AR was 

relieved in cells expressing the SUMOylation-deficient AR mutant. Protein levels for wild 

type and SUMO-deficient AR remained equal; therefore, the repressive effect of  HDAC4 

expression was mediated through changes in AR SUMOylation. Both in vivo and in vitro 

assays confirmed that HDAC4 expression facilitates the SUMOylation of  wild type AR. 

Increasing amounts of  HDAC4 transfection into AR-negative PC-3 prostate cancer cells 
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resulted in a dose dependent increase in AR SUMOylation and dose dependent decrease in 

reporter assay activity. Finally, knockdown of  endogenous HDAC4 in LNCaP prostate cells 

resulted in decreased endogenous AR SUMOylation, and elevated the expression of  

endogenous AR target genes Probasin and PSA with androgen treatment. The finding that 

HDAC4 drives steroid receptor transcriptional repression, not through deacetylation, but 

through enhanced receptor SUMOylation is novel. However, AR is also transcriptionally 

repressed through receptor deacetylation via HDAC1 and others [226, 227], and SUMO-

deficient AR is modestly repressed by HDAC4. This data suggests that HDAC4 may also 

function as a SUMO E3 ligase for AR [228].

SR crosstalk with growth factor signaling pathways modulate SR 
SUMOylation

 Fuqua et al [229] discovered a naturally occurring somatic mutation in ER-alpha, 

converting Lys303 to Arg in approximately 30-50% of  malignant or invasive breast cancers 

[230, 231]. Although unknown, it has been suggested that K303 may be a key SUMO 

attachment residue in ER-alpha. Cells expressing this mutant receptor are hypersensitive to 

low levels of  estrogen in anchorage-independent growth assays; mouse xenografts [232] and 

these cells are resistant to tamoxifen treatment when HER2 signaling is active. The ER-alpha 

K303 mutant displays bidirectional cross-talk with the HER2 signaling pathway, where cells 

expressing this mutant are constitutively phosphorylated at Ser305 and HER2 

phosphorylation is also greatly increased. The elevated levels of  growth factor signaling in 

these cells greatly contribute to their tamoxifen resistance phenotype. Indeed, the ER-alpha 
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K303R mutation was associated with elevated HER2 levels [231]. These authors also suggest 

that cells expressing ER-alpha K303R drives tamoxifen sensitivity through altered 

coregulatory recruitment to transcriptional promoters/enhancers. For example, ER-alpha 

K303R displays increased binding and altered promoter cycling of  various coactivators, 

including SRC2 [230], AIB1 [232], TIF-2, and reduced its interaction with corepressors 

NCOR1 and BRCA1 [232]. Transcription factor SUMOylation is known to alter cofactor 

binding, thus mutated (and deSUMOylated) ER-alpha may be driving tamoxifen resistance 

through altered cofactor recruitment and/or altered promoter selectivity. This hypothesis 

has yet to be investigated. 
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CHAPTER TWO

____________

Introduction

Breast cancer is the most commonly diagnosed cancer in women, and the second 

leading cause of  cancer-related death in women [1]. The molecular factors driving its 

initiation and progression are not completely understood. A randomized clinical trial by the 

Women’s Health Initiative (WHI) demonstrated that hormone replacement therapy (HRT), 

containing estrogens and progestins (but not estrogens alone), significantly increased the risk 

of  developing invasive breast cancer in post-menopausal women [35, 233]. A similar 

conclusion was made from the Million Women observational study [37]. These findings 

resulted in dramatically fewer prescriptions for HRT and, as a result, breast cancer incidence 

dropped considerably [234]. Further analysis of  the WHI data demonstrated that women 

prescribed HRT containing estrogens alone experienced a reduced risk of  developing 

invasive breast cancer, compared to placebo [35, 36]. PR expression is traditionally used as a 

clinical indicator of  estrogen receptor (ER) function (i.e. PR is an ER target gene).  However, 
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while controversial, this surprising epidemiological evidence provides a strong rationale for 

further investigation of  the unique actions of  progesterone receptors (PRs) as mediators of  

breast cancer initiation and early progression (reviewed in [145]). 

 Classically, PRs are defined as ligand-activated transcription factors that bind target 

gene promoters or enhancers as dimers capable of  recruiting coregulatory molecules 

required for efficient transcription. More recently, it has become well recognized that protein 

kinases are rapidly activated by steroid hormones (as in response to peptide growth factors). 

Indeed, phosphorylation events provide key regulatory inputs to PR action (reviewed in 

[235] and discussed below). A few mutations in PR have been linked to cancer risk; these 

appear to primarily alter PR expression levels rather than impact PR transcriptional activity 

[236-238]. Two PR protein isoforms, PR-A and PR-B, are co-expressed in breast tissues. PR-B 

is the full-length receptor, containing 164 amino acids at the N-terminus (termed the B-

upstream segment or BUS) that are absent from PR-A. Both isoforms are heavily post-

translationally modified (phosphorylation, ubiquitination, acetylation). PR N-termini 

contain key regulatory phosphorylation sites (e.g. Ser294) as well as a SUMOylation site 

(Lys388) investigated herein. PR-B, but not PR-A, is phosphorylated on Ser294 in cell culture 

and in vivo [239]. Upon ligand binding, both PR isoforms are rapidly (15 min) SUMOylated at 

Lys388 [165]. SUMOylation occurs via the covalent attachment of  a small ubiquitin-like 

modifier (SUMO) peptide (~11.5 kD) to lysine residues of  substrate molecules, primarily at 

consensus SUMOylation motifs (IKxE) through an ATP-dependent enzymatic (three step) 

mechanism, similar to that of  ubiquitination [240]. Substrate SUMOylation often alters 
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protein-protein interactions, subcellular location, protein stability (i.e. it can oppose 

ubiquitination), and/or enzyme or transcriptional activities (Fig. 2.1) [241].

 Recently, Daniel et al. discovered that PR-B phosphorylation at Ser294, in response to 

activated mitogen activated protein kinases (MAPKs) or cell cycle-dependent protein kinase-

two (CDK2), prevents progestin-induced rapid SUMOylation at Lys388 [165, 206]. 

Additionally, Ser294 phosphorylation-induced antagonism of  PR SUMOylation derepressed 

(activated) PR transcriptional activity at selected breast cancer-associated gene promoters, 

namely HBEGF [165], STC1 and IRS1 [206]. Phospho-PR-dependent upregulation of  the 

breast cancer-associated drivers, STC1 and IRS, occurred in the absence of  progestins [206]. 

Promoter structure (i.e. the number of  hormone response elements) is a key determinant of 

reporter-gene promoter recognition by SUMOylated glucocorticoid receptors (GRs) [179], 
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while much less is known about how steroid receptor (SR) SUMOylation alters the 

regulation of  endogenous genes (i.e. in chromatin). To date, only a few endogenous genes 

have been shown to be sensitive to PR SUMOylation [165, 206]. We propose that PR acts as a 

sensor for activated mitogenic protein kinases (i.e. MAPKs and CDK2) frequently elevated in 

human breast cancer; under the influence of  elevated Ser294 phosphorylation, genes that are 

sensitive to (i.e. normally repressed by) PR SUMOylation may instead cooperate to drive 

breast cancer cell proliferation and pro-survival signaling (Fig. 2.2). A phospho-PR (SUMO-

deficient) gene signature may identify a subset of  human breast cancer patients likely to 

respond to endocrine therapies that contain a selective antiprogestin.

 Herein, we addressed mechanisms of  PR promoter selectivity related to dynamic 

post-translational events (i.e. PR Ser294 phosphorylation coupled to Lys388 
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However, in conditions of  high MAPK pathway activation (e.g. EGF treatment or breast 
tumors), PR is phosphorylated at Ser294 which antagonizes PR SUMOylation. Phosphorylated 
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deSUMOylation). We employed whole genome expression analysis to identify genes that are 

differentially regulated by wild-type (WT) and SUMO-deficient (K388R) PR-B and explored 

the mechanisms responsible for altered PR promoter selectivity. Our findings implicate 

SUMO-deficient phospho-PR-B in the selective regulation of  genes important for breast 

cancer cell proliferation and pro-survival, and suggest that phosphorylated and 

deSUMOylated PRs may be important drivers of  the ERBB2+ phenotype associated with 

rapid (luminal) breast cancer tumor progression.
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CHAPTER THREE

____________

Materials & Methods

Progesterone receptor expression in human breast tumor samples

 De-identified human breast tumor samples were obtained from the University of  

Minnesota Tissue Procurement Facility's Biological Materials Procurement Network 

(BioNet) for protein and mRNA analysis. Frozen tissue samples were derived from patients 

diagnosed with either ductal carcinoma, infiltrating ductal carcinoma, lobular carcinoma, or 

metastatic carcinoma. Specimens were analyzed by the University of  Minnesota clinical 

pathology department and scored for estrogen receptor (ER) and progesterone receptor (PR) 

expression using standard clinical histological methods. Tumor samples were harvested 

individually for protein or mRNA using standard methods (frozen tissue grinding, RIPA 

buffer, tri-reagent), and total PR, phospho-Ser294 PR, and ERK1/2 protein expression levels 

were measured by western blotting (described below). All specimens were obtained from 
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patients with informed consent and approval from University of  Minnesota Institutional 

Review Board (IRB).

 

Cell culture, expression vectors and western blotting

 T47Dco parental cell lines were characterized previously [242]. T47D cells stably 

expressing PR were created by molecular cloning of  cDNAs encoding either WT, K388R, 

S294A, or K388R/S294A PR into a pIRES-neo3 expression vector (Clontech, catalog 

#631621), followed by transfection of  vectors into T47D-Y cells [243] using FuGENE HD 

(Roche, catalog #04709713001). Single-cell clones were expanded under high G418 selection 

(500 ug/ml) and maintained in low G418 selection (200 ug/ml) (EMD Chemicals, catalog 

#345810). These cells were maintained in complete minimal essential medium (cMEM) 

supplemented with 5% fetal bovine serum (FBS), 1% non-essential amino acids (NEAA), 1% 

penicillin/streptomycin, 6 ng/ml insulin (CellGro, catalog #10-010-CV). T47D cells 

expressing inducible PR were described previously [175]. Inducible PR expression was 

achieved by adding AP21967 (10–9 M, Ariad Pharmaceuticals, Cambridge, MA) to cell culture 

medium for a minimum treatment time of  2 d. MCF-7 cell lines expressing PR were created 

by transfection of  pIRES-neo3 vectors containing cDNA inserts encoding either WT or KR 

PR into cells using FuGENE HD. Single-cell clones were expanded under high G418 

selection and maintained in low G418 selection. MCF-7 cells were maintained in DMEM 

(Dulbecco’s modification of  Eagle’s medium, CellGro, catalog #10-013-CV) supplemented 

with 5% FBS, 1% penicillin/streptomycin.  BT-474 cells (ATCC, Manassas, VA) were 

maintained in RPMI 1640 medium (Gibco, catalog #11875) supplemented with 10% FBS, 1% 
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penicillin/streptomycin. SDS-PAGE was performed using 8% gels and western blotting 

analysis was performed as previously described [165]. For antibody information, see 

Appendix A.

Gene expression profiling

 T47D cells stably expressing pIRES-neo3 empty vector, WT or KR PR were serum 

starved in modified IMEM (Gibco, catalog #A10488) for 1 d, treated with R5020 (10–8 M) or 

vehicle control for 6 h before RNA extraction using a RNeasy kit (QIAgen, catalog #74104). 

Six h of  progestin treatment allowed for substantial PR-dependent gene expression as 

compared to prior studies [149, 244]. DNase I treated (QIAgen, catalog #79254) RNA 

samples from duplicate experiments were prepared for expression analysis using the Illumina 

HT-12v4 bead chip platform according to manufacturer’s protocols. Data were analyzed 

within R software [245] using the Bioconductor [246] package called lumi where raw 

intensities were log2 transformed and quantile normalized. Differentially expressed genes 

were analyzed using the limma package, where empirical Bayes was used to better estimate 

the variance of  the genes. Gene expression data presented contain log2 normalized 

intensities and biological comparisons presented (e.g. R5020/vehicle) contain log2 fold 

change with the Benjamini and Hochberg (BH) adjusted P value [247]. To generate the heat 

map in Fig. 4.2B, unsupervised hierarchical clustering of  genes was carried out using 

heatmap.2 function in the R package gplots. Clustering was performed using Euclidean 

distance and complete linkage. Rows were scaled to have mean zero and standard deviation 

equal to one. 
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 Gene expression profiles in T47D cells expressing inducible PR were measured using 

the Affymetrix microarray platform. PR expression was induced with AP21967 (10–9 M) for 2 

d, cells were serum starved in modified IMEM for 1 d and treated with R5020 (10–8 M) or 

vehicle control for 6 h before RNA extraction using an RNeasy kit. DNase I treated samples 

were prepared for expression analysis using the Affymetrix U133A 2.0 microarrays according 

to manufacturer’s protocols. Raw Affymetrix CEL files were processed and normalized 

within R using the Bioconductor [246] packages, affy and affyQCReport. Data were 

normalized using the Robust Multi-array Average [248] algorithm within the affy package. 

Wilcoxon-signed rank tests as part of  the MAS 5.0 algorithm (also included in the affy 

package) were used to determine presence/absence calls for all probe sets [249]. Normalized 

expression levels for selected pairs of  conditions were computed as log2 ratios. All gene 

expression data is available in the NCBI Gene Expression Omnibus (GEO) database 

(accession number: GSE34149).

 

RT-qPCR

 For reverse transcription quantitative polymerase chain reaction (RT-qPCR) assays, 

5x105 cells/well were plated in 6-well dishes, serum starved in modified IMEM for 1 d before 

treatments (see individual figures). RNA was extracted using TriPure reagent (Roche, catalog 

#11667157001) and cDNA was created using the Transcriptor cDNA first-strand cDNA 

synthesis kit (Roche, catalog #04897030001). Relative expression levels were determined by 

qPCR assays performed on a Roche LightCycler II using SYBR green master-mix (Roche, 

catalog #04887352001). Target gene quantification levels were normalized to the expression 
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of  standard housekeeper genes: TBP, ACTB, and/or GAPDH. For cells expressing inducible 

PR, the protocol was the same as above, except prior to ligand treatments, the cells were 

induced with AP21967 (10–9 M) for 2 d.

 For RT-qPCR assays involving epidermal growth factor (EGF) treatment, cells were 

plated at 5x105 cells/well in 6-well dishes and serum starved for 2 d in modified IMEM. Cells 

were pre-treated with 100 ng/ml EGF (Sigma, catalog #E9644) before treatment with R5020 

(10–8 M). 

 For experiments using MEK inhibitors, BT-474 cells were plated in 6-well dishes at 

5x105 cells/well. One day later, the cells were washed and serum starved in modified IMEM 

for 1 d. These cells were pre-treated with the MEK inhibitor U0126 (5uM, EMD Chemicals, 

catalog #662005) for 30 min. R5020 (10–8 M) and/or RU486 (10–7 M) was then added to cell 

culture wells for 6 h before RNA/protein isolation and RT-qPCR/western blotting was 

performed, as described above. PCR primer sets used in this study are provided in Appendix 

B.

Ingenuity Pathway Analysis
 
 Ingenuity Pathway Analysis (IPA) was used to compare two distinct gene lists: those 

upregulated by progestin in T47D cells expressing WT PR compared to genes upregulated 

by progestin in cells expressing SUMO-deficient PR (Fig. 6.1, +R5020/–R5020 log2 fold 

change >1.0, BH adjusted P <0.01). These gene lists were uploaded into the IPA software 

where a core analysis was completed to determine the association of  each gene with various 

biological functions or network pathways. IPA comparison analyses were used to reveal 
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whether or not cells expressing WT or KR PR upregulated functionally distinct pathways. 

Analyses were scored based on significance (the BH adjusted P value, corrected for multiple 

hypothesis testing) and the threshold for a gene list to be significantly involved in a particular 

biological function was P <0.05 (or –log10(BH adjusted P value) >1.30).

Identification of PR expression metagenes
 
 Metagene analysis was conducted using gene expression microarray data from cell 

lines constitutively expressing empty vector, WT PR, or K388R PR, and treated with either 

vehicle or R5020 (Fig. 6.7). A strategy of  identifying metagenes within each sample was 

employed using non-negative matrix factorization [250]. This strategy facilitated 

identification of  metagenes and application to other datasets. To limit the study to genes 

under high variance and to limit the number of  probes used in calculating the metagene fit, 

probes were considered for metagene analysis based on the interquartile range (IQR) of  the 

probe being in the upper 80th percentile. The optimum rank of  the data was calculated as 

eight; therefore, eight metagenes are present in the data. Three of  these metagenes were 

either highly expressed in all samples, or expressed in no samples, indicating that they are 

likely metagenes for housekeeping or continually expressed genes. The remaining five 

metagenes corresponded to the empty vector PR-null samples (with no distinction between 

the –R5020 and +R5020 treatment), and the pairwise combination of  WT or KR PR, with or 

without R5020. Thus, these analyses identified metagenes from biologically relevant 

subtypes of  cells.
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 The Loi et al. human breast tumor dataset [251] contains gene expression data for 

both tamoxifen-treated and untreated samples across several datasets. These data were 

aggregated together and are available through the gene expression omnibus (GEO) 

(accession number GSE6532). The dataset [251] was loaded into Red-R [252] for processing. 

The basis matrix for the metagene analysis was reshaped to aggregate across the gene 

symbols and average the metagene values across each probe of  the gene (average value). 

The same manipulation was performed on the expression data. Non-matching genes (those 

that were present in the metagene data but not in the clinical expression data or vice versa) 

were removed from analysis. The reshaped data were supplied to the nonnegative matrix 

factorization (NMF) package function (fcnnls) for scoring (as was done to generate the initial 

metagene fit on the T47D cell line data). As the Loi et al. data are supplied as z-scores, the 

data were un-logged and used in the fcnnls algorithm (as they contain negative numbers in 

their normal form). Samples were taken to express a metagene if  they showed a non-zero 

value in the fitted coefficient matrix (scoring matrix). 

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) software [253, 254] was employed to 

investigate whether specific DNA sequence motifs are enriched near the transcriptional start 

sites of  PR target genes. A GSEA-formatted dataset was created from the Illumina 

microarray data comparing two “phenotypes”: [(KR +R5020 vs KR –R5020) vs (WT +R5020 

vs WT –R5020)]. GSEA was performed by searching for enrichment in motif  gene sets from 

the Molecular Signatures Database (MSigDB) version 3.0. GSEA was executed using the 
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default settings, except the permutation type was set to Gene_set with 1000 permutations, 

and the metric for ranking genes was set to Diff_of_Classes because our dataset contained 

log-scale data.

Identification of novel PR-target genes and comparison analysis of 
gene expression platforms

Ligand-dependent and -independent PR-target gene lists from two previously 

published studies [149, 244] were combined (duplicates were removed). Genes identified 

herein were upregulated (>1.5 fold BH adjusted P <0.01) as measured using either platform 

(Illumina and Affymetrix were combined) and duplicates were removed before Venn 

diagram comparison to previously known upregulated genes using the bioinformatics tool, 

VENNY [255]. 

Gene set enrichment analysis (GSEA) software [253, 254] was employed to compare 

genes up- or downregulated in cells stably expressing WT or KR PR to cells expressing 

inducible iWT or iKR PR (Fig. 4.6A). Using the Affymetrix expression data, four gene sets 

were created: genes up- or downregulated >2.0 fold by iWT with R5020, and genes up- or 

downregulated >2.0 fold by iKR with R5020. Similarly, two GSEA-formatted datasets were 

created from the Illumina expression data: the first dataset compare the two phenotypes 

(WT +R5020 vs WT –R5020), and the second compare the two phenotypes (KR +R5020 vs 

KR –R5020). GSEA was performed using those Illumina datasets and queried for enrichment 

of  the Affymetrix gene sets. GSEA was executed using the default settings, except the 
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permutation type was set to Gene_set with 1000 permutations, and the metric for ranking 

genes was set to Diff_of_Classes because our dataset contained log-scale data.

Chromatin Immnunoprecipitation

 Chromatin Immnunoprecipitation (ChIP) assays were performed according to the 

ChIP-IT Express instruction manual (Active Motif, catalog # 53008). Cells were plated at 

15x106 cells per 15 cm culture dish in cMEM for 2 d, then serum starved in modified IMEM 

for 2 d. Cells were treated with R5020 (10–8 M) or vehicle for 1 or 4 h. For T47D cells 

expressing inducible PR, AP21967 (10–9M) was added during the starvation step. Chromatin 

was sheared using a Bioruptor sonicator (Diagenode, model UCB-200), for 30 min (30 s on/

off ). Immunoprecipitations were prepared with 60 ul of  sheared chromatin, 2 ug antibody 

and immunoprecipitated overnight. Using the purified ChIP and input DNA, relative 

recruitment was determined by qPCR in triplicate. Assays were performed on a Roche 

LightCycler II using SYBR green master-mix. Target locus quantification was normalized as 

a percentage of  the input DNA quantification.

 To assay H3K4me2 levels, nucleosomes were isolated using micrococcal nuclease 

(MNase). In 15 cm dishes, 12x106 cells were plated in cMEM, serum starved in modified 

IMEM and induced with AP21967 (10–9 M) treatment for 2 d. One day later, cells were 

treated with R5020 (10–8 M) for 4 h and chromatin was harvested and immunoprecipitated as 

previously described [213].
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Cell proliferation and apoptosis assays

 Cell proliferation was measured using MTT assays (3-[4,5-dimethylthiazol-2-yl]- 2,5-

diphenyltetrazolium bromide, Sigma catalog #M2128). In 24-well plates, 1x104 cells/well 

were plated in cMEM (inducible PR expression was induced with AP21967 (10–9 M) for 2 d), 

cells were washed and steroid starved in modified IMEM supplemented with 5% dextran-

coated charcoal-treated (DCC) FBS for 1 d before the addition of  R5020 (10–8 M), and/or 

lapatinib (10–6 M, BioVision, catalog # 1624-25). At days 0, 2, 4, 6, cell proliferation was 

determined by adding 60 ul MTT (5 mg/ml) to each 0.5 ml cell culture well for 3 h, medium 

was carefully removed and solubilization solution (90% v/v DMSO/PBS) was added to lyse 

the cells. Lysate absorbance (650 and 570 nm) was measured using a plate reader. 650 nm 

measurements were subtracted from 570 nm measurements and sample means were 

normalized to day zero. 

 Poly (ADP)-ribose polymerase 1 (PARP) cleavage assays were used to measure the 

level of  apoptosis in cell cultures after treatment with cytotoxic concentrations of  

doxorubicin. T47D cells expressing inducible PR were plated in 10 cm dishes (2x106 cells/

dish) in cMEM and induced with AP21967 (10–9 M). Cells were washed, induced, and serum 

starved for 4 d. Cells were then treated with R5020 (10–8 M) for 6 h before adding 

doxorubicin (8 uM) to dishes for 24 h. Protein was harvested using standard RIPA lysis 

buffer, subjected to SDS-PAGE and western blotting using cleaved-PARP and PR antibodies. 

Beta-actin western blotting was performed for sample loading controls.

 Cell viability after treatment with cytotoxic doxorubicin was determined by 

measuring the concentration of  adenosine triphosphate (ATP), which is directly 
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proportional to viable cell number [256], using Cell-Titer-Glo bioluminescence assays 

(Promega, catalog #G7571). T47D cells expressing WT or KR PR were plated in 24-well 

dishes (1x104 cells/well) containing cMEM. Cells were washed and steroid starved in 

modified IMEM supplemented with 5% DCC FBS for 1 d. Cells were treated with R5020 (10–

8 M) for 6 h before doxorubicin (6 uM) was added to the wells. After 4 d, cell viability was 

determined by adding Cell-Titer-Glo substrate and luminescence was measured using a plate 

reader. Sample means were normalized to day zero (n=6, –/+ SD).

Oncomine data analysis

 The relative expression of  individual PR target genes in human breast tumor samples 

was determined by searching the Oncomine database (version 4.4, October 2011 data 

release, [257]). Individual PR target genes (e.g. RGS2) were queried in The Cancer Genome 

Atlas (TCGA) Breast 2 dataset. Oncomine output data was sorted to isolate "cancer versus 

normal" associations, and reported (Fig. 4.8A) as the copy number unit expression values for 

blood, normal breast and breast carcinoma samples using box-and-whiskers plots (dots: 

max/min, whiskers: 90/10 percentiles, box: 75/25 percentiles, line: median of  all samples). 

For each analysis, specific breast carcinomas specified for each gene are: Invasive Lobular 

Breast Carcinoma (MSX2), Invasive Ductal and Lobular Carcinoma (RGS2), Intraductal 

Cribriform Breast Adenocarcinoma (MAP1A), and Mucinous Breast Carcinoma (PDK4).

 Multiple breast cancer “concepts”, as described in the Oncomine database, were 

associated with the ligand dependent (LD) KR>WT gene signature (Appendix F). According 

to Oncomine, concepts are derived from gene expression microarrays or gene-copy-number 
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datasets derived from tumor cohorts or cancer cell line experiments. Specifically, concepts 

are a list of  genes from various published datasets that are defined by some criteria (e.g. top 

5% of  genes expressed in ERBB2-positive breast tumors). The ligand dependent (LD) gene 

signature was created by normalizing the gene expression values in the +R5020 treatment 

group to the –R5020 treatment group, then comparing those normalized fold change values 

between the KR and WT PR expressing cell lines. This analysis identified 151 LD genes 

upregulated >1.5 fold in cells expressing SUMO-deficient PR versus WT PR expressing cells. 

The ligand-independent (LI) gene signature was created by normalizing the gene expression 

values in –R5020 treatment group in WT or KR expressing cells to the –R5020 treatment 

group in the PR-null expressing cells, then comparing those normalized fold change values 

between the KR and WT expressing cell lines. This analysis identified 92 LI genes 

upregulated >1.5 fold in cells expressing SUMO-deficient PR versus WT PR expressing cells. 

These PR gene signatures were uploaded into Oncomine Research Premium Edition 

software (Compendia Bioscience, Ann Arbor, MI, [258]) and the database was searched for 

associated concepts.

55



CHAPTER FOUR

____________

PR SUMOylation alters promoter 
selection in T47D breast cancer cells

Introduction

Like other steroid receptors, PR regulates target gene transcription differently under 

various cellular contexts, and this promoter (or enhancer/gene) selectivity is essential for 

proper development and homoeostasis in reproductive tissues. Steroid hormones, including 

progesterone, are known mediators of  breast tumor initiation and progression; therefore, 

the identification of  PR-regulated genes and the elucidation of  PR transcriptional 

mechanisms are essential. Initially, PR target genes (e.g. cyclin D1) were identified after 

progesterone treatment in breast cancer cells suggesting that PR regulates unique gene sets 

[259, 260]. Subsequently, extensive research focused on the transcriptional differences 

between PR isoforms [243], the relative importance of  PR domains [47], and how PR motifs 
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and post-translational modifications affect PR transcriptional activity [159, 163]. Many of  

these experiments utilized reporter-gene assays to measure the level of  PR transcriptional 

activity. In these systems, two plasmids are transfected into cells, the first is a PR expression 

vector and the second vector contains multiple idealized synthetic PRE sequences linked 

directly upstream to a luciferase reporter gene. Reporter gene assays can easily test the 

general transcriptional activity of  different PR species (i.e. mutants, isoforms, etc.), yet they 

completely diminish the importance of  PR promoter/enhancer selectivity. Endogenous PR 

target genes do not contain cryptic vector PRE sequences (as many of  these were derived 

from viral promoters) [261, 262], most SR transcriptional enhancers are not located in the 

proximal promoter region [222, 263], and plasmids are not influenced by the complex 

regulatory mechanisms of  chromatin. Therefore, understanding how different PR species 

(i.e. SUMOylated or SUMO-deficient) impact promoter selectivity will require measuring 

gene expression changes at endogenous loci. We hypothesize that subsets of  genes are 

uniquely regulated by different PR species under various cellular contexts and that PR 

phosphorylation and SUMOylation contribute to this mechanism (see Chapter Seven for 

further discussion).

Previous reports have delineated a clear biochemical mechanism that links PR Ser294 

phosphorylation with deSUMOylation [165], yet the degree of  promoter selectivity for these 

differentially modified receptors has not been shown. Sustained growth factor signaling 

drives PR Ser294 phosphorylation and pathways leading to this phosphorylation (e.g. ERBB, 

EGFR, IGF1R, etc.) are known to be highly active in many breast cancers. Thus, it is 
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plausible that phosphorylated and deSUMOylated PR regulate a unique gene signature that 

mediates breast cancer progression. 

PR Ser294 is phosphorylated in a subset of breast tumors

For unknown reasons, there is little overlap between PR-regulated genes in normal 

relative to neoplastic breast tissues [264]. One mechanism for the apparent divergence of  PR 

functions may relate to early events in breast cancer development, such as altered signal 

transduction. Based in part on our prior studies [165, 206, 265], we predict that the balance 

between SUMOylated and phosphorylated (i.e. deSUMOylated) PRs is frequently altered in 

breast cancer, resulting in changes in PR promoter selectivity and altered patterns of  gene 

expression. In a screen of  10 breast tumors clinically defined as PR+, we detected a wide 

range of  total PR mRNA (not shown) and protein expression (Fig. 4.1). Of  the 7 (out of  10) 
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Fig. 4.1.  Human breast tumors express phosphorylated PR Ser294.
Western blot showing total and phospho-Ser294 PR proteins (total ERK1/2 served as a loading 
control) in 12 human breast tumors. Two tumors (lanes 11–12) were designated PR-negative by 
clinical immunohistochemistry analysis. T47D cells engineered to express PR-B were used as a 
positive control. 



breast tumors that were confirmed to be PR+ by both RT-qPCR and western blotting, at 

least 5 samples (lanes 1, 3, 6, 8, and 9) also clearly contained some level of  phospho-Ser294 

PR-B (Fig. 4.1). Remarkably, 2 of  10 tumors (lanes 1 and 3) contained abundant phospho-

Ser294 PR-B. Notably, PR-B, but not PR-A, Ser294 is rapidly phosphorylated in response to 

either progestins or peptide growth factors that input to proline-directed protein kinases, 

primarily within the MAPK and CDK families [239]. Consistent with this finding, EGF 

blocked progestin-induced PR-B, but not PR-A SUMOylation [165].

Wild type and SUMO-deficient PR regulate unique gene signatures

The broad range of  PR expression in clinical specimens (Fig. 4.1 and [266]) suggests 

that PR-dependent gene expression may provide a more accurate marker of  PR contribution 

to breast cancer phenotypes. To address the unique actions of  phosphorylated and SUMO-

deficient PR-B, we analyzed the transcriptional profiles of  breast cancer cells stably 

expressing either wild-type (capable of  SUMOylation) or SUMO-deficient (K388R mutant/

phospho mimic) PR-B molecules using whole genome expression profiling. We first 

engineered multiple clones of  vector-matched PR-null T47D breast cancer cells expressing 

either wild-type (WT) PR-B or mutant K388R (KR) PR-B that is unable to undergo SUMO 

modification at Lys388; this SUMO-deficient receptor is a functional mimic for PR-B that is 

persistently phosphorylated on Ser294 [160, 165]. Phospho-Ser294 and S294D receptors are 

hyperactive transcription factors that undergo rapid ligand-dependent (ubiquitin-mediated) 

downregulation relative to WT PRs [265]. Cells expressing either WT or KR PR-B were then 

treated with the synthetic progestin, R5020 (10–8 M), for 6 h. Upon ligand-binding, PR is 
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globally phosphorylated at multiple sites, as indicated by a slight gel upshift (Fig. 4.2A) [267]. 

Consistent with our previous reports [165, 206] hyperactivated KR PR undergoes slightly 

more rapid ligand-induced (ubiquitin proteasome-dependent) downregulation (apparent at 6 

h)  relative to WT PR [160]. Using these experimental conditions, global gene expression 

profiles were simultaneously measured using Illumina HT-12v4 whole genome gene 

expression bead arrays (Fig. 4.2B). Highly regulated genes were organized by heat maps 

showing up- or downregulated genes (fold change >8.0 in at least one sample, BH adjusted P 

60

B

–  +  –  +  –  +
null WT KR

PR-B

R5020 (6h)

nu
ll_
un
tre
at
ed
_1

nu
ll_
un
tre
at
ed
_2

nu
ll_
tre
at
ed
_1

nu
ll_
tre
at
ed
_2

W
T_
un
tre
at
ed
_1

W
T_
un
tre
at
ed
_2

W
T_
tre
at
ed
_1

W
T_
tre
at
ed
_2

KR
_u
nt
re
at
ed
_1

KR
_u
nt
re
at
ed
_2

KR
_t
re
at
ed
_1

KR
_t
re
at
ed
_2

ELF5
CYP1B1
IGFBP5
IGFBP5
NBPF20
EIF4A3
CLPTM1L
CCND1
NDRG1
TIPARP
TSC22D1
S100P
SEPX1
YTHDF1
KRT80
BAMBI
FOXA1
TUFT1
SLC11A2
SPDEF
IFI6
LIPA
MGC4677
FLRT3
CCNO
ZBED5
C14orf4
CITED2
VASN
TFAP2C
TFAP2C
SLC40A1
TFAP2A
APOD
TFF3
LOC389816
LRRC26
NCAM2
KCNG1
FKBP5
RCAN1
CMTM7
PLIN2
FAM107B
PXMP4
MAFB
LOC642031
CEBPD
NET1
PACSIN1
SCRN1
SLC31A2
C16orf80
PFKFB3
C6orf85
PFKFB4
C11orf75
CA12
C17orf79
SCML1
ALCAM
RHOB
DTX2
CHES1
SLC22A23
EP400
PLCG1
LRIG1
LOC93622
FAM104A
TSC22D1
CBLL1
PGR
CD36
PYCARD
PHACTR3
ZNF812
PDK4
KCNG1
F3
C6orf81
ACOT6
PHACTR3
NET1
GPR124
TRAF5
CYP1A2
PGM2L1
SLC7A2
GRHL3
EVI1
ZSWIM4
B3GNT3
GNAT3
PCDH17
KCNMA1
DFNA5
HEY2
CD36
SLC1A6
RAC2
UTS2D
BDNF
ZBTB16

SCRG1
C18orf1
GJB6
BBS12
S100A13
RASD2
LRRC31
PLCB2
BTBD11
SERPINE2
MMP25
CLDN8
FOXP4
G6PC
GJB6
G6PC
SEC14L2
C15orf27
EGFLAM
CA4
SRGN
KRT73
LAD1
NPTX1
THY1
LOC340970
ZBTB16
CXCL12
DDC
MAP1A
SLC26A3
AKR1C3
ASB9
TDRD9
SCNN1G
AFAP1L2
HBEGF
NHS
CALB2
SPRYD5
SPINK5L3
RGS2
PNMT
TUBA3D
TUBA3E
B3GAT1
LOC731486
RANBP3L
CXCL12
BIRC3
SLC25A18
KIAA0040
AMOT
FHL3
GOLSYN
ZDHHC14

F3
LEF1
LEF1
IL20RA
RASSF2
STAT5A
SGPP2
ITPKA
FOXO1
HEY1
KLF9
TSC22D1
OGFRL1
OGFRL1
CHN2
CHN2
DIO2
MSX2
ASB9
ABLIM3
RBM24
C1orf51
SOCS2
DLL1
SLC16A9
EAF2
ATP5I
ZBTB7C
KLF13
MGC87042
MTSS1
HES2
STEAP1
APM−1
MAN1A1
HBA2
C3orf70
KCNK13
ZNF57
CLDN8
FAM105A
SRGN
LOC653764
MRAS
C13orf15
GRB10
HSD11B2
RASSF2
CDH10
BCHE
BCHE
CX3CR1
CLEC3A
TRIP6
CST6
CST6
PI3
CLEC3A
ISG15
IFI27
PLXDC2
DTNA
SCHIP1
OLR1
TM4SF1
IFIT1
CASP14
ABCC3
PLAC8
ANKRD1
PLAC8
EGLN3
CAMP
ETV5
CCL2
NTN4
ANXA1
ACTA2
LIPG
LIPG
L1CAM
SPRR1A
C1QTNF6

INADL
ZNF175
BCL3
SCARA3
TMEM40
FLJ23152

LPAR5
SERTAD4
PLAU
DUSP6
HSPB8
RND3
CYR61
FGFBP1
GSDMD
TRIM29
LYN
ID3
C3orf57
STC1
TGFB3
LIMCH1
COL12A1
EDARADD
PROCR
VWA5A
SGK
SGK1
SGK1
FOXO4
GRB10
TRNP1
CCDC15
RHOU
RBPMS2
KBTBD11
SEPT5
SOX9
PRICKLE1
HERC5
KLF4
GJB2
KIAA0513
SLC39A14
SNX30
TRK1
CACNA1I
C17orf80
KLF4
CMTM7
SP110
ACPL2
VDR
ST3GAL1
ISG20L1
SP110
NUPR1
PLEKHF1
THBS1
KHDRBS3
PXMP4
ZNF26
RCAN1
AXUD1
FJX1
FAM43A
STOM
CAMSAP1
PIM2
NET1
STMN3
ADARB1
LRIG1
ACPL2
PIK3CB
PRKAB2
SLC25A25
SOX2
SOX2
CYP1A1
VAV3
TESK2
UPK3B
FAM20C
ALDH1A3
ALDH1A3
ESR1
MEGF9
SERHL2
SIPA1
SERHL2
HYAL1
CLDN1
MGP
S100A8
TIMP1
S100A9
SASH1
LYPD6B
EPAS1
LOC283267
VTCN1
TIMP2
ZNF613
ARID5B
EFNB2
ELF3
MGC42367
ELF5
C4orf32
HOXB2
TFAP2B
LMCD1
ATXN1
C9orf169
MGP
SPRR3
HIST2H2BE
PHLDA1
ACCN2
CD97
C1orf106
MX1
NRIP3
ARHGEF6
TUBA4A
SYTL2
FHL2
CXCR4
ABCC11
HOPX
P2RY6
LYPD6B
FHL2
KRT80
TXNRD1
TXNRD1
CCNG2
TFAP2A
ATXN1
P2RY2
C12orf28

–8 +80

1a

fold change

β-Actin

gene expression

– – + + – – + + – – + +
null WT KR

R5020 (6h)

1b

2a

2b

3

4

A Fig. 4.2.  Whole genome gene expression 
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(A) T47D cells stably expressing either wild-type PR-B 
(WT), SUMO-deficient mutant K388R PR-B (KR), or 
empty vector (null) controls were treated without or 
with progestin (R5020) prior to western blotting for PR-
B. Western blotting for beta-actin was done for a 
loading control. (B) Heat map showing normalized 
expression values for differentially expressed transcripts 
(fold change >8.0 in at least one sample, BH adjusted P 
<0.001). Biological duplicates are shown for each 
treatment group and notable gene expression categories 
(numbered 1–4 on right side) are described (see text).



<0.001, Fig. 4.2B). Upon progestin treatment, these cells displayed diverse expression 

patterns; multiple PR-regulated gene sets became readily apparent (Fig. 4.2B; compare 

groups of  PR-regulated genes upregulated (1a) or downregulated (1b) by ligand-dependent 

PRs relative to untreated controls, genes upregulated (2a) or downregulated (2b) by ligand-

independent PRs relative to PR-null controls, and ligand-dependent genes upregulated 

primarily in KR relative to WT (3) or WT relative to KR (4) expressing cell lines).

 We identified genes that were upregulated >1.5 fold by PR in a ligand-dependent or 

-independent manner and discovered gene expression overlap between cells expressing either 

KR or WT receptors, as well as subsets of  uniquely regulated genes (Fig. 4.3A–B, Appendix 

C). We next validated the expression profiles for numerous PR target genes from these 

classes using RT-qPCR (Fig. 4.4). Notably, RGS2 expression (primarily upregulated by the KR 

receptor) is over-expressed in the basal/myoepithelial compartment and substantially 

elevated in a majority of  breast tumors [268]. In contrast, BCL2L11 (BIM) is a pro-apoptotic 

mediator involved in ERBB/MAPK-dependent luminal cell clearing [269] whose expression 
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is primarily upregulated by WT but not KR receptors. As these examples suggest, our gene 

array robustly identified diverse classes of  PR target genes, and contains gene expression 

profiles indicative of  mechanisms of  PR- mediated cellular proliferation and survival.

These results essentially repeated in T47D cells engineered to express either WT or 

KR PR from an inducible vector system (Fig. 4.5). In this model, inducible expression of  PRs 

(iWT or iKR) is solely dependent on the presence of  a small molecule dimerizer, AP21967, 

added to the cell culture medium; equal levels of  either iWT or iKR were induced upon 

treatment with AP21967 and these receptors were equally phosphorylated on Ser294 in 
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response to progestin (Fig. 4.5). Cells were treated with AP21967 (10–9 M) and R5020 (10–8 

M) and assayed for changes in gene expression using the Affymetrix U133A 2.0 microarray 

platform. Remarkably, PR-dependent gene expression profiles obtained from T47D cells 

stably expressing PR (assayed using the Illumina platform) were significantly similar to gene 

array data obtained from the same parental cells (T47D) inducibly expressing PR (assayed via 

the Affymetrix platform; see Fig. 4.6A). For example, the expression of  both MSX2 and 

MAP1A was again greatly elevated in cells expressing SUMO-deficient KR PR relative to cells 

expressing WT PR (Fig. 4.6B). PR-dependence was demonstrated by induction of  PR using 

AP21967 in the presence of  progestin, and blocked by antiprogestin (RU486). Control studies 

showed that AP21967 did not affect the phosphorylation status of  PR Ser294 (Fig. 4.5), or 

alter ERK1/2 or AKT activities in T47D breast cancer cells (Fig. 4.7). In addition, AP21967 

did not appreciably modulate gene expression in vector-matched control iNull T47D cells 

(data not shown). Together, our arrays identified a greater number of  PR regulated genes 
63
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Fig. 4.5.  Creation of isogenic models of inducible PR expression in T47D cells.
Clonal inducible cell lines were developed as described in the Materials and Methods and PR 
protein expression was determined by western blotting after treatment with inducer molecule 
AP21967 for 2 d and R5020 for 1 h. Progestin-dependent PR phosphorylation was measured 
using a PR phospho-Ser294 specific antibody. Beta-actin western blotting was performed as a 
loading control. Short-term treatment with R5020 demonstrated progestin-dependent PR global 
phosphorylation (as indicated by a slight gel upshift in total PR) and equal levels of  ligand-
dependent Ser294 phosphorylation.
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Fig. 4.6.  Validation of isogenic models of inducible PR expression in T47D 
cells.
(A) Gene set enrichment analysis (GSEA) comparison of  whole genome expression profiling 
data sets derived from two independent model systems and platforms: (i) T47D cells stably 
expressing WT and mutant KR PRs (–/+R5020) using the Illumina HT-12v4 platform and (ii) 
T47D cells expressing inducible WT or mutant KR PR (–/+AP21967, –/+R5020) using the 
Affymetrix U133A 2.0 platform. Genes most upregulated in the Illumina dataset by WT +R5020 
(or KR +R5020) appear on the far left (darkest red) and genes most downregulated by WT 
+R5020 (or KR +R5020) appear on the far right side (darkest blue). Using the GSEA application, 
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(B) Gene expression levels were validated for two PR target genes (MSX2 and MAP1A) in T47D 
cell lines expressing iWT and iKR PR. Cells were treated with AP21967 to induce PR expression 
and co-treated with RU486 and/or R5020 before RT-qPCR gene expression analysis. Data are 
represented as mean of  n=3 +/– SD.



(>1.5 fold, BH adjusted P <0.01) than previous reports [149, 244]; microarray platforms now 

contain thousands more "reporters" relative to earlier technologies. Notably, we identified 

70% of  the previously known PR target genes but also revealed hundreds of  novel PR target 

genes (Appendix D).

Phosphorylation of PR Ser294 drives SUMO-deficient PR gene 
expression

 To investigate mechanisms of  regulation of  “SUMO-sensitive” PR-target genes, we 

selected four genes (MSX2, RGS2, MAP1A and PDK4) from our microarray analysis for further 

study. These specific genes were dramatically upregulated in cells expressing KR, but not 

WT receptors (Fig. 4.3A, yellow category). A query of  the Oncomine database [257] 

demonstrated that all four genes are amplified in breast carcinomas relative to normal breast 

tissue and blood (Fig. 4.8A). To validate SUMO-dependent changes in PR target gene 
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Fig. 4.7.  Small molecule AP21967 does not rapidly activate AKT or ERK1/2 
kinases.
Inducible PR cell lines were treated with or without small molecule AP21967 for 30 min (or with 
heregulin as a positive control). Cell lysates were collected and subjected to SDS-PAGE and 
western blotting. AP21967 does not independently activate major kinase signaling pathways.



expression in an additional breast cancer model, we stably introduced vector control, WT or 

KR receptors into MCF-7 cells that express low levels of  endogenous PR (in the absence of  

estrogen). These cells were treated with vehicle control (ethanol) or R5020 (10–8 M) in the 

absence or presence of  the PR antagonist, RU486 (10–7 M) for 6 h (Fig. 4.8B). Notably, 
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Fig. 4.8.  PR Ser294 phosphorylation mediates SUMO-deficient PR gene 
expression.
Phosphorylation of  PR Ser294 drives SUMO-deficient PR gene expression and promoter 
selectivity in MCF-7 and T47D cells. (A) Relative expression level (copy number) of  PR target 
genes in breast cancer patient cohorts. (B) Relative gene expression levels of  selected PR target 
genes in MCF-7 cells stably expressing either empty vector (PR-null), WT or SUMO-deficient 
K388R PRs. Cells were co-treated with progestin R5020 and/or antiprogestin RU486 for 6 h and 
mRNA levels were measured using RT-qPCR (see Methods). (C) Relative gene expression levels 
of  the same PR target genes (as in parts A-B) were measured using RT-qPCR in five vector-
matched T47D cell lines stably expressing PRs: empty vector (null), wild-type (WT) PR, K388R 
mutant (KR) PR, S294A mutant (SA) PR, and K388R and S294A double mutant (KRSA) PR. Cells 
were treated with R5020 for 6 h.



progestin-induced gene expression profiles in MCF-7 cells were nearly identical to those 

obtained in our T47D cell models (MSX2, RGS2, MAP1A, and PDK4). Additionally, their 

R5020-induced mRNA expression was completely abolished by addition of  RU486, 

indicating that regulation of  these genes is indeed entirely PR-dependent.

We showed previously that SUMO-deficient KR receptors closely mimic phospho-

Ser294 (WT) PR species [165]. To demonstrate the phosphorylation-dependence of  PR 

regulation on the same set of  genes (MSX2, RGS2, MAP1A, and PDK4), we employed PR-null 

T47D cells or T47D cells stably expressing WT, KR, or phospho-mutant S294A (SA) PR-B 

[160]. Mutation of  PR Ser294 results in a heavily SUMOylated receptor that is 

transcriptionally repressive, as measured by luciferase reporter assays [165]. Consistent with 

this finding, progestin-induced upregulation of  endogenous PR target genes was blocked in 

cells expressing S294A PR relative to cells expressing SUMO-deficient KR PR (Fig. 4.8C). 

Furthermore, progestin-induced gene expression was rescued (i.e. comparable to that 

induced in R5020-treated KR cells) in cells expressing the PR double mutant (KRSA), 

containing point mutations at both Ser294 and Lys388, suggesting that PR deSUMOylation is 

the dominant event required for ligand-dependent upregulation (derepression) of  these 

phosphorylation-dependent PR target genes. 

Treatment of  breast cancer cells with EGF induces robust PR Ser294 

phosphorylation and deSUMOylation [165]. We therefore pre-treated T47D cells stably 

expressing WT PR with EGF (100 ng/ml) followed by vehicle control or R5020 (10–8 M). 

Both MAP1A and RGS2 were insensitive to EGF alone over a 2-day time course (Fig. 4.9A). 

However, EGF pre-treatment significantly augmented progestin stimulated mRNA 
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expression of  both genes (Fig. 4.9A). We observed similar results for RGS2, but not MAP1A 

expression in parental (expressing both endogenous PR-A and PR-B isoforms) T47Dco cells 

treated for 6hrs (Fig 4.9B). Perhaps not surprisingly, multiple factors (i.e. strength and 

duration of  PR phosphorylation, transcriptional activity, and protein levels) likely influence 

the kinetics of  PR-regulated MAP1A expression in cells stimulated broadly with growth 

factors. Notably, in T47D cells stably expressing WT PR-B, MAP1A mRNA expression was 

synergistically upregulated following just 3 h of  treatment with progestin plus heregulin-β1; 

progestin-alone approached this by 24 h (data not shown). Taken together, our data suggest 

that PR dynamically regulates multiple endogenous genes according to its phosphorylation 

and SUMOylation status; growth factor signaling results in phosphorylated-PR species that 

act as derepressed transcription factors.
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CHAPTER FIVE

____________

PR SUMO modification provides a 
mechanism for promoter selection

Introduction

In Chapter Four, we demonstrated that PR SUMOylation dramatically alters 

promoter selectivity. In this chapter, we explore mechanisms responsible for these unique 

differences in target gene expression. Three general mechanisms have been suggested to 

explain the impact of  SUMOylation on steroid receptor promoter selectivity. Experiments by 

Iniguez-Lluhi and coworkers determined that SUMO-deficient SRs (via KR mutation) drive 

synergistic transcriptional activity at promoters with multiple (>3) HRE sequences,  whereas 

promoters containing a single HRE were only marginally activated [179]. They hypothesize 

that when multiple SUMOylated receptors are bound to nearby HREs, a “synergy control 

factor” can be effectively recruited to mediate transcriptional repression, which cannot occur 
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when SRs are deSUMOylated [179, 270]. Thus, the number of  HREs in a promoter/

enhancer region may contribute to SUMO-dependent SR promoter selectivity. Alternatively, 

Yamamoto and coworkers have determined that variation in GR consensus binding 

sequences alter transcriptional regulation [218]. It remains to be shown, but receptor 

SUMOylation may influence the binding affinities between SRs and slightly divergent HRE 

sequences, resulting in promoter selective transcriptional regulation. Finally, SUMOylated 

SRs may recruit different coregulators and chromatin modifying enzymes to promoter/

enhancer regions resulting in altered chromatin topology and promoter selective 

transcriptional regulation [271] (see Chapter Seven for further discussion).

A cistrome analysis (the identification of  all genomic SR binding sites by ChIP-seq) 

would be required to effectively test whether PR SUMOylation influences transcriptional 

activity at genes containing single or multiple HREs, or to test whether SUMOylated 

receptors prefer different HRE consensus sequences. Instead, we have primarily investigated 

whether PR SUMOylation impacts the degree of  coactivator recruitment and chromatin 

topology at PR target gene enhancer regions using chromatin immunoprecipitation assays. 

PR mediates its transcriptional effects through interaction with multi-protein complexes that 

include scaffolding molecules, kinases, coactivators and corepressors. The receptor precisely 

regulates these interactions through its post-translational modifications including 

phosphorylation and SUMOylation. Therefore, uncovering the molecules that facilitate (or 

block) PR transcription under various cellular contexts (i.e. cancer versus normal) is 

extremely important because these molecular interactions or changes in histone 

70



modification may be universal mechanisms of  SR transcription and possible targets for 

cancer therapy.

SUMO-deficient PR and coactivator CBP are preferentially recruited 
to enhancer regions of genes uniquely regulated by SUMO-deficient 
PR

 Our gene array analyses indicated that SUMO modification of  PR alters the 

magnitude of  transcriptional response on selected promoters, while the regulation of  other 

PR target genes is completely insensitive to PR SUMOylation (Fig. 4.3). To investigate 

mechanisms of  PR promoter selection, we examined the recruitment of  PR and selected 

coregulators to the chromatin of  differentially regulated PR target genes. We initially 

focused on MSX2. Similar to PR-B, this homeobox transcription factor is essential for 

mammary gland development and transgenic expression of  MSX2 causes ductal hyperplasia 

in mice [272, 273]. Functional studies indicate that MSX2 induces cyclin D1 and E1 

expression [274], is involved in RAS-mediated cellular transformation [275] and drives 

epithelial-to-mesenchymal transition through downregulation of  epithelial markers [276]. 

Lanigan et al. [277] showed that MSX2 expression is significantly elevated in both luminal B 

and HER2-enriched molecular subtypes of  breast cancer, despite being associated with good 

prognosis (i.e. similar to ER and PR). We identified multiple consensus progesterone 

response element (PRE) sequences up- and downstream of  the MSX2 transcriptional start 

site using MatInspector software [278]. In particular, one PRE aligned with a region of  

known PR recruitment, based on the PR cistrome (i.e. derived from unpublished ChIP-chip 

experiments kindly provided by Myles Brown, Harvard). Recall that MSX2 is 
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transcriptionally upregulated in response to progestin treatment of  T47D or MCF-7 cells 

stably or inducibly (T47D) expressing SUMO-deficient PR, but not WT receptors (Fig. 4.6B, 

4.8B–C). To investigate direct recruitment of  PR to the PRE enhancer region of  MSX2 

(located 15,094 bp upstream from the transcriptional start site) (Fig. 5.1), we treated cells 

constitutively (or inducibly) expressing either WT or KR PR with R5020 (10–8 M), and 

performed chromatin immunoprecipitation (ChIP) assays. Following progestin treatment, 

both WT and KR PR were readily detected at the PRE enhancer region (Fig. 5.2A), although 

we detected no transcriptional activity (mRNA levels as measured by RT-qPCR) in progestin-

treated cells expressing WT PR (Fig. 4.6B, 4.8B–C). Notably, significantly more SUMO-

deficient KR PR was recruited to the MSX2 enhancer locus relative to that of  WT PR. This 

finding repeated in cells expressing inducible PR (Fig. 5.2A) as well as at PRE-containing 

enhancers of  multiple other genes upregulated by SUMO-deficient PR (Fig. 5.3). We then 
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occur in cells expressing SUMO-deficient PR recruitment. In addition, these cells have higher 
levels of  histone acetyltransferase (CBP) and histone methyltransferase (MLL2) recruitment to 
the MSX2 enhancer region. This results in higher levels of  histone H3 Lys4 dimethylation, a 
marker of  transcriptionally important enhancer regions.



investigated the recruitment of  a common PR transcriptional coactivator, cAMP-response 

element-binding protein (CREB)-binding protein (CBP) to the MSX2 enhancer locus. CBP 

interacts with multiple nuclear receptors, functions as a transcriptional scaffold, and has 

histone acetyltransferase (HAT) activity [279-281]. Using ChIP assays, we determined that 

upon progestin treatment, CBP recruitment to the MSX2 locus is significantly elevated in 

cells expressing SUMO-deficient KR PR, but not WT PR (Fig. 5.2B). Consistent with the 

increased presence of  this coactivator associated with KR PR, we observed increased 

recruitment of  total and functionally active phospho-Ser5 RNA polymerase II to the MSX2 

proximal promoter region in progestin-treated cells expressing iKR PR relative to cells 
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expressing iWT PR (Fig. 5.4). These data may explain why although WT PR is clearly 

recruited to this region in the presence of  progestin (Fig. 5.2A), significant mRNA expression 

does not occur (Fig. 4.6B, 4.8B–C). We previously reported constitutive association of  

deSUMOylated PRs and SRC1 at endogenous gene loci [206].

A marker of transcriptionally active chromatin, histone H3K4 
dimethylation, is increased in the MSX2 enhancer

 Histone tail modifications (methylation, acetylation, phosphorylation, etc.) are 

epigenetic modifications known to significantly impact chromatin dynamics and thereby 

affect changes in gene expression (reviewed in [282]). Generally, histone H3 Lys4 

dimethylation (H3K4me2) is an epigenetic mark associated with transcriptional activation 

[263, 283]. H3K4me2 marks areas of  transcription factor-facilitated paired nucleosome 

positioning and is an indicator of  nearby gene activation [263]. To measure the level of  

H3K4me2 at the MSX2 enhancer locus, T47D cells expressing inducible PRs (iWT and iKR) 

were treated with R5020 (10–8 M) for 4 h and nucleosomes were isolated after micrococcal 

nuclease (MNase) digestion; histone methylation was determined by ChIP, followed by 

qPCR (Fig. 5.5A left). H3K4me2 levels were elevated in progestin-treated cells expressing iKR 

relative to cells expressing iWT PR. We also measured the R5020-induced fold change in 

H3K4me2 surrounding the MSX2 PRE locus (approximately 500 base pairs up- and 

downstream using overlapping qPCR products) to visualize local histone dimethylation 

patterns (Fig. 5.5A right). Progestin-dependent H3K4me2 was enriched in cells expressing 

SUMO-deficient iKR PR compared to cells expressing iWT. Indeed, the higher levels of  
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histone methylation flanking the PRE sequence is likely a consequence of  nucleosome 

remodeling and spreading that facilitates recruitment of  transcription factor complexes at 

this functional enhancer region [263].

 These results suggest that one or more histone methyltransferases are differentially 

recruited to the MSX2 enhancer in cells expressing either iWT or iKR PR. Recently, a 

chromatin remodeling complex, including the subunit mixed lineage leukemia 2 (MLL2) 

methyltransferase, was implicated in progestin-dependent H3K4 trimethylation [284]. 

Additionally, ER-alpha interacts directly with MLL2 though its LXXLL motifs and MLL2 

mediates estrogen-dependent transcriptional upregulation in MCF-7 cells [285]. Herein, 
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using both stable and inducible T47D models, we discovered that MLL2 is significantly 

recruited to the MSX2 enhancer in progestin treated cells expressing SUMO-deficient KR PR, 

but not WT PR (Fig. 5.5B).

 Finally, we measured the relative recruitment of  PR to a PRE-containing enhancer 

locus near MAT2A, a control PR-target gene that is insensitive to PR SUMOylation status 

(Fig. 4.3A, green category). MAT2A mRNA expression was equally upregulated in progestin-

treated cells expressing either WT or KR PR (Fig. 5.6A). Likewise, progestin-dependent 

recruitment of  PR and MLL2 to the same PRE-containing region in the MAT2A enhancer 

was very similar in cells expressing either WT or KR PR (Fig. 5.6B–C). Taken together, these 

data suggest that enhancer/promoter structure (in chromatin) functions in combination 

with PR SUMOylation to block important interactions between PR and mediators of  early 

chromatin remodeling (MLL2) as well as major coregulators, including CBP; higher levels of 

these factors were specifically associated with “sensitive” PRE regions in cells expressing 

SUMO-deficient PR. Perhaps SUMO-sensitive enhancer regions require PR-dependent 
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recruitment of  MLL2 in order to initiate changes in nucleosome positioning at relatively 

“closed” regions (i.e. with regard to genes like MSX2). In contrast, pre-existing “open” 

regions may be insensitive to PR SUMO modification (i.e. with regard to genes like MAT2A). 

Additionally, preferential association of  SUMO-deficient PR with other factors (i.e. pioneer-

type transcription factors) may contribute to PR promoter selection; KR recruitment to the 

MSX2 enhancer region is significantly enhanced relative to WT receptor in the presence of  

progestin (Fig. 5.2). These questions await further detailed global gene and cistrome analyses 

(see Discussion).

To further investigate mechanisms responsible for differential recruitment and 

promoter selectivity between WT and KR PR, we employed a method to identify unique 

DNA sequence motifs specifically located nearby KR regulated genes, compared to WT 

regulated genes. We utilized the Gene Set Enrichment Analysis (GSEA) bioinformatic 

software package provided by the Broad Institute [254]. The GSEA software incorporates 

thousands of  “gene sets”, defined a priori, from the Molecular Signatures Database 

(MSigDB) by any conceivable set of  criteria. For example, the Broad Institute has created a 

gene set (a list of  genes) defined only by whether a RUNX1 transcription factor binding site 

(motif ) lies within –/+ 2 kb of  any gene’s TSS. They used bioinformatics techniques to 

query every gene in the human genome to determine whether a RUNX1 binding site is 

located near the TSS. For example, if  the gene SLC2A3 has a RUNX1 binding site nearby, 

SLC2A3 is included in the RUNX1-motif  gene set. The Broad Institute has created hundreds 

of  gene sets like this example for many important DNA binding molecules. Additionally, 

there are thousands of  other gene sets defined by vastly different criteria (e.g. genes down-
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regulated by Tamoxifen exposure, etc.). Using this software, we organized our gene 

expression microarray data into two “phenotypes”: genes up-regulated with progestin by KR 

and genes up-regulated with progestin by WT PR (Fig. 5.7). All the genes on the microarray 

were rank sorted from left-to-right: genes most up-regulated by KR located on the left (red), 

genes up-regulated equally by KR and WT in the center, and genes most up-regulated by 

WT on the right (blue). The software then queries various gene sets (e.g. RUNX1 binding 

motifs) and uses a running-sum statistic to determine whether the gene set members (i.e. 

vertical black bars, Fig. 5.7) are enriched toward one of  the two possible phenotypes (KR or 

WT up-regulated genes). Many gene sets were found to be significantly enriched in the KR 
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Fig. 5.7.  Genes specially up-regulated by SUMO-deficient PR have 
significantly more RUNX1 binding sites in their transcriptional regulatory 
regions.
GSEA plot showing enrichment of  the V$AML1_01 (RUNX1 motif ) gene set (black bars) 
clustered toward the progestin-dependent KR up-regulated phenotype (left side, red).



up-regulated with progestin phenotype. Specifically, we discovered that genes preferentially 

up-regulated by KR have an enriched number of  RUNX1 binding sites located –/+ 2 kb from 

their TSS (Fig. 5.7). Additionally, we discovered multiple other RUNX1 motif  related genes 

sets enriched in the progestin-dependent KR up-regulated phenotype (data not shown). 

 It was recently shown that RUNX1 is a novel tethering factor for ER-alpha in 

receptor mediated transcriptional activation of  nearby genes [286]. That report led us to 

hypothesize that genes regulated by SUMO-deficient PR may be recruited to promoters/

enhancers through a tethering mechanism via RUNX1, instead of, or in addition to, direct 

PRE binding. Therefore, we propose that one possible mechanism driving the promoter 

selectivity between WT (SUMOylated) and KR (SUMO-deficient) receptors may be related 

to increased tethering of  SUMO-deficient PR to RUNX1, resulting in progestin-dependent 

transcriptional activation of  downstream genes. This hypothesis will be tested in future 

experiments. 
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CHAPTER SIX

____________

The SUMO-deficient PR 
gene signature is associated

with aggressive breast tumors

Introduction

In Chapters Four and Five, we demonstrated that altered cofactor recruitment and 

changes in histone methylation mediate differences in promoter selectivity between WT and 

deSUMOylated PR. Heightened growth factor pathway signaling is common in many breast 

cancers (i.e. ERBB2/MAPK) where ERK1/2 can directly phosphorylate PR Ser294, blocking 

PR SUMOylation, driving the transcriptional transactivation of  activated (deSUMOylated) 

PR. We hypothesize that early in breast cancer initiation, cells utilize these mechanisms to 
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activate a SUMO-deficient PR-dependent gene expression program triggering increased cell 

proliferation and survival.

Breast cancer gene signatures have been developed to classify tumor subtypes based 

on their molecular profiles; these can predict tumor aggressiveness, disease recurrence, and 

whether patients may, or may not, be responsive to hormonal and targeted therapies [7] (see 

Chapter Seven for further discussion). These gene signatures are effective at measuring the 

expression levels of  selected cancer associated genes (markers) to predict outcomes. 

However, these assays cannot convey any clear mechanistic driver of  tumor progression. 

Herein, we have identified a gene signature that is the consequence of  activated 

(deSUMOylated) PR transcriptional action, which is a clear driver of  tumor progression. 

Thus, this gene signature can predict both survival outcomes in patients and identifies 

patients that may benefit from next-generation anti-progestin therapies within their standard 

of  care.

SUMO-deficient phospho-PR promote increased cell proliferation and 
decreased apoptosis

Ingenuity Pathway Analysis (IPA, Ingenuity Systems, [287]) software contains a large 

database of  genes that are manually assigned, based on current literature, to molecularly 

defined pathways, biological functions or disease states. Using this tool, we compared 

ligand-dependent upregulated genes (>2 fold, BH adjusted P <0.01) in cells stably expressing 

either WT or KR receptors. Upon progestin treatment, SUMO-deficient PR, but not WT, 

significantly upregulated gene sets assigned to multiple proliferative and pro-survival 
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biological functions (Fig. 6.1). We showed that breast cancer cells stably expressing SUMO-

deficient PR exhibit increased growth in soft-agar relative to cells stably expressing either 

WT or phosphorylation-deficient S294A PR [165, 206]. Herein, we performed MTT 

proliferation assays using our inducible models (Fig. 6.2A). The advantage of  this isogenic 

system is the elimination of  clonal variation in cell growth/death rates and phenotypic drift 

that can occur in stable cell line models. Cells were plated at equal density on day zero and 

treated with or without the AP21967 compound to induce PR expression, prior to exposure 

to either vehicle (ethanol) or progestin (R5020). Progestin-treated cells expressing iWT or 

iKR PRs grew faster than their uninduced or untreated counterparts. However, by day six of  

continuous exposure to both AP21967 and R5020, significantly more cells were present in 
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Fig. 6.1.  SUMO-deficient PR upregulates genes involved in cell proliferation 
determined by Ingenuity Pathway Analysis.
Significant expression (y-axis) of  multiple cellular functions (x-axis) containing genes 
upregulated by progestin (log2 fold change >1.0, BH adjusted P <0.01; common fold change 
>2.0) in cells expressing either WT or KR PR. Biological pathways that contain a significant 
number of  upregulated genes display bars above the horizontal line, representing BH adjusted P 
<0.05.
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cultures expressing iKR relative to those expressing iWT receptors, while all control groups 

remained very similar. Western blotting demonstrated that inducible PR expression was 

sustained when AP21967 was added to the cell culture media and that comparable levels of  

iWT and iKR PR protein were expressed (Fig. 6.2B).

 MTT assays measure viable (surviving) cells over time and PRs have been implicated 

in breast cancer cell pro-survival [145, 164]. Thus, we also measured cleavage of  poly (ADP-

ribose) polymerase 1 (PARP) as an indirect indicator of  apoptosis. PARP is targeted for 

cleavage at Asp214 by activated Caspase-3 and is a sensitive measure of  committed apoptotic 
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Fig. 6.2.  SUMO-deficient progesterone receptors promote increased cell 
proliferation.
(A) The proliferative potential of  T47D cell lines expressing inducible PR was measured using 
MTT assays in the presence of  progestin (R5020) and inducer, AP21967 (AP) (B) Western blot 
showing that inducible PR expression is sustained for at least five days following the addition of  
AP21967 to the cell culture media, ERK1/2 western blotting was performed as a loading control.



signaling [288]. PR expression was induced by AP21967 treatment and cells were pre-treated 

with R5020 for 6 h to activate the respective iWT or SUMO-deficient iKR gene expression 

programs. Following R5020 pre-treatment, doxorubicin was added to the cell culture 

medium to induce apoptosis for one day, after which the cell lysate was harvested and the 

relative levels of  cleaved PARP were measured by western blotting (Fig. 6.3A). Notably, 

doxorubicin-treated cells expressing SUMO-deficient iKR PR had reduced levels of  PARP 

cleavage relative to cells expressing iWT PR, especially in cells pre-treated with R5020 

(compare lanes 4 and 8). Doxorubicin treatment reduced both WT and KR PR protein 
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Fig. 6.3.  SUMO-deficient progesterone receptor gene expression promotes 
decreased apoptosis.
(A) Apoptosis occurring in T47D cells expressing inducible PRs was detected by western blotting 
for poly (ADP)-ribose polymerase 1 (PARP) cleavage. Cells were treated with progestin and/or 
doxorubicin before protein harvest. (B) Proliferation and apoptosis was measured in T47D cells 
constitutively expressing PR using cell viability luciferase assays, where day 4 luminescence was 
normalized to day 0. Pooled data are represented as mean of  n = 6 +/– SD and significance 
calculated using Student’s t-test.
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expression (Fig. 6.3A, compare lanes 1 and 3, or lanes 5 and 7). However, in multiple repeat 

experiments normalized to protein expression changes, cells expressing iKR PR consistently 

exhibited reduced PARP cleavage relative to cells expressing iWT PR. These findings were 

validated in T47D cells stably expressing PRs. PR-null cells and cells stably expressing either 

WT or KR PR were plated in complete media, serum starved and treated with R5020, with 

or without doxorubicin (Fig. 6.3B). Again, we observed significantly increased cell viability 

in progestin-treated cells expressing SUMO-deficient KR PR. Interestingly, when these cells 

were challenged with cytotoxic concentrations of  doxorubicin, their viability was doubled 

relative to cells expressing WT PR (Fig. 6.3B). These data suggest that SUMO-deficient PRs 

are important mediators of  increased cell proliferation and pro-survival signaling; cells 

expressing modified PRs undergo biological processes consistent with their associated gene 

expression profiles (Fig. 4.3).

The SUMO-deficient PR gene signature is associated with ERBB2 
positive breast cancers

 Human breast cancers often contain high levels of  MAPK, AKT, and/or CDK 

protein and/or kinase activities, thus favoring PR derepression [165, 206]. To probe 

published human breast cancer databases for evidence of  genetic patterns suggestive of  

phospho-PR-driven (SUMO-deficient) lesions, we first defined unique PR gene signatures 

comprised of  genes whose expression was greater in cells expressing KR relative to cells 

expressing WT receptors (expression >1.5 fold in KR vs. WT, BH adjusted P <0.01). These 

genes were predominantly upregulated in cells expressing KR receptors and/or 
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downregulated only in cells expressing WT receptors. This analysis was performed for both 

ligand-dependent and ligand-independent PR target genes. Using these criteria, unique 151- 

and 92-gene signatures were created and defined as PR-target genes differentially upregulated 

(compared to WT) by ligand-dependent (LD) and ligand-independent (LI) KR receptors, 

respectively (Fig. 6.4A, Appendix E). 

 These gene signatures were then uploaded into the Oncomine Research Premium 

Edition (Compendia Bioscience, Ann Arbor, MI; [258]) and the database was interrogated for 

associated concepts (reviewed in [289]). Oncomine concepts are gene lists defined by specific 

criteria (e.g. top over-expressed genes in a particular tumor cohort). The LD 151-gene 

signature was associated with multiple breast cancer concepts with high significance (P 
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<0.0001, FDR <0.01) (Appendix F). Remarkably, five distinct ERBB2-positive breast cancer 

concepts (two from cell lines and three from tumor cohorts) were independently associated 

with this LD PR-gene signature. Thus, genes specifically upregulated in the presence of  

progestin in cells expressing SUMO-deficient PR are among the same genes highly over-

expressed (top 5-10%) in ERBB2-positive breast cancers (Fig. 6.4B, Appendix F, bolded rows). 

Notably, the LI 92-gene signature was also significantly associated with at least one ERBB2-

positive concept [290]. These data indicate that both ligand-dependent and -independent 

unique PR-regulated gene sets are significantly upregulated in protein-kinase-driven tumors, 

including those known to be ERBB2-positive (Fig. 6.4B). 

 Expression of  these related genetic programs (SUMO-deficient PR and ERBB2 

signaling) might represent independent means utilized by breast cancer cells to drive cell 

proliferation and survival. Indeed, HER2-enriched breast cancers are frequently steroid 

hormone receptor (SR) negative [8, 9]. Alternatively, these statistically significantly 

associated concepts may be functionally linked. We first explored this question by 

comparing the sensitivity of  iWT and iKR cells to an EGFR/ERBB2 kinase inhibitor 

(lapatinib) [291] in cell proliferation MTT assays. Like previously shown (Fig. 6.2A), ligand-

dependent proliferation of  iKR cells was significantly greater than proliferation in iWT cells 

(Fig. 6.5, compare red solid to black solid). However, only ligand-dependent proliferation of  

iKR cells was highly sensitive to ERBB2 kinase inhibition (Fig. 6.5, see comparisons). This 

suggests that activation of  the ERBB2/MAPK pathway is primarily responsible for the 

heightened rate of  cell proliferation in SUMO-deficient PR cells, compared to cells 

expressing WT PR. 
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Luminal breast cancers are primarily SR-positive, but approximately 7% of  luminal A 

and 20% of  luminal B tumors are HER2-enriched (i.e. contain high levels of  HER2 

expression via gene amplification or other mechanisms) [7, 292]. We therefore tested the PR- 

and MAPK-dependent regulation of  selected genes co-associated with ERBB2 overexpression 

(Fig. 6.4B) and SUMO-sensitivity (above) in HER2-amplified but SR-positive BT-474 breast 

cancer cells that contain constitutively activated MAPKs [293]. Antiprogestin treatment 

dramatically inhibits BT-474 tumor growth in xenograft models [294] and significantly 

blocks BT-474 cell proliferation in MTT assays conducted over six days in vitro; similar results 

were observed with the MEK inhibitor, U0126 (data not shown). We first measured the 

expression of  PR target genes (CHN2 and RGS2) primarily regulated by KR (and ERBB2-
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associated; see Fig. 6.4B rows) but not WT PR, relative to a control gene not sensitive to PR 

SUMOylation (ACOT6; upregulated equally by WT and SUMO-deficient PR, Fig. 4.4A). 

Remarkably, progestin treatment induced elevated PR-B Ser294 phosphorylation (lane 2) and 

robust upregulation of  both CHN2 and RGS2 in BT-474 cells: 17-fold and 26-fold respectively 

(Fig. 6.6). Recall that RGS2 expression is weakly sensitive to progestin treatment in T47D 
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cells expressing WT PR (~2-fold) compared to KR PR (~20-fold) (Fig. 4.4A). ACOT6 

expression was also induced by R5020; expression of  all three genes was entirely blocked by 

antiprogestin RU486 (Fig. 6.6). Note that when CHN2 and RGS2 mRNA expression is highest 

(+R5020; compare lanes 1 and 2), although phospho-Ser294 PR is readily detected, total PR 

levels are greatly diminished and appear undetectable (lane 2), presumably due to ligand-

dependent (proteasome-mediated) downregulation of  activated PR species [160]. Pre-

treatment of  these cells with the MEK kinase inhibitor, U0126, blocked R5020-induced PR 

Ser294 phosphorylation and partially, but significantly, diminished both CHN2 and RGS2 

expression (Fig. 6.6, lane 6). In contrast, the expression of  ACOT6, a control gene unaffected 

by PR SUMO-status, was completely insensitive to MEK kinase inhibition. These data 

support our hypothesis and demonstrate that phosphorylation events contribute to both 

expression of  the SUMO-deficient PR gene signature and PR-induced proliferation in 

otherwise unmodified (i.e. containing WT PRs) SR-positive breast cancer cells. Similar to 

CHN2 and RGS2 (Fig. 6.6), we predict that a significant number of  genes upregulated in 

ERBB2 overexpressing luminal breast cancers are indeed PR-driven. 

The above findings prompted us to test whether PR gene signatures derived from 

our cell line models were predictive of  tumor behavior and patient survival in published 

human breast tumor cohorts. For example, the Loi et al. dataset [251] represents one of  the 

largest collections of  survival data from patients whose breast tumors were initially ER+/PR

+. Metagenes [295] were isolated from our T47D microarray dataset representing each 

sample (PR-null, WT PR, KR PR; with or without R5020 treatment). Using Kaplan–Meier 

survival analysis, we first compared patient tumors that express PR-related metagenes (WT 
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or KR, –/+R5020) to all other patient tumors. This analysis revealed that patients in this 

tumor cohort whose tumors expressed any PR gene signature (i.e. indicative of  

transcriptionally active PRs) experienced significantly reduced survival (P = 0.000785; Fig. 5C).  

Notably, patient tumors that did not express a PR-related metagene (Fig. 6.7A, top curve) 

were associated with ~80% long-term survival. Presumably, tumors in this group expressed 

abundant PR, but these receptors remained relatively inactive. Consistent with this notion, 

high PR mRNA levels were associated with good outcome [251]. Our findings suggest that 

classification of  tumors based on PR expression (rather then activity) is misleading. 

Interestingly, patients whose tumor gene signature resembled that of  T47D cells expressing 
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Fig. 6.7.  The SUMO-deficient PR gene expression signature predicts reduced 
patient survival. 
(A) Kaplan-Meier survival curve for distant metastasis free survival for patients whose tumors 
expressed the combined T47D metagenes (WT or KR, –/+R5020) relative to patient tumors 
lacking these metagenes. Patient samples include untreated and tamoxifen-treated ER-positive 
tumors from the Loi et al. 2007 dataset. (B) Survival curves as in part A for patients whose 
tumors expressed the combined SUMO-deficient T47D metagenes (KR –R5020, or KR +R5020) 
relative to patient tumors lacking these metagenes.
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Figure 1: Survival plot comparing patients that express either metagene 1 or 2 compared
with all other patients (p < 0.05).

Call:

survdiff(formula = Surv(as.numeric(t.rfs), e.rfs) ~ V1 > 0 |

V2 > 0, data = merged_30_1318525418.52, rho = 0)

n=268, 9 observations deleted due to missingness.

N Observed Expected (O-E)^2/E (O-E)^2/V

V1 > 0 | V2 > 0=FALSE 87 21 31 3.24 4.95

V1 > 0 | V2 > 0=TRUE 181 69 59 1.70 4.95

Chisq= 5 on 1 degrees of freedom, p= 0.0261

Figure 2: Call to R comparing metagene 1 or 2 expressing samples to all others.
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Call:

survdiff(formula = Surv(as.numeric(t.rfs), e.rfs) ~ V1 > 0 |

V3 > 0, data = merged_30_1318525418.52, rho = 0)

n=268, 9 observations deleted due to missingness.

N Observed Expected (O-E)^2/E (O-E)^2/V

V1 > 0 | V3 > 0=FALSE 132 38 45.3 1.18 2.38

V1 > 0 | V3 > 0=TRUE 136 52 44.7 1.20 2.38

Chisq= 2.4 on 1 degrees of freedom, p= 0.123

Figure 3: Call to R comparing metagene 1 or 3 expressing samples to all others.
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Figure 4: Survival plot comparing patients that express any PR related metagene com-
pared with all other patients (p < 0.05).

4

P = 0.00785

Patients with tumors not 
expressing PR metagene 

(gene signature) 

Patients with tumors 
expressing PR metagene

(gene signature)



KR +R5020 trended toward poorer outcome (P <0.1). To include the contribution of  ligand-

independent (KR) PR target genes, we combined patients whose tumors expressed both KR 

metagenes (KR –R5020, or KR +R5020). These patients experienced significantly reduced 

survival relative to those whose tumors did not express either of  the two KR metagenes (P = 

0.0261) (Fig. 6.7B). With respect to node and grade, there was no apparent association with 

expression of  the metagenes. These data suggest that PR-dependent transcription, and in 

particular, the actions of  the deSUMOylated (phospho-Ser294) receptor, contribute to rapid 

tumor progression and poor outcome in a subset of  (luminal) breast cancer patients.
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CHAPTER SEVEN

____________

Discussion

In this study, we performed gene expression profiling to better understand how PR 

SUMO modification impacts transcriptional activity and promoter selection. Using newly 

engineered breast cancer cell line models, we identified a deSUMOylated PR-driven gene 

signature that is present in human tumors and associated with decreased patient survival. 

Previously, we showed that PR phosphorylation at Ser294 antagonizes PR SUMOylation at 

Lys388 (Fig. 7.1) [165]. Herein, our novel data suggest that breast cancer cells may utilize this 

mechanism to shift PR transcriptional action toward target genes that drive cell proliferation 

and pro-survival pathways (Chapter 6). Using bioinformatics to analyze global gene 

expression levels (Fig. 4.2), we identified dramatic differences in transcriptional responses 

between WT and deSUMOylated PRs (Fig. 4.3, Appendix C) that were further characterized 

by ChIP analysis as alterations in promoter/enhancer selectivity (Chapter 5). Additionally, 
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treatment of  unmodified breast cancer cells (or cells expressing only WT PR-B) with EGF 

further implicated PR Ser294 phosphorylation (PR deSUMOylation) in transcriptional 

derepression of  selected PR target genes (Fig. 4.9). Notably, genes specifically upregulated by 

SUMO-deficient PR (i.e. phospho-PR driven) are significantly associated with genes that are 

highly expressed in ERBB2-positive human breast tumors and cell lines; our studies support 

a mechanistic link between phosphorylated (deSUMOylated) PR-B-specific transcriptional 

action and expression of  a subset of  ERBB2-associated genes (Fig. 6.4–6.7, Appendices E–F). 

Collectively, our data provide a strong rationale for further study into mechanisms of  
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phospho-PR-dependent regulation of  transcription and the potential contribution of  this 

activity to early or rapid breast cancer progression towards endocrine resistance.

Gene expression analysis identifies SUMOylation-sensitive PR target 
genes

 We previously reported that PR SUMOylation is transcriptionally repressive at a 

limited number of  endogenous gene loci, including HBEGF, IRS1, and STC1 [165, 206]; all 

three gene products are known to contribute to breast cancer cell proliferation [296-298]. 

Herein, we performed a comprehensive set of  experiments to measure the regulation of  

endogenous PR target genes using current microarray techniques for whole genome 

expression profiling in T47D cells expressing either WT PR or SUMO-deficient mutant 

K388R PR (phospho-mimic), treated with or without the synthetic progestin, R5020. Apart 

from our investigation of  the role of  reversible PR SUMOylation, this microarray dataset 

provides an updated well-controlled analysis (using newly created vector matched cell lines) 

of  WT PR-B transcriptional action in response to progestin treatment. Rigorous 

independent experiments were performed using additional cell lines and novel cell line 

clones expressing either constitutive (stable) or inducible WT or mutant PRs, and gene 

expression levels were measured using distinct microarray platforms (Illumina and 

Affymetrix). Indeed, our analysis confirmed 70% of  previously identified PR target genes 

[149, 244] but also uncovered hundreds of  novel PR target genes; many of  these are ligand-

independent examples (Appendix D). This dataset will provide a powerful resource for 
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future studies investigating mechanisms of  ligand-dependent and -independent PR-mediated 

transcriptional regulation.

 Notably, our comparison of  genes regulated by WT versus KR PRs revealed 

considerable overlap suggesting that the majority of  PR regulated genes are relatively 

insensitive to dynamic modification of  PR-B by SUMOylation/deSUMOylation (Fig. 4.3A–B, 

green and red Venn categories). However, within these categories, many genes displayed 

intermediate (varied) levels of  expression when regulated by either WT or KR PR, 

suggesting that multiple mechanisms impact PR mediated transcription, in part according to 

PR SUMOylation status. Conversely, smaller subsets of  genes were highly sensitive to the 

SUMOylation-status of  PR (Fig. 4.3A–B, blue, yellow, purple and orange Venn categories). 

Surprisingly, these subsets included genes that were both up and downregulated by KR PR 

relative to WT controls, suggesting that SUMOylation of  PR-B can be either repressive or 

activating, depending on the promoter context. For example, while many proliferative genes 

were increased, a number of  known tumor suppressor genes were repressed by 

deSUMOylated (KR) PR; this is a topic for further study. 

Based on our previous studies [165, 206], we predicted that phospho-Ser294-PRs (i.e. 

that are primarily deSUMOylated) mediate a shift in gene regulation that profoundly affects 

cancer cell phenotypes. Thus, herein our goal was to identify these genes and understand the 

mechanism(s) of  their differential regulation (by WT and KR PR) using entirely new breast 

cancer cell models. In cells stably expressing S294A PR, a receptor unable to be 

phosphorylated on Ser294 and thus heavily SUMOylated [160, 165], the expression of  

selected KR-upregulated genes (e.g. MSX2 etc.) was entirely blocked; transcriptional 
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upregulation was rescued in cells expressing the PR K388R/S294A double mutant (KRSA; 

Fig. 4.8C). These data demonstrate that PR SUMO modification dominantly represses 

transcription at PR target genes that are effectively “derepressed” in response to 

phosphorylation events. For example, PR-dependent MSX2 and RGS2 mRNA expression was 

greatly augmented upon EGF treatment of  cells expressing WT PR (Fig. 4.9A). We conclude 

that PR phosphorylation and deSUMOylation affects global gene expression patterns by 

dramatically altering PR transcriptional activity and promoter selectivity in breast cancer 

cells. 

Mechanisms impacting PR promoter selectivity

 Our microarray studies clearly demonstrate that PR SUMO modification alters the 

expression of  a broad range of  PR target genes but has no effect on others.  Little is known 

about the mechanisms of  promoter selectivity. However, this question has been addressed 

with regard to other SR family members [54]. SR interactions with chromatin are highly 

dynamic and occur as a rapid and continuous exchange [299]. Thus, concentrated regions of  

transcription factor “binding” (as measured by ChIP) actually reflect a shift in the 

equilibrium towards increased transcription factor occupancy at that region. Multiple factors 

may influence this equilibrium, such as SR binding to consensus DNA sequences, 

participation of  coregulatory factors within multi-protein complexes and/or sequestration 

of  SRs to specific cellular locations, as well as histone modifications that regulate chromatin 

accessibility. Additionally, studies of  restriction enzymes have revealed mechanisms that 

facilitate enzyme binding to consensus sequences up to 1000 times faster than is possible via 
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diffusion alone, suggesting the existence of  ancillary factors that facilitate binding [300]. 

Similarly, recent work has determined that specific proteins called "pioneer factors" aid in 

chromatin remodeling and localization of  SR transcription factors to nearby genomic 

binding sites (enhancers) in developmental tissue or cancer specific settings [212, 301, 302].  

 Modification of  protein substrates by the addition of  SUMO molecules can influence 

protein-protein interactions and/or alter protein stability, localization, or transcriptional 

activity (Fig. 2.1, reviewed in [241]). PR SUMOylation (at Lys388) most frequently represses 

PR transcriptional activity (but can increase it in a promoter dependent manner; Fig 4.4 

BCL2L11 and DNALI1), and tends to slow the rate of  ligand-dependent PR downregulation 

via proteasome mediated turnover [165], but does not appreciably alter PR location [204]. 

Numerous genes in our analyses behaved like MSX2; expression was substantially 

upregulated by SUMO-deficient KR PR, but not WT PR (Fig. 4.8C). Additionally, KR PR 

occupied the MSX2 enhancer 2–3 times more than WT receptor (Fig. 5.2). The finding that 

increased levels of  KR PR are recruited to this locus and associated with increased MSX2 

mRNA expression, suggests that PR SUMOylation (in the context of  SUMO-sensitive 

enhancer regions and chromatin) alters co-factor interactions that occur at the level of  PR 

DNA binding. Related to this finding, PIAS3, a PR SUMOylation E3 ligase, directly inhibits 

PR binding to PRE DNA sequences in vitro [204]. Thus PIAS3-mediated SUMO conjugation 

to WT (but not KR) PR may prevent efficient receptor binding to selected PRE sequences, 

thus subsequently shifting the equilibrium away from PR occupancy at these loci. How this 

mechanism might be sequence specific or promoter specific remains to be determined. 
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Promoter structure is likely to be an important determinant of  promoter selection 

by SUMOylated transcription factors, including PR. Holmstrom et. al [303] found that 

SUMOylated GR requires stable interaction with DNA containing multiple GR binding sites 

in order to efficiently inhibit transcription. Interestingly, GR SUMOylation also selectively 

affects the transcriptional induction of  linked endogenous genes [303]. Related to this 

finding, recent chromatin modification mapping studies have revealed that histone H3 Lys4 

mono- and dimethylation (H3K4me1/2) at enhancers is associated with transcriptionally 

active genes (Fig. 7.2) [263, 304]. Indeed, regions of  transcription factor accessibility to DNA 

response elements were first identified as DNase or MNase hypersensitive sites because 

these regions were relatively free from occupied nucleosomes [305]. H3K4me2 is believed to 

be an epigenetic marker at functional enhancers that may recruit additional proteins 
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Figure 1 | Transcriptional regulatory elements in metazoans. The promoter is typically comprised of proximal, 
core and downstream elements. Transcription of a gene can be regulated by multiple enhancers that are located 
distantly and interspersed with silencer and insulator elements, which are bound by regulatory proteins such as 
CCCTC-binding factor (CTCF). Recent genome-wide data have revealed that many enhancers can be defined  
by unique chromatin features and the binding of cyclic AMP-responsive element-binding (CREB) protein (CBP). 
H3K4me1/2, histone H3 mono- or dimethylation at lysine 4; H3K4me3, histone H3 trimethylation at lysine 4; H3K27me3, 
histone H3 trimethylation at lysine 27; H3.3/H2A.Z, histone variants H3.3 and H2A.Z; LCR, locus control region;  
TATA, 5!-TATAAAA-3! core DNA sequences; TSS, transcription start site. Figure is modified, with permission, from REF. 97 
" (2003) Macmillan Publishers Ltd. All rights reserved.

together with cohesin, may have an active role in the con-
trol of transcription by stabilizing long-range enhancer–
promoter interactions13. The role of these interactions is 
not limited to the regulation of transcription initiation; 
the interactions may also be required to release RNAPII 
from promoter-proximal pausing14. These findings are 
beginning to clarify the mechanisms by which enhancers 
can activate transcription over relatively long distances 
in an orientation-independent manner with the exquisite 
precision required to orchestrate the complex process of 
cell differentiation during development.

Chromatin features of enhancers
The distribution of post-translational histone modifica-
tions and the presence of specific histone variants influ-
ence gene expression by orchestrating the interaction of 
transcription factors with the chromatin fibre15. During 
the last few years, genome-wide mapping of epigeneti-
cally marked nucleosomes has been conducted in an 
attempt to understand how various histone modifica-
tions affect gene expression. These studies have led to 
new insights into the chromatin landscape of enhanc-
ers and its functional significance in the regulation of  
specific gene expression programmes.

Nucleosome dynamics define transcriptional enhancers. 
Assembly, mobilization and disassembly of nucleosomes 
can influence transcription and other processes that 
act on eukaryotic DNA16. Results from genome-wide 
mapping studies of nucleosome occupancy in different 
species indicate that the boundaries of cis-regulatory 
domains are marked by high rates of histone replace-
ment17, and transcription start sites are frequently 
associated with regions of low nucleosome occupancy 
(normally termed nucleosome-free regions)10,18–23. These 

findings suggest that nucleosome instability contributes 
to gene regulation by facilitating the access of transcrip-
tion factors to promoters and other regulatory elements. 
The presence of highly unstable nucleosomes contain-
ing the histone variants H3.3 and H2A.Z at several 
well-characterized enhancers suggests that nucleosome 
dynamics might also be important for their regulatory 
functions20,24,25 (FIG. 2). Indeed, this hypothesis is sup-
ported by three recent genome-wide studies. Isolation of 
HeLa cell chromatin with low salt concentration, which 
maintains the association of unstable histone variants 
to DNA, has led to the discovery that H3.3/H2A.Z-
containing nucleosome core particles are enriched at the 
nucleosome-free regions of regulatory elements across 
the genome26. Furthermore, regions of the genome that 
are hypersensitive to DNase I in CD4+ T cells but not 
in HeLa cells contain unstable double-variant nucleo-
somes in the CD4+ T cells but not the HeLa cells (FIG. 2a).  
This result indicates that the presence of dynamic nucleo-
somes reflects the activity of the hypersensitive sites,  
which in turn carry histone modifications correlated 
with enhancer activity20,26 (see below).

Analysis of androgen-mediated transcriptional pro-
grammes in prostate cancer cells has revealed a class of 
enhancers containing androgen receptor and forkhead 
box protein A1 (FOXA1) binding sites27. These enhanc-
ers are occupied by a central H2A.Z-containing nucleo-
some and a pair of flanking nucleosomes with histone 
H3 dimethylated at lysine 4 (H3K4me2). Androgen 
stimulation results in the disappearance of the central 
H2A.Z-containing nucleosome and an increase in the 
signal of the flanking H3K4me2 nucleosomes (FIG. 2b). 
This observation is indicative of transcription factors dis-
placing the nucleosome at their binding site. Quantitative 
modelling based on the behaviour of paired H3K4me2 
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Fig. 7.2.  Histone methylation at transcriptional regulatory elements.
Proximal promoter regions (within 500 bp) primarily contain histone H3 Lys4 trimethylation 
(H3K4me3), as revealed by large-scale ChIP-seq studies. Instead, distant enhancer regions (up or 
downstream) contain histone H3 Lys4 mono- and dimethylation (H3K4me1/2), marking these 
sites as transcriptional enhancer regulatory regions. In addition, CREB binding protein (CBP) is 
commonly associated at both promoter and enhancer regions triggering histone acetyl 
transferase activity and transcriptional activation. (Ong and Corces, Nat Rev Genet, 2011).



(pioneer factors) to facilitate nucleosome remodeling and accessibility of  the region for 

transcription factor binding [263]. We have not identified the pioneer factors for PR 

recruitment, but in this study we observe elevated H3K4 dimethylation at the MSX2 

enhancer in cells expressing SUMO-deficient KR PR, compared to WT PR. In this model, 

deSUMOylated PR may preferentially recruit the histone methyltransferase, MLL2 (i.e. to 

the MSX2 enhancer), resulting in sustained H3K4 dimethylation that allows formation of  

productive transcriptional complexes at active sites that are normally repressed by 

SUMOylated receptors.

Finally, DNA binding specificity for SRs is also highly dependent on sequence 

composition. Studies investigating GR demonstrate that single base pair changes in 

consensus GRE/PRE sequences can dramatically affect receptor binding and cofactor 

interaction [218]. Thus, DNA itself  appears to be a sequence specific allosteric ligand for SRs 

that can directly influence promoter selectivity and transcriptional consequences. 

SUMOylated GRs appear to prefer near-perfect consensus GR-binding sites [303]. Notably, as 

with PR, site-specific phosphorylation of  GR also alters its promoter preference [306]. It is 

currently unknown whether SUMOylated versus deSUMOylated PRs differentially recognize 

different PRE sequences (i.e. we did not perform ChIP-seq experiments to identify all PR-

binding sites). However, this seems plausible because SUMO modifications can dramatically 

alter substrate protein conformation. Clearly, deSUMOylated PRs are capable of  recruiting 

abundant PR coactivators (CBP, MLL2) to enhancer regions; the more rapid or stable 

creation of  functional transcriptional complexes may account for the increased “sampling” 

or use of  selected promoters by KR relative to WT PRs (Chapter 5). Our analysis revealed no 
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obvious global signal(s) that could account for preferential repression or activation of  

selected enhancer regions over others by SUMOylated or deSUMOylated PRs. Studies to 

map the WT and KR PR cistromes are on-going.

Clinical implications of deSUMOylated PR gene expression
 

Targeting ER function in luminal breast cancers with selective ER modulators 

(SERMs, like tamoxifen) and/or aromatase inhibitors (e.g. anastrozole, letrozole, or 

exemestane) is very effective for a majority of  women [108, 307]. Indeed, because SR cross-

talk with growth factor signaling pathways is extensive and tumors tend to progress towards 

endocrine resistance under the influence of  heightened growth factor signaling, 

combination therapies targeting both ER and ERBB receptors enhance progression free 

survival [308, 309]. Herein, we have uncovered a unique set of  genes that were upregulated, 

or derepressed, by deSUMOylated (phospho-mimic) PR species under both ligand-

dependent (151 genes) and ligand-independent conditions (92 genes) (Fig. 6.4A, Appendix E). 

Elevated expression of  these genes may signify tumors that are primarily driven by 

hyperactive phospho-PR (deSUMOylated) species, particularly in cancers characterized by 

activated growth factor signaling cascades. For example, MAPK and CDK2 or CDK4/6 are 

known drivers of  breast cancer progression that likely induce persistent PR Ser294 

phosphorylation in some breast tumors (Fig. 4.1). We predict that patients with luminal-type 

(ER+/PR+) breast tumors that express this “phospho-PR” gene signature exist (see Fig. 4.1 

and Appendix E) and that this subset, if  identified early, could benefit from endocrine 

therapies that include the use of  newer highly selective antiprogestins (i.e. ZK 230211, 
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CDB-4124), perhaps in combination with currently used antiestrogens and/or growth factor 

pathway inhibition. 

Indeed, much research has shown that PR is not only a clinical marker of  functional 

ER expression, but also an important independent driver of  tumor progression (reviewed in 

[4]). Notably, as SR+ luminal A-type tumors progress towards a more aggressive growth 

factor-high luminal B-type phenotype, SR expression begins to decline, starting with PR loss. 

These poor prognosis luminal-B-type tumors are often clinically characterized as ER+/PR-

low or null and are more likely to become endocrine resistant. We showed previously that 

deSUMOylated phospho-PR function as hyperactive receptors but also turnover rapidly via 

the ubiquitin-proteasome pathway (Fig. 4.2A and [160]). In fact, when PR-dependent 

transcription peaks, as measured by RT-qPCR of  endogenous gene readouts (via mRNA 

levels, as in Fig. 6.6) or using reporter genes, PR protein levels are virtually undetectable 

[265]. This finding raises the important question of  whether PR is also hyperactive in a 

subset of  breast tumors that are clinically defined as PR-low or null (i.e. as generally 

measured by methods of  total protein detection in clinical settings). Interestingly, breast 

tumors are capable of  de novo progesterone synthesis, a process mediated by growth factor-

dependent signaling [39-41]. Tumor-cell (local) production of  progesterone may contribute 

to sustained PR action (i.e. at ligand-dependent genes) in more aggressive ER+/PR+ 

tumors. 

Surprisingly, herein we found that breast cancer cells expressing deSUMOylated 

phospho-PR drive the expression of  cell proliferation genes (Fig. 6.4A, Appendix E), many 

directly involved in positive regulation of  the ERBB/MAPK signaling pathway, thus setting 
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up a “feed-forward” vicious cycle that is clearly associated with tumor progression [7, 310]. 

Our data suggest that phospho-PR may act as a driver of  this transition (i.e. tumor 

progression towards the gain of  growth factor-driven pathways that can precede SR loss) as 

indicated by significant similarity to our uniquely defined PR signatures (Fig. 6.4A, Appendix 

E). Our key findings are supported by available clinical data from the Women's Health 

Initiative and Million Women’s Study showing that breast tumors that arose in women 

taking a progestin as part of  HRT were more frequent, larger, and of  higher grade relative to 

control groups [34, 37]. Remarkably, a recent analysis of  these data demonstrated that 

estrogen-only HRT may actually protect women from invasive breast cancer [35, 36]. Taken 

together with the work of  others [311-313], our data support the concept that targeting PR 

action in breast cancer patients may be highly beneficial, especially for patients that become 

SERM resistant. Of  note, roughly 40% of  patients will initially fail or eventually develop 

resistance to endocrine therapies aimed solely at targeting estrogen action; this represents a 

large and underserved population.

 The intense study surrounding the molecular subtypes of  breast cancer has provided 

great insights into genetic characteristics of  this heterogeneous cancer [7], but current 

targeted therapies are still focused on a small number of  clinical-pathological markers. 

While it is true that knowing the status of  various markers (e.g. ER, PR, and HER2) has 

prognostic value and can inform current therapies, measuring mRNA levels for an expanded 

number of  relevant genes (i.e. gene signatures) will provide more sensitive and specific 

information regarding the genetic pathways active in the tumor. This knowledge could be 

used to inform clinical decisions, especially when targeted therapies are considered. Thus, 
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there has been rapid expansion of  prognostic mRNA expression based assays to classify 

breast tumors [251, 314-316]. However, currently available prognostic signatures fail to link 

changes in gene expression to the molecular drivers present in a given tumor. Here, we have 

identified a PR-dependent gene signature more likely to characterize aggressive tumors (Fig. 

6.4A, 6.7, Appendix E). Our studies implicate deSUMOylated phospho-PRs as major drivers 

of  this phenotype. Although validation studies in animal models are required (in progress), 

our studies strongly support the use of  antiprogestins as valuable additions to state-of-the-art 

antiestrogen-based endocrine therapies. Identification of  patients with PR-driven tumors 

(that contain a phospho-PR gene signature) may allow early intervention aimed at 

preventing the development of  endocrine resistance.

Conclusions

 Herein, we have determined that PR transcriptional action is more complex than 

originally thought, insofar as PR are sensors for mitogenic stimuli whereby phosphorylation 

events drive the receptor toward the deSUMOylated state, resulting in a dramatically altered 

transcriptional program that promotes cell proliferation and pro-survival. We have 

uncovered a deSUMOylated phospho-PR gene signature of  both known and novel PR target 

genes that is a marker of  hyperactive PR signaling in breast cancer cell models; this signature 

is indeed also present in a subset of  patients with recurrent breast cancer (Fig. 4.1 and 6.7). 

In the future, this unique signature may provide a valuable prognostic measure for 

identifying patients whose tumors are likely to rapidly progress and/or become endocrine-

resistant (i.e. to estrogen-based therapies).
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Antibody Name Vendor Catalog Number

PR NeoMarkers Ab-8

phospho-Ser294 PR Dean Edwards, PhD (Baylor, 
Houston, TX)

Clemm et al. (2000) Mol 
Endocrinol 14: 52-65

CBP Santa Cruz Biotechnology A-22, sc-369

MLL2 Santa Cruz Biotechnology I-18, sc-68671

H3K4me2 Active Motif 39141

Beta-Actin Sigma a4700

ERK1/2 Cell Signaling Technology, 
Inc. 9102

phospho-ERK1/2 Cell Signaling Technology, 
Inc. 9101

PARP Cell Signaling Technology, 
Inc. 9541
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Primer Name Sequence (5' to 3') Application

ABCA3-RTPCR-F CTGTCTTTCATCCTTCCCAGAG RT-PCR

ABCA3-RTPCR-R TCTTTCTGCTTCTTCTCCAGTTTAG RT-PCR

ACOT6-RTPCR-F GGCTTATTTCAGATTTGAAGACCTC RT-PCR

ACOT6-RTPCR-R AGAAGCGCAATACTAGGACCTTTC RT-PCR

BCHE-RTPCR-F TGCTCAACAATGTCGATTCTG RT-PCR

BCHE-RTPCR-R TTCCACTCCCATTCTGCTTC RT-PCR

BCL2L11-RTPCR-F GTCTGACTCTGACTCTCGGACTG RT-PCR

BCL2L11-RTPCR-R GAACTTACATCAGAAGGTTGCTTTG RT-PCR

CHN2-RTPCR-F ACCAGCCTCCTATATGGAAATC RT-PCR

CHN2-RTPCR-R CTCCCGAGGACAAATGATTC RT-PCR

DNALI1-RTPCR-F AGAAGAAGCACAATGAGGAGATTC RT-PCR

DNALI1-RTPCR-R CATGTGGAAATTATCACTTCTTTGG RT-PCR

GAPDH-RTPCR-F GCCAAAAGGGTCATCATCTCTGCC RT-PCR

GAPDH-RTPCR-R TGGTGGTGCAGGAGGCATTG RT-PCR

MAP1A-RTPCR-F TGCTGGATGCCCTGCTGGAG RT-PCR

MAP1A-RTPCR-R ACCACTCACGAGTCACCTCCG RT-PCR

MAT2A-RTPCR-F AAATCCCTTGTTAAAGGAGGTCTG RT-PCR

MAT2A-RTPCR-R CTGAGAGGTACCATAATGGAAAATG RT-PCR

MSX2-RTPCR-F AGCGGCGTGGATGCAGGAAC RT-PCR

MSX2-RTPCR-R TGCGCGGCTTCCGATTGGTC RT-PCR

PDK4-RTPCR-F CATACTCCACTGCACCAACG RT-PCR

PDK4-RTPCR-R AGAAATTGGCAAGCCGTAAC RT-PCR

RAC2-RTPCR-F TCTCATCAGCTACACCACCAAC RT-PCR
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Primer Name Sequence (5' to 3') Application

RAC2-RTPCR-R ACATTGGCTGAATAGTTGTCAAAC RT-PCR

RGS2-RTPCR-F AGCTGTCCTCAAAAGCAAGG RT-PCR

RGS2-RTPCR-R TCTGGGCAATCAGAGTTTTG RT-PCR

SULF1-RTPCR-F CCGATGATCAAGATGTGGAG RT-PCR

SULF1-RTPCR-R CAAAGGCATTGATGAAGGTG RT-PCR

P2RY6-RTPCR-F ATAACAAGACCTCTGCCAGAAGAAC RT-PCR

P2RY6-RTPCR-R CAGGTGGGTTTCCTATGTTCAG RT-PCR

PARP4-RTPCR-F AGAAGATGTAGACTTCCTGCCCTAC RT-PCR

PARP4-RTPCR-R TTTCGTTTGGATAAACGTAATTCTG RT-PCR

HBB-ChIP-F TCCAACTCCTAAGCCAGTGC ChIP

HBB-ChIP-R TGCTCCTGGGAGTAGATTGG ChIP

MAP1A-ChIP-F GCCAGCCAACTGCTATCTTC ChIP

MAP1A-ChIP-R CTGGGAGTGCTCTGGAAGG ChIP

MAT2A-ChIP-F GTTCCCTGAGAACCTCATTAAACC ChIP

MAT2A-ChIP-R GGTCTCTGCAGCCTGTTCTG ChIP

MSX2-ChIP-101-
enhancer-F CACATTTCTGTCTGACTCTGAAGC ChIP

MSX2-ChIP-101-
enhancer-R CCACATTTGCTAGCTTATTAGTTCTG ChIP

MSX2-ChIP-102-
enhancer-F GACGTCCAGATCAGAACTAATAAGC ChIP

MSX2-ChIP-102-
enhancer-R CTGACTTTGACAATAGGTCCTCAAG ChIP

MSX2-ChIP-103-
enhancer-F CTTGAGGACCTATTGTCAAAGTCAG ChIP
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Primer Name Sequence (5' to 3') Application

MSX2-ChIP-103-
enhancer-R CAAGCTCATGGACATCAAATAGAAG ChIP

MSX2-ChIP-104-
enhancer-F ATTCTTCTATTTGATGTCCATGAGC ChIP

MSX2-ChIP-104-
enhancer-R TCAGACCCAGTCACTAACATTTCTAC ChIP

MSX2-ChIP-105-
enhancer-F CATGCCAAGAGTAGAAATGTTAGTG ChIP

MSX2-ChIP-105-
enhancer-R AAATGGTCCAAGAGAATATGGTAAG ChIP

MSX2-ChIP-106-
enhancer-F GGATCCATTGTCAAGGAAACTTAC ChIP

MSX2-ChIP-106-
enhancer-R AGAGATTGCCATCAGTACAGGAC ChIP

MSX2-ChIP-107-
enhancer-F GTACTGATGGCAATCTCTGGTTC ChIP

MSX2-ChIP-107-
enhancer-R ATCATTTTGTTCTGAAGGATTTCTC ChIP

MSX2-ChIP-108-
enhancer-F AAATCCTTCAGAACAAAATGATCC ChIP

MSX2-ChIP-108-
enhancer-R TAATCTTCTGGCTCTATCCTTCTCC ChIP

MSX2-ChIP-109-
enhancer-F CTACTGGTTGAGGAGAAGGATAGAG ChIP

MSX2-ChIP-109-
enhancer-R GAGTTTGGAATTCCTATTAATGCTC ChIP

MSX2-ChIP-110-
enhancer-F AAACTCAGTATCAGCAGCCTGTC ChIP

MSX2-ChIP-110-
enhancer-R CACTGATTTGCTTTCTAACCGATAC ChIP

134



Primer Name Sequence (5' to 3') Application

MSX2-ChIP-111-
enhancer-F TACTGCTGCTGCTTCTAACACATC ChIP

MSX2-ChIP-111-
enhancer-R CACAAGGCAACTGGATAATTAACTG ChIP

MSX2-ChIP-112-
enhancer-F TTAATTATCCAGTTGCCTTGTGAAG ChIP

MSX2-ChIP-112-
enhancer-R AGAGAGGGCAGACAGATGTACC ChIP

MSX2-ChIP-
enhancerPRE-F TGGACCATTTAAGGGCTGAG ChIP

MSX2-ChIP-
enhancerPRE-R GACTCTGTGGGAAGCTGAGG ChIP

MSX2-ChIP-proximal-
promoter-F GCATACATTTCTTTCACAGGGATAC ChIP

MSX2-ChIP-proximal-
promoter-F TGGCTTACTTTACAGTTCCAGAAAG ChIP

PDK4-ChIP-F CGGAGCCCATAGTTCTTTCTC ChIP

PDK4-ChIP-R TTATTTGTCTCCCCGCACTC ChIP

RGS2-ChIP-F AACAAATAAAACTTAATCAAGGAAACTG ChIP

RGS2-ChIP-R CTTGTTGAGTTAGGATTTACCAGAAC ChIP
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APPENDIX C

____________

Genes differentially regulated 
by wild-type and SUMO-deficient PR
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Description

Gene names and their normalized expression values from each Venn diagram 

category (Fig. 4.3) were organized into different Excel worksheets. Multiple biological 

sample comparisons were performed (e.g. genes upregulated by both ligand-dependent WT 

and KR, green category in Venn diagram); genes with absolute value log2 fold change >0.6 

(i.e. >1.5 fold up- or downregulated) and BH adjusted P <0.01 are presented in the 

corresponding Excel worksheets. In each worksheet, multiple sample comparisons (log2 fold 

change and BH adjusted P value) and the log2 normalized intensities are displayed for each 

gene. Data were sorted based on the highest expression (log2 fold change) in the specific 

sample comparison being presented in each corresponding Excel worksheet (columns 

highlighted with grey cell background color). If  multiple probe sets represented a single 

gene, the probe set with the highest expression value was used in downstream analyses and 

other probe sets were removed.

The supplementary electronic file is available for download at: 
http://toddknutson.org/thesis
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APPENDIX D

____________

Overlapping lists of PR-dependent 
target genes from previously 

described gene expression 
microarrays

138



Description

Excel workbook comparing previously known PR target genes [147, 242] to novel PR 

target genes discovered herein. Three different gene lists were compared using Venn 

diagram analyses: genes upregulated by WT PR, upregulated by SUMO-deficient KR PR, or 

previously known genes upregulated by WT PR-B. Genes identified herein were upregulated 

>1.5 fold BH adjusted P <0.01. Analyses were performed for genes upregulated in response 

to progestin treatment or genes upregulated in ligand-independent conditions. Analyses of  

genes downregulated by PR were omitted (few PR target genes were previously known to be 

downregulated by PR-B). Notably, very few ligand-independent PR target genes have been 

reported to date [242]. Perhaps not surprisingly, we observed little overlap between these 

datasets.

The supplementary electronic file is available for download at: 
http://toddknutson.org/thesis

139

http://toddknutson.org/thesis
http://toddknutson.org/thesis


APPENDIX E

____________

The PR ligand-dependent (LD) and 
ligand-independent (LI) KR>WT

gene signatures

140



Description

The ligand-dependent (LD) and ligand-independent (LI) KR>WT gene signatures 

are provided. For each gene signature, the gene names, normalized expression values, and 

the BH adjusted P values are provided for all biological samples and sample comparisons. 

The LD (151 genes) and LI (92 genes) KR>WT gene signature lists are provided in whole. In 

addition, the associated electronic supplementary file contains the gene expression values for 

each gene in the signature.

Available below, in brief. 
The supplementary electronic file is also available for download at: 

http://toddknutson.org/thesis
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LD KR>WT gene signature
(151 genes)

LD KR>WT gene signature
(151 genes)

LI KR>WT gene signature
(92 genes)

LI KR>WT gene signature
(92 genes)

Probe ID Gene Name Probe ID Gene Name

ILMN_1737650 DIO2 ILMN_2176592 BCHE

ILMN_1753648 SPRYD5 ILMN_1791270 CDH10

ILMN_1697543 SPINK5L3 ILMN_1706176 GNAT3

ILMN_1721626 ARID5B ILMN_1801584 CXCR4

ILMN_1730995 AFAP1L2 ILMN_2189027 LIPG

ILMN_1701558 MAP1A ILMN_1805665 FLRT3

ILMN_1811014 PGR ILMN_2380967 DNASE1L1

ILMN_1687978 PHLDA1 ILMN_2366642 VCX3A

ILMN_1759513 RND3 ILMN_2340259 PDE4B

ILMN_1683607 CYP1A2 ILMN_1804277 SPRED1

ILMN_1779875 THY1 ILMN_2316236 HOPX

ILMN_1753502 IGSF11 ILMN_1684886 VCX

ILMN_2121408 HBEGF ILMN_1679133 SERPINB1

ILMN_1766951 MSX2 ILMN_1779241 CRYM

ILMN_2180232 UTS2D ILMN_2166716 VCX-C

ILMN_1797181 LOC93622 ILMN_1670870 ALCAM

ILMN_1708881 RAB20 ILMN_3305614 ZNF812

ILMN_2197365 RGS2 ILMN_1704154 TNFRSF19

ILMN_1693233 KIAA0513 ILMN_1667169 LOC440349

ILMN_3305614 ZNF812 ILMN_2396020 DUSP6

ILMN_1684982 PDK4 ILMN_3236667 GAGE12D

ILMN_2153837 SCNN1G ILMN_1713008 ABCC11

ILMN_1743373 DLL1 ILMN_2297765 KCNMA1
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LD KR>WT gene signature
(151 genes)

LD KR>WT gene signature
(151 genes)

LI KR>WT gene signature
(92 genes)

LI KR>WT gene signature
(92 genes)

Probe ID Gene Name Probe ID Gene Name

ILMN_1791569 PLXNA1 ILMN_2374159 HERPUD1

ILMN_1762207 SGSM1 ILMN_1731433 ABP1

ILMN_1691798 ZNF26 ILMN_1674620 SGCE

ILMN_1769201 ELF3 ILMN_1672350 JAM2

ILMN_1786041 ASB9 ILMN_2394287 ATP6V0A4

ILMN_1775708 SLC2A3 ILMN_2104486 GAGE8

ILMN_1692177 TSC22D1 ILMN_1703852 EFNB2

ILMN_3287125 LOC340970 ILMN_2384857 DHRS2

ILMN_1668822 BATF ILMN_2140510 KLHL13

ILMN_1758619 SAG ILMN_1739238 L1CAM

ILMN_2403237 CHN2 ILMN_1713496 ST3GAL5

ILMN_1777853 MBOAT2 ILMN_1785413 ATP2C2

ILMN_2131861 SOCS2 ILMN_2178587 ANKRD6

ILMN_1810274 HOXB2 ILMN_1739521 NLGN1

ILMN_1681848 LOC399939 ILMN_1748323 CXCL14

ILMN_1716265 PGM2L1 ILMN_3251587 LOC100008589

ILMN_3279169 LOC100134006 ILMN_1724686 CLDN1

ILMN_1710027 PNMT ILMN_1720511 LRRN1

ILMN_1691747 KHDRBS3 ILMN_1773561 RAP2C

ILMN_1768534 BHLHB2 ILMN_1753312 PLXDC2

ILMN_1802205 RHOB ILMN_1758523 ABCA3

ILMN_1795930 PTGER4 ILMN_1780170 APOD

ILMN_1713124 AKR1C3 ILMN_1698666 CST6
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LD KR>WT gene signature
(151 genes)

LD KR>WT gene signature
(151 genes)

LI KR>WT gene signature
(92 genes)

LI KR>WT gene signature
(92 genes)

Probe ID Gene Name Probe ID Gene Name

ILMN_1766650 FOXA1 ILMN_1796349 SMPDL3A

ILMN_1661599 DDIT4 ILMN_1801216 S100P

ILMN_1748840 CALB2 ILMN_1685703 ACOX2

ILMN_1652464 TUBA3E ILMN_1766054 ABCA1

ILMN_2305407 ZBTB16 ILMN_1774110 CHN2

ILMN_1762021 TRIM48 ILMN_1808508 KITLG

ILMN_1656951 APCDD1 ILMN_1761941 C4orf18

ILMN_2388800 PPAP2B ILMN_1709257 DSCR6

ILMN_1700967 C3orf59 ILMN_1759818 SORL1

ILMN_3202883 LOC440040 ILMN_2230016 HIGD1A

ILMN_1724832 OVOL2 ILMN_1677607 SC5DL

ILMN_3229324 SGK1 ILMN_1678816 GREM2

ILMN_1781514 PCDH17 ILMN_3178302 FNDC3B

ILMN_1661994 ESRRG ILMN_1738712 GPR180

ILMN_1653496 GLUL ILMN_1770467 GAGE7

ILMN_2386179 ZMYND8 ILMN_1801443 TSKU

ILMN_2275098 DTX2 ILMN_3242920 GAGE12F

ILMN_1770635 SOX2 ILMN_1735157 GALNT12

ILMN_2095759 OGFRL1 ILMN_1741422 FUT8

ILMN_1672403 ADAMTS8 ILMN_1706015 FAM43A

ILMN_1754114 FLJ20021 ILMN_3197767 LOC645691

ILMN_2132982 IGFBP5 ILMN_3235101 LOC100133985

ILMN_1672004 TOB1 ILMN_2136133 PABPC1
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LD KR>WT gene signature
(151 genes)

LD KR>WT gene signature
(151 genes)

LI KR>WT gene signature
(92 genes)

LI KR>WT gene signature
(92 genes)

Probe ID Gene Name Probe ID Gene Name

ILMN_1657571 ASNA1 ILMN_3289659 LOC645548

ILMN_1702487 SGK ILMN_2137789 KLF4

ILMN_1791447 CXCL12 ILMN_1742460 PCDH11X

ILMN_1661755 FAM129B ILMN_1730351 FLJ35767

ILMN_1734833 NBN ILMN_3235221 LOC644936

ILMN_2215639 TUBA3D ILMN_3241021 RNY4

ILMN_1760087 SLC26A3 ILMN_1754864 SLC25A18

ILMN_1809931 NDRG1 ILMN_1724734 UQCC

ILMN_3235379 LOC100134265 ILMN_1679995 MPP6

ILMN_2369666 CR2 ILMN_1700257 C4orf32

ILMN_3232519 LOC100129129 ILMN_2089329 SPRY2

ILMN_1813270 ELF5 ILMN_1678757 BCYRN1

ILMN_1799642 TRIM24 ILMN_1713124 AKR1C3

ILMN_1703955 FBXO32 ILMN_1651838 RND1

ILMN_2201413 SLC37A2 ILMN_1810835 SPRR3

ILMN_1713744 C14orf132 ILMN_1794492 HOXC6

ILMN_1712894 FUT1 ILMN_1810127 ZNF789

ILMN_1731648 FOXJ2 ILMN_1794875 AGPAT9

ILMN_1656938 LOC731486 ILMN_2169439 ITGAV

ILMN_1780598 PIAS1 ILMN_1796755 ITGB5

ILMN_1699676 C14orf147 ILMN_3265742 LOC100130835

ILMN_1758404 TFAP2B ILMN_1796339 PLEKHA2

ILMN_2094856 RANBP3L ILMN_1757020 CDH8
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LD KR>WT gene signature
(151 genes)

LD KR>WT gene signature
(151 genes)

LI KR>WT gene signature
(92 genes)

LI KR>WT gene signature
(92 genes)

Probe ID Gene Name Probe ID Gene Name

ILMN_2188204 ATG12

ILMN_2376953 KCNK2

ILMN_1681515 CRLF1

ILMN_2406656 GATA3

ILMN_2228463 DDC

ILMN_1720158 ETS2

ILMN_2073732 CBLL1

ILMN_1710209 MFSD6

ILMN_1807201 FAM104A

ILMN_1765686 LOC642362

ILMN_1761093 B3GAT1

ILMN_1803811 TRIB1

ILMN_1754600 FNBP1L

ILMN_1775380 SMOX

ILMN_1738491 SNX30

ILMN_1701007 PON3

ILMN_1664440 TP53BP1

ILMN_1801504 RUNX1

ILMN_1776516 ITPKA

ILMN_1680104 SLC35C1

ILMN_2169089 C18orf54

ILMN_1749875 LOC728715
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LD KR>WT gene signature
(151 genes)

LD KR>WT gene signature
(151 genes)

LI KR>WT gene signature
(92 genes)

LI KR>WT gene signature
(92 genes)

Probe ID Gene Name Probe ID Gene Name

ILMN_1805330 KLHL26

ILMN_2169490 TDRD9

ILMN_1732410 SLC16A9

ILMN_2329914 SPRY1

ILMN_2405254 GRB7

ILMN_1811364 SGPP2

ILMN_1736015 PHF17

ILMN_1772137 LOC650577

ILMN_1764629 SLC39A14

ILMN_2364272 MBNL2

ILMN_1671554 LPIN1

ILMN_1752510 FAM13A

ILMN_1763228 MEF2D

ILMN_1745034 SLC11A2

ILMN_1682015 GAL

ILMN_1657679 VAV3

ILMN_1778523 KLF9

ILMN_1697448 TXNIP

ILMN_3229749 TRIM53

ILMN_1674193 EMX1

ILMN_1732071 HIST2H2BE

ILMN_1734366 RORC
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LD KR>WT gene signature
(151 genes)

LD KR>WT gene signature
(151 genes)

LI KR>WT gene signature
(92 genes)

LI KR>WT gene signature
(92 genes)

Probe ID Gene Name Probe ID Gene Name

ILMN_1811272 GPR81

ILMN_1703531 S1PR3

ILMN_1765574 TFAP2A

ILMN_1736093 SNX33

ILMN_3236045 SPINT3

ILMN_1781400 SLC7A2

ILMN_1715864 NHS

ILMN_1667295 VASN

ILMN_1670672 TMEM37

ILMN_1664176 FBLN5

ILMN_1789400 FOXD2

ILMN_1667115 TMEM61

ILMN_1708798 EAF2

ILMN_1764850 HPCAL1

ILMN_1771728 PXMP4
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APPENDIX F

____________

Breast tumor Oncomine concepts 
associated with the LD KR>WT 

gene signature
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Description

Detailed data produced from the Oncomine analysis described in Fig. 6.4 is provided. 

All Oncomine breast cancer dataset concepts that were associated with various gene 

signatures are provided (electronically), including the LD KR>WT gene signature (printed 

below). Of  which, five ERBB2-positive datasets (3 tumor and 2 cell line) were associated 

with the LD KR>WT concept (rows shown bold). For one of  these significantly associated 

concepts, a table of  the overlapping genes present in both the PR-gene signature concept 

(LD KR>WT) and the ERBB2-positive associated concept (from the Bonnefoi et al. dataset 

[288]) is available electronically. Also, the top 20 genes presented in the heat map (Fig. 6.4B) 

are available (shaded with yellow background), in addition to all other genes from the 

dataset [288] not shown in the heat map (available electronically). This Oncomine dataset 

[288] is defined as "genes over-expressed in Ductal Breast Carcinoma ERBB2-positive 

tumors". 

Available below, in brief. 
The supplementary electronic file is also available for download at: 

http://toddknutson.org/thesis
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Concept Name (that is 
associated with LD KR>WT 

concept)

Overlapping 
Genes

P
Value

Q
Value

Odds 
Ratio

Cancer Type: Breast Cancer - Top 
5% Over-expressed (Yu Multi-
cancer)

21 4.95E-08 4.78E-05 4.8

Ductal Breast Carcinoma - ERBB2/
ER/PR Negative - Top 5% Under-
expressed (Bittner Breast)

24 7.25E-08 6.92E-05 4.1

Breast Cancer Cell Line - ERBB2 
Positive - Top 10% Over-expressed 
(Neve CellLine)

29 3.19E-07 2.12E-04 3.4

Estradiol Treatment + Luciferase 
shRNA Knockdown Control - MCF7 
Cell Line - Top 1% Under-expressed 
(Zhang CellLine 3)

9 1.09E-06 5.09E-04 9.8

Ductal Breast Carcinoma - ERBB2 
Positive - Top 10% Over-expressed (Lu 
Breast)

33 1.31E-06 5.79E-04 2.9

Estradiol Treatment - MCF7 Cell 
Line - Top 10% Under-expressed 
(Musgrove CellLine)

33 1.31E-06 5.72E-04 2.9

CellLine (Adorno) - Cluster ID 
n9879 10 1.69E-06 7.21E-04 7.9

Breast (Farmer) - Cluster ID n7789 6 2.80E-06 0.001 17.8

Estradiol Treatment - MCF7 Cell 
Line - Top 10% Under-expressed 
(Rae CellLine)

27 3.65E-06 0.001 3.1

Breast Adenocarcinoma Type: 
Lobular Breast Carcinoma - Top 
10% Over-expressed (Lu Breast)

32 3.83E-06 0.001 2.8
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Concept Name (that is 
associated with LD KR>WT 

concept)

Overlapping 
Genes

P
Value

Q
Value

Odds 
Ratio

Ductal Breast Carcinoma - ERBB2 
Positive - Top 5% Over-expressed 
(Bonnefoi Breast)

21 4.37E-06 0.001 3.5

Breast Cancer Cell Line - ERBB2 
Positive - Top 5% Over-expressed 
(Hoeflich CellLine 2)

21 4.40E-06 0.001 3.5

Ductal Breast Carcinoma - High 
Grade - Top 5% Under-expressed 
(Bittner Breast)

21 4.40E-06 0.002 3.5

Estradiol Treatment - T-47D Cell 
Line - Top 5% Under-expressed (Rae 
CellLine)

18 4.64E-06 0.002 4

CellLine (Vivanco) - Cluster ID 
n9720 16 4.86E-06 0.002 4.3

CellLine (Gomez) - Cluster ID 
n9969 18 5.53E-06 0.002 3.9

Breast Adenocarcinoma Type: 
Ductal Breast Carcinoma - Top 10% 
Under-expressed (Lu Breast)

31 1.07E-05 0.003 2.7

Ductal Breast Carcinoma - ERBB2 
Positive - Top 10% Over-expressed 
(Richardson Breast 2)

31 1.07E-05 0.003 2.7

Ductal Breast Carcinoma - ERBB2/
ER/PR Negative - Top 10% Under-
expressed (Richardson Breast 2)

31 1.07E-05 0.003 2.7

Breast Carcinoma - Metastatic Event 
at 1 Year - Top 10% Under-expressed 
(Minn Breast 2)

26 1.15E-05 0.003 3
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Concept Name (that is 
associated with LD KR>WT 

concept)

Overlapping 
Genes

P
Value

Q
Value

Odds 
Ratio

Epidermal Growth Factor 
Treatment + EGFR Transfection - 
MCF7 Cell Line - Top 5% Over-
expressed (Creighton CellLine)

17 1.86E-05 0.004 3.7

Breast (Schmidt) - Cluster ID n1926 5 2.52E-05 0.005 16.7

Cancer Type: Breast Cancer - Top 
10% Over-expressed (Wooster 
CellLine) 

30 2.90E-05 0.006 2.5

CellLine (Neve) - Cluster ID n7358 4 3.68E-05 0.007 25.8

Breast (Huang) - Cluster ID n1358 4 4.20E-05 0.008 25.7

CellLine (Nickeleit) - Cluster ID 
n9006 13 5.05E-05 0.009 4.1

Ductal Breast Carcinoma - ERBB2/
ER/PR Negative - Top 5% Under-
expressed (Bonnefoi Breast)

19 5.17E-05 0.009 3.1

Ductal Breast Carcinoma - 
Progesterone Receptor Positive - 
Top 5% Over-expressed (Bittner 
Breast)

19 5.20E-05 0.009 3.1

Ductal Breast Carcinoma in Situ 
Epithelia - Progesterone Receptor 
Positive - Top 5% Under-expressed 
(Schuetz Breast 2)

19 5.20E-05 0.009 3.1

CellLine (Creighton 2) - Cluster ID 
n9575 17 5.57E-05 0.009 3.4

Breast (Turashvili) - Cluster ID 
n7678 5 5.77E-05 0.009 13.6

Breast (Schuetz 2) - Cluster ID n9745 8 6.07E-05 0.01 6.5
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Concept Name (that is 
associated with LD KR>WT 

concept)

Overlapping 
Genes

P
Value

Q
Value

Odds 
Ratio

Breast Carcinoma - BRCA1 
Mutation - Top 10% Under-
expressed (vantVeer Breast)

23 6.22E-05 0.01 2.8
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