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ABSTRACT

Understanding of estrogen signaling governed gene transcriptional regulation is fundamental
to elucidating the biology of hormone-related diseases such as breast cancer and has wide clinical
implications. In this thesis, we present a systematic analysis of estrogen-dependent genome-wide
interplay between cis-acting chromatin and transcription factors (ITTs) in estrogen-responsive breast
cancer cell line MCF7. In Chapter 1, we give an overarching introduction of the molecular basis of
breast cancer heterogeneity, focusing on the biology of estrogen receptor (ER)-mediated estrogen
action in ER positive breast cancer. We also give a review on gene transcriptional regulation and the
development of recent technology in studying cis-regulatory elements. In Chapter 2, via profiling
estrogen-triggered dynamic changes of chromatin accessibility landscape and functional assessment
of regulatory activity of massive DNase I hypersensitivity sites (IDHSs) in high-throughput manner,
we uncover unique chromatin signatures associated with estrogen-responsive DHSs and
experimentally identify large amounts of enhancers including estrogen-responsive enhancers. From
genomic analysis, we reveal intensive crosstalk and coordinated action of multiple TFs on estrogen-
responsive enhancers. In Chapter 3, we focus on a specific ER-responsive TF, KLF4, and
functionally characterize the role of KLF4 in estrogen-governed transcriptional regulation. We
demonstrate estrogen-dependent interaction between KLF4 and cis-regulatory elements and
discover widespread crosstalk between KLF4 and ER at estrogen-responsive DHSs. Finally, we
identify KILF4 as a novel estrogen early effector and cooperative TF of ER in regulating genes
involved in cell cycle regulation, which is important for maintaining estrogen-dependent cell

proliferation of MCF7 cells.

xii



CHAPTER 1

Introduction

11 Breast cancer heterogeneity

Breast cancer is an invasive cancer originating from epithelial cells in breast lobules or milk
ducts, and sometimes from stromal tissues surrounding the mammary gland. It is the most common
cancer in women across the world. As of 2016, breast cancer contributes to 29% (246,660 cases) of
the estimated new cancer cases and 14% (40,450 cases) of the estimated cancer deaths in US women
(Siegel, Miller, and Jemal 2016). Breast cancer is the outcome of the accumulation of a series of
genetic aberrations in tumor cells that collectively alter cell physiology. Therefore, it is a
heterogeneous disease with high inter- and intra-tumor diversity. Understanding subtype- and
individual-specific molecular basis of the disease is crucial for improving breast cancer prevention,

diagnosis, therapy and prognosis.

1.1.1  Breast cancer subtypes

Breast cancer is among the very few cancers in which different disease subtypes are
systematically classified and characterized. Clinically, breast cancer patients are stratified based on
the expression of three pathological markers - estrogen receptor (ER), progesterone receptor (PR)
and human epidermal growth factor receptor 2 (HER2) — that are predictive of tumor progression

and factored into treatment decisions and prognosis. Due to the development of high-throughput
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gene expression profiling technologies such as gene expression microarray and RNA-seq in the past
15 years, more comprehensive classification system called “intrinsic subtype” has been established in
order to better represent the molecular portraits of breast cancer (Perou et al. 2000; Sorlie et al.
2001).

The six intrinsic subtypes of breast cancer are Luminal A, Luminal B, HER2-enriched, Basal-
like, Normal breast-like and Claudin-low. Their frequencies in patient population, expression of
classical pathological markers, histologic grades, disease aggressiveness and prognosis are reviewed

in Table 1.



ER/PR/HER2

Intrinsic subtype |Frequency expression Histologic grade Prognosis
Luminal A 50-60% ER+, PR+, HER2- Low Excellent
Intermediate/
Luminal B 10-20% |ER+, PR+/-, HER2+/- High Poor
HER2-enriched 10-15% ER-, PR-, HER2+ High Poor
Basal-like 10-20% ER-, PR-, HER2- High Poor
Normal breast-like 5-10% ER+/-, HER2- Low Intermediate
Claudin-low 12-14% ER-, PR-, HER2- High Poor

Table 1. Characteristics of different breast cancer intrinsic subtypes
SOURCE: Eroles et al. 2012



Luminal A and Luminal B are ER-positive cancers that account for about 75% of all breast
cancers (Eroles et al. 2012). Luminal A breast cancers have high levels of ER and PR expression, but
relatively low levels of pro-proliferative genes and HER2 expression. Patients belonging to these
subtypes generally have good response to endocrine therapy targeting estrogen pathway such as
hormonal aromatase inhibitors (Als)(Smith and Dowsett 2003) and selective estrogen receptor
modulators (SERMs)(Guarneri and Conte 2009), but tend to be less sensitive to chemotherapy
(Clarke, Tyson, and Dixon 2015). They have less aggressive tumor progression, low histologic grades
and good prognosis (~27.8% relapse rate) (Kennecke et al. 2010). Compared to Luminal A, Luminal
B breast cancers have more aggressive phenotypes, higher histologic grades, poorer prognosis and
higher rate of resistance to endocrine therapy. Many Luminal B breast cancers have higher
expression of pro-proliferative genes than Luminal A breast cancers, including MKI67, cyclin B1,
EGFR and HER2. However, the mechanisms leading to the more aggressive disease progression
and worse endocrine therapy response of Luminal B are not well understood. HER2-enriched breast
cancers highly express HER2 and HER2 pathway-related genes, and have frequent HER2
amplification on chromosome 17q12. Though anti-HER2 treatment such as trastuzumab has been
proven to significantly improve patient survival in more than 33% of the cases (Slamon et al. 2001;
Piccart-Gebhart et al. 2005), this breast cancer subtype still has poor prognosis and high recurrence
rate (Ross et al. 2009). Breast cancers with HER2 overexpression can be further categorized into
additional subtypes based on the expression of 158 additional marker genes (Staaf et al. 2010). Basal-
like, Normal breast-like and Claudin-low breast cancers all lack ER, PR and HER2 expression, so as
to be called triple-negative breast cancers (TNBCs)(Foulkes, Smith, and Reis-Filho 2010). Basal-like
breast cancers usually express genes present in normal breast myoepithelial cells. Normal breast-like
subtype shows characteristic expression of genes present in adipose tissue. Claudin-low subtype has

low expression of genes related to tight junctions and intercellular adhesion. Patients belonging to
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Basal-like and Claudin-low subtypes generally have worst prognosis among all breast cancer
subtypes. Due to the lack of knowledge of the molecular basis and dominant signaling pathways in
TNBCs, there is no well-defined therapeutic target or treatment strategy (Foulkes, Smith, and Reis-
Filho 2010). Many of the patients from TNBC subtypes are associated with BRCA1 mutations that
lead to deficiency in double-stranded DNA repair and increased genome instability (Reis-Filho and
Tutt 2008). Therefore, a promising therapeutic strategy is to use poly (ADP-ribose) polymerases
(PARPs) inhibitors to block single-stranded DNA repair so as to fully inactivate all DNA repair
machinery in the cells, which results in accumulation of DNA breakage and cancer call death
(Farmer et al. 2005; Fong et al. 2009). Several PARP inhibitors are being tested in different stages of
clinical trials used as monotherapy (Kaufman et al. 2015; Sandhu et al. 2013) or in combination with
other drugs (Lee et al. 2014; Isakoff et al. 2010), and some clinical studies have shown promising

response rates and acceptable toxicity (Livraghi and Garber 2015).

1.1.2 Endocrine therapy for estrogen receptor (ER) positive breast cancer

For the majority of breast cancers that are ER positive, tumor growth heavily relies on
estrogen, a steroid hormone that is important for maintaining female reproductive function (Further
clucidation of estrogen signaling will be provided in details in Section 1.3 of this chapter.).
Endocrine therapy targeting estrogen pathway is widely applied clinically and have been proven to
be quite effective (Early Breast Cancer Trialists' Collaborative 1998; Goss et al. 2003; Howell et al.
2002). The two major endocrine therapeutic strategies are to antagonize estrogen by competing it to
bind to ER and to deprive estrogen or ER level. SERMs and ovarian ablation/suppression are
standard therapies for premenopausal women (Osborne and Schiff 2011). SERMs such as tamoxifen

act as ER antagonists and inhibit ER-mediated transcriptional regulation on specific target genes
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(Dutertre and Smith 2000). In postmenopausal women, Als are used to inhibit estrogen biosynthesis
(Simpson et al. 1994) and selective estrogen receptor degraders (SERDs) such as fulvestrant are
applied to down-regulate ER level (Wakeling and Bowler 1992).

Despite of the various options of endocrine therapy in neoadjuvant (before surgery) and
adjuvant (post surgery) settings, resistance to endocrine therapy is observed at all cancer progression
and treatment stages with different frequencies. At the neoadjuvant stage of the treatment, only 50-
70% of the patients are sensitive to endocrine therapy (Miller et al. 2009). For adjuvant treatment,
10-15% of the early-stage patients have tumor recurrence within 5 years after surgery, and the
recurrence rate increases to 30% within 15 years after surgery (Dowsett et al. 2010; Early Breast
Cancer Trialists' Collaborative 2005). The majority of advanced- and metastatic-stage patients
eventually show resistance to endocrine therapy within a short frame of time (Clarke, Tyson, and
Dixon 2015). Clinical observations suggest the existence of multiple mechanisms contributing to
resistance to endocrine therapy, but without more in-depth studies it is hard to predict patient
response based on current diagnosis. Endocrine therapy resistance can be either de novo or acquired
during treatment, and loss of estrogen dependency is not necessarily correlated with loss of ER
expression (Clarke, Tyson, and Dixon 2015; Osborne and Schiff 2011).

A number of mechanisms are implicated in the resistance to endocrine therapy. First of all,
factors modulating ER (including ER variants) and estrogen signaling are closely associated with
endocrine therapy resistance. Changes in expression of ER and ER isoforms can directly affect
hormone sensitivity (Encarnacion et al. 1993; Shi et al. 2009). Levels of co-activators, co-repressors
and interacting transcription factors (TFs) of ER could affect ER-mediated transcriptional regulation
(Osborne et al. 2003; Lavinsky et al. 1998; Zhou et al. 2007). In addition, alterations of various
intracellular signaling pathways could change the activity of both ER and ER coregulators via post-

translational modifications (PTMs) (Musgrove and Sutherland 2009). Secondly, cell growth may
6



bypass the dependence on estrogen signaling through the activation of alternative growth factor
receptor pathways. Many tumors with loss of ER expression show elevated expression of HER2,
suggesting a switch of the driving pathway for cell survival a7nd proliferation from ER to HER2
(Osborne and Schiff 2011). Other pathways like insulin, fibroblast growth factor (FGF), vascular
endothelial growth factor (VEGF), Src and AKT are also implicated in the resistance to endocrine
therapy (Arpino et al. 2008; Chakraborty, Welsh, and Digiovanna 2010; Morgan et al. 2009). Third,
some resistance to endocrine therapy is related to the expression of cell cycle genes, for example,
overexpression of positive regulators of cell cycle and negative regulators of apoptosis (Span et al.
2003; Butt et al. 2005; Chu, Hengst, and Slingerland 2008; Perez-Tenorio et al. 20006). Fourth, tumor
microenvironment may be an important regulator of cell sensitivity to hormone therapy, such as
stromal cells, extracellular matrix (ECM), growth factors, cytokines, hypoxia and acidity (Generali et

al. 2006; Helleman et al. 2008).

To summarize, breast cancers are highly heterogeneous across different subtypes in terms of
tumor origin, tumor progression, histologic grade, hormone dependency and prognosis, which is
largely related to subtype-specific gene regulation and driving signaling pathways. Even for the
majority of the breast cancers that are estrogen-dependent, patients show heterogeneous response to
endocrine therapy, which is largely due to dysregulation of estrogen signaling at different levels.
Hence, it is crucial to fully understand how estrogen signaling regulates gene expression and cell
growth, and how different factors influence estrogen action in cancer cells in order to elucidate

breast cancer heterogeneity.



1.2 Nuclear receptors (NRs) in health and disease

Estrogen is a pivotal hormone regulating the growth of majority of breast cancers, and it
exerts its function mainly through estrogen receptors (ERs), which belong to nuclear receptor
superfamily. In order to better understand estrogen-dependent cellular response, here, a brief
introduction to NRs including their function, category, structure and mode of gene regulation is
given in this section.

Lipophilic hormones are important regulators involved in many biological processes, such as
embryonic development, homeostasis, cell differentiation, metabolism, reproduction and organ
physiology (Mangelsdorf et al. 1995; Novac and Heinzel 2004; Jagannathan and Robinson-Rechavi
2011; Sonoda, Pei, and Evans 2008; Xu 2015). Dysregulation of lipophilic hormone signaling
pathways is closely associated with the pathology of hormone-related diseases including hormone-
related cancers (e.g. breast, prostate and ovary), diabetes, obesity, rheumatoid arthritis and asthma
(Tenbaum and Baniahmad 1997). The intracellular action of lipophilic hormones is mainly mediated
by nuclear receptors that form a superfamily of specialized transcription factors (TFs) sensing signal
of lipophilic ligands, spanning the evolution of metazoan species (Mangelsdorf et al. 1995). Not only
do NRs act as regular TFs that are able to recognize and bind to specific regulatory DNA sequences
to activate/tepress target gene transcription, but their activity is also directly modulated by the
specific interaction with lipophilic ligands, making them important mediators linking extracellular
stimuli to transcriptome response.

There are 48 NRs identified in human, among which, 24 NRs have known endogenous
ligands. Human NRs can be classified into three major subtypes based on ligand type and

physiological function (Figure 1)(Sonoda, Pei, and Evans 2008). The first subtype “endocrine



receptors” contains well-characterized NRs with high affinity to steroid hormones, thyroid
hormones, vitamin A and D. They are closely related to various signaling pathways in homeostasis
and cancer, which makes them one of the favorite targets in drug discovery. For example, the first
human NR to be cloned, glucocorticoid receptor (GR), is ubiquitously expressed in all tissue types
and has an anti-inflammatory, anti-proliferative, pro-apoptotic and anti-angiogenic role (Weinberger
et al. 1985). Synthetic glucocorticoids are widely applied to treat asthma, skin infection, cancer and
immunosuppression in organ transplantation (Kadmiel and Cidlowski 2013). The second subtype
“adopted orphan receptors” typically has low affinity to dietary lipids and xenobiotics. They are
promising drug targets in metabolic diseases. For instance, serving as oxysterol sensors, liver X
receptors (LXRs) are crucial for cholesterol homeostasis (Tontonoz and Mangelsdorf 2003). In
contrast, Farnesoid X receptors (FXRs), sensors of bile acids that are the end products of hepatic
cholesterol catabolism, counteract the function of LXRs in cholesterol and triglyceride metabolism
(Kalaany and Mangelsdorf 2006). The third group “orphan receptors” was identified by sequence
homology, but no ligand has been found for their ligand-binding domain (LBD). Structural analysis
suggest the pocket-like structure of their LBD may be too small to host lipophilic ligands (Ingraham
and Redinbo 2005). Their activity, instead, relies on coregulator availability, expression level and
post-translational modifications. They also play important roles in metabolic regulation based on
genetic studies. One example is HNF4a. HNF4a is essential for mouse embryonic development.
Conditional knockout of HNF4a in mouse pancreatic B-cells results in insulin resistance (Miura et
al. 2006). A number of studies have suggested that HNF4a is a key regulator for hepatic gene
expression including genes involved in glucose, cholesterol and fatty acid metabolism (Miura et al.
20006; Iwayanagi, Takada, and Suzuki 2008; Jump 2004). Since endocrine receptors and adopted

orphan receptors have provided many opportunities in drug discovery for a number of hormone-



related diseases, there is an increasing need for deepening our knowledge of all members of the NR

superfamily especially orphan receptors.
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Figure 1. Human nuclear receptor superfamily

SOURCE: Sonoda, Pei, and Evans 2008. Representative natural ligands are shown at right. Purple:
homodimerizing steroid receptors. Green: RXR heterodimers. Orange: adopted orphan receptors
sensing lipids and xenobiotics. They were originally identified using sequence homology as orphan
receptors, but were “de-orphanized” later because of identification of corresponding ligands. Blue:
enigmatic adopted orphans. The ligand-dependent regulation in physiology has not been established
for this group of NRs. Grey: orphan receptors.
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Nuclear receptor family members share common core structural domains (Figure 2). From
N-terminal to C-terminal, there are ligand-independent activation function 1 (AF1, or A/B), DNA-
binding domain (DBD), hinge region, and ligand-binding domain (LBD) that includes ligand-
dependent activation function 2 (AF2) (Gronemeyer, Gustafsson, and Laudet 2004). The interaction
between NRs and regulatory DNA sequences (also called response elements) is achieved via the
evolutionarily highly conserved DBD. The DBD consists of two zinc-finger motifs commonly
shared throughout the entire family except for two members, and each zinc finger recognizes
response elements derived from a canonical RGGTCA (R represents purine) sequence motif that
can be arranged in different ways (e.g. direct repeat, inverted repeat and different spacing). The
ligand regulation on NR activity is conducted through the less conserved LBD yet the overall 3D
structure is shared by all NRs (Wurtz et al. 1996). The function of the LBD is not limited to ligand
binding. In addition, it mediates dimerization between NRs (Tamrazi et al. 2002), interaction with
heat shock proteins (Smith 1993) and ligand-dependent transactivation activity (Wurtz et al. 1990).
The signature feature of LBD is the pocket-like structure formed by 12 helices, with 11 of them
forming a compact cavity for accommodating the ligand and the most C-terminal helix (AF2 motif)
acting as a lid over the pocket. The allosteric orientation of the most C-terminal helix is crucial for
the transactivation function and is regulated through ligand-dependent conformational change. Such
conformational change is not only different between unliganded and liganded states, but also
different between agonist and antagonist binding, which is critical for ligand-induced NR activation
and dimerization (Gronemeyer, Gustafsson, and Laudet 2004). Unlike the DBD and LBD, AF1 is
the least conserved domain across NR family members both in length and in sequence composition
(Dahlman-Wright and McEwan 1996). It interacts with coregulators and other TFs in ligand-
independent manner, and cooperatively works with AF2 to achieve transcriptional regulation. The

activity of AF1 can be regulated by multiple signaling pathways through PTMs (Warnmark et al.
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2003; Onate et al. 1998). Last but not the least, the hinge region between DBD and LBD for many

NRs has nuclear localization signal that is important for nuclear translocation of NRs (Gronemeyer,

Gustafsson, and Laudet 2004).
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Figure 2. Common structure of nuclear receptor
SOURCE: Wikipedia “Nuclear Receptor” page.
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Depending on ligand binding, response element and dimerization mode, NRs can also be
classified into four categories (Mangelsdorf et al. 1995; Jagannathan and Robinson-Rechavi 2011).
Type I NRs are steroid hormone receptors, which form homodimers and bind to response elements
consisting of two half-sites arranged as inverted repeats. Representative members in this category are
GRs, ERs, androgen receptors (ARs) and PRs. Type II NRs function by heterodimerizing with
retinoid X receptor (RXR) and binding to response elements mostly arranged as direct repeats
(Stunnenberg 1993). Retinoic acid receptors (RARs), thyroid hormone receptors (TRs) and RXR are
all in this category. Similar to Type I receptors, Type III receptors form homodimers, but they
primarily bind to response elements in direct repeats. Unlike the other types of NRs, Type IV
receptors bind as monomers to half-site of response elements. Most orphan receptors are in Type
IIT and Type IV categories. In the absence of ligands, many NRs except steroid hormone receptors
reside on condensed chromatin by binding to co-repressors such as NCOR1 and SMRT that further
recruit histone deacetylatases (HDACs) to achieve gene silencing (Chen and Evans 1995; Horlein et
al. 1995; Kurokawa et al. 1995). Once lipophilic ligands diffuse into cells, NRs dissociate from co-
repressors, and then bind to co-activators such as p160 that recruits histone acetyl transferases
(HATs) and chromatin remodeling complexes to activate target gene transcription (Nagy and
Schwabe 2004; Li, Lambert, and Xu 2003). Unliganded steroid hormone receptors are often inactive
and coupled with chaperones like heat shock proteins (Pratt and Toft 1997). Upon activated by
ligand binding, they release chaperones and translocate into nucleus, then dimerize and recruit
coregulators to tesponse elements to activate/repress target gene transcription (Gronemeyert,

Gustafsson, and Laudet 2004; Novac and Heinzel 2004).
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1.3  Estrogen (E2) signaling

1.3.1 Overview of ERs: ligands, structures and variants

Estrogen is a steroid hormone that primarily regulates the female reproductive system and
secondary sex characteristics, while also playing a role in certain male reproductive functions, such as
sperm maturation. Endogenous estrogen is synthesized from cholesterol in all vertebrates via
steroidogenesis process that is regulated by numerous aromatases. There are three major natural
endogenous estrogens in women: estrone (E1), estradiol (E2) and estriol (E3) (Additionally, estetrol
(E4) is only produced during pregnancy in fetal liver.). E2 is the most abundant and predominant
estrogen in non-pregnant premenopausal women, produced from ovary. In postmenopausal women,
E2 is synthesized in non-gonadal sites such as breast, brain and adipose tissue converted from
testosterone and androstenedione (Gruber et al. 2002). The cellular effects of estrogen are mainly
mediated by two estrogen receptors: ERa (encoded from ESR1 gene)(Walter et al. 1985) and ERB
(encoded from ESR2 gene)(Mosselman, Polman, and Dijkema 1996). Since they are expressed in
various tissues including uterus, ovary, breast, kidney, bone, adipose tissue, liver, central nervous
system (CNS), cardiovascular system, lung, colon and immune system, estrogen is highly relevant to
many hormone-related cancers (e.g. breast, ovary, prostate and colon) and metabolic diseases (e.g.
obesity, diabetes, insulin resistance, adipose inflammation and dysfunction of glucose
homeostasis)(Heldring et al. 2007).

Though genes encoding ERa and ERP are located on chromosomes 6q25.1 and 14q23.2,
respectively, ERs share similar functional domains in structure like other NRs (Figure 2). They

firstly share a highly conserved DBD (97% amino acid similarity) so that they both recognize
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estrogen response elements (EREs). There is medium level of conservation in LBD (59% amino
acid similarity) between ERa and ER, leading to subtype-specific ligand binding capacity despite
the fact that they both bind to E2. ERa and ERP only share 16% amino acid similarity in AF1
domain, which accounts for the major functional difference of ER subtypes in gene transcriptional
regulation (Thomas and Gustafsson 2011). In fact, it has been shown that ERa and ER tend to
have opposite effects on gene regulation, and ERP is significantly decreased in breast cancer cells
compared to adjacent normal cells. ERP has repressive effects on expression of 70% of ERa
regulated genes involved in proliferation and metabolism in ER-positive T47D cells (Williams et al.
2008). Both ERa and ERP have several isoforms, and they have also been shown to play important
roles in estrogen-related diseases. For instance, EROA3 does not have DBD due to lack of the third
exon. It acts as a dominant negative regulator of ERa, which is usually decreased in breast cancer
(Wang and Miksicek 1991; Iwase et al. 1998). ER036 lacks both AF1 and AF2 domains but binds to
regulatory DNA sequences similar to wild type ERa, functioning as an ERa competitor and
correlating with breast cancer carcinogenesis (Wang et al. 2005; Zhang and Wang 2013). ERa406,
which does not have AF1 domain, serves as a negative regulator of breast cancer by inhibiting cell
proliferation (Flouriot et al. 2000; Klinge et al. 2010). Since ERa and E2 play predominant roles in
the majority of breast cancers, the later discussion on ER and estrogen all refers to ERa and E2,

respectively.

1.3.2 Estrogen action in the cell: genomic and nongenomic pathways

Our gained knowledge of estrogen signaling reveals complex and extensive intracellular

response triggered by estrogen, in addition to the canonical model in which estrogen directly
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regulates transactivation of ER on estrogen response elements (EREs) to activate or repress gene
transcription. ER not only directly affects transcriptional regulation machinery, but also has
reciprocal signaling crosstalk with many other intracellular signaling pathways through PTMs. ERs
can function in both ligand-dependent and ligand-independent manner. In addition, besides ER,
another non-NR family member, GPR30, has been identified to be a receptor for estrogen and
involved in mediating estrogen signaling in the cells (Carmeci et al. 1997).

As shown in Figure 3, it is known that ER can mediate cellular response in the following
ways (Bjornstrom and Sjoberg 2005; Marino, Galluzzo, and Ascenzi 2006; Hayashi and Yamaguchi
2008; Hah and Kraus 2014; Thomas and Gustafsson 2011).

1) Ligand-dependent direct binding to response elements: unliganded ERs are often coupled
with chaperones primarily distributed in nucleus but also localized in cytoplasm. Ligand induces
conformational change of ERs so that ERs disassociate chaperones and translocate from cytoplasm
to nucleus (Pratt and Toft 1997; Lu et al. 2002). In nucleus, ligand-activated ERs form homodimers
and bind to estrogen response elements (EREs) (Kumar and Chambon 1988). ERs recruit co-
activator (CoA) or co-repressor (CoR) complexes including other regulatory proteins, such as
histone acetyl transferases (HATs) and ubiquitin ligase (UL), and interplay with chromatin
remodeling machinery, to cooperatively activate or repress gene transcription.

2) Ligand-dependent indirect binding to cis-regulatory elements: in addition to direct binding
to EREs, ERs can form heterodimers with other TFs to act on ER-half sites, or be tethered to other
TF binding sites without presence of EREs, such as AP-1 and Sp1 sites (Kushner et al. 2000; Safe
2001).

3) Ligand-independent ER activation: growth factor (GR) signaling such as MAPK and

PI3K pathways are able to phosphorylate and activate ERs without estrogen stimulation (Levin
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2003; Driggers and Segars 2002). Phosphorylated ERs exert downstream transcriptional regulation
in ways similar to the above described.

4) Membrane-associated ERs triggered nongenomic signaling: some ERs are localized on cell
membrane coupled with SRC, PI3K and G proteins (GPs). Estrogen can trigger PTM-based signal
transduction through membrane ER associated signaling proteins to activate ERK and AKT, which
further activate their own downstream TFs and influence transcription readout. Such nongenomic
action happens very rapidly upon estrogen stimulation within a few minutes (Migliaccio et al. 1996;

Castoria et al. 2001).
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Cell cycle regulators, pro-apoptotic proteins, anti-apoptotic proteins, cell adhesion
molecules, and components of the membrane and cytoplasmic signalling cascade

Figure 3. Estrogen signaling through ERs

SOURCE: Thomas and Gustafsson 2011. EREs: estrogen response elements. RE: response
elements. HAT: histone acetyl transferase. UL: ubiquitin ligase. CoA: co-activator. CoR: co-
repressor. P: phosphorylated. M: methylated. GPs: G proteins. EGFR: epidermal growth factor
receptor. ERBB2: HER2. IGFR: insulin-like growth factor receptor. GFs: growth factors.
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Besides ER-mediated estrogen signaling, it has been demonstrated that a seven-
transmembrane (7TM) G-protein coupled receptor (GPCR) family member, GPR30), is sufficient to
mediate rapid estrogen signaling and initiate a series of downstream cellular and transcriptional
response (Prossnitz, Arterburn, et al. 2008). GPR30 is primarily located on endoplasmic reticulum
membrane (Revankar et al. 2005). In ER negative cells such as SKBr3 cells, estrogen is found to be
able to trigger cellular response through GPR30 (Filardo et al. 2000). The estrogen binding affinity
for GPR30 (Kd ~ 3-6 nM) has been found to be much higher than ERa (Kd ~ 0.5 nM) and also
specific (Revankar et al. 2005; Thomas et al. 2005). Classical ER antagonists such as tamoxifen and
ICI182,780 act as agonists for GPR30, indicating that GPR30 may be involved in endocrine therapy
resistance (Filardo et al. 2000; Filardo et al. 2002). Activation of GPR30 can activate downstream
MAPK and PI3K signaling pathways to further modulate gene transcription (Filardo et al. 2000;
Filardo et al. 2002) distinct from ER-mediated gene regulation (Albanito et al. 2007; Vivacqua et al.
2009). In breast cancer patients, GPR30 expression is positively associated with HER2, tumor size
and metastasis (Filardo et al. 2000), suggesting its potential to become a novel therapeutic target in

estrogen responsive breast cancer (Prossnitz, Sklar, et al. 2008).

1.3.3 Estrogen modulated transcriptional regulation

1.3.3.1 ER coregulators

There is no precise definition of coregulator. Widely speaking, coregulators are accessory
molecules (protein, RNA, etc.) interacting with TFs to facilitate transcriptional regulation. They are
involved in all biological processes from transcription to translation (e.g. chromatin remodeling,

transcription (initiation, elongation, splicing, termination), RNA processing, translation, etc.). Since
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the first coregulator SRC1 (NCOAT1) was identified in 1995 (Onate et al. 1995), there are now over
350 NR coregulators recorded in the literature, and this number may still be an underestimate
(Lonard and O'Malley 2012). Coregulators often exhibit enzymatic activities or are able to recruit
various enzymes involved in acetylation, methylation, phosphorylation and ubiquitination. They are
also subjected to post-translational modifications governed by upstream signaling cascades, which
makes them integrators of intracellular signaling pathways. Based on the final outcome of gene
expression, coregulators can be divided into co-activators (CoAs) and co-repressors (CoRs).
Dysfunction of ER coregulators has been suggested to be associated with breast cancer evolution
and patient therapeutic response (Lonard and O'Malley 2012; Smith and O'Malley 2004; Manavathi,
Samanthapudi, and Gajulapalli 2014).

The majority of ER CoAs bind to ER LBD at LXXLL (X: any amino acid, L: leucine) motif
in a ligand-dependent manner (Heery et al. 1997). In general, ER CoAs themselves have histone
acetyl transferase (HAT) activity that dissociates histone-DNA interaction to help open up
chromatin for trans-acting factors to interact with regulatory DNA (Klinge 2000). There are many
different classes of ER CoAs. SRC/p160 family members SRC1, SRC2 and SRC3 directly interact
with ER and further recruit secondary CoAs including p300 and CBP to enhancer transcription via
chromatin modifications (Chen, Huang, and Stallcup 2000). SRC1 has also been shown to mediate
the agonistic function of tamoxifen by interacting with AF1 domain of ER (Webb et al. 1998).
Beside p300 and CBP, p160 family members could also recruit ATP-dependent chromatin
remodeling complexes such as SWI/SNF in an estrogen-dependent manner (Belandia et al. 2002).
Ubiquitin-protein ligases are another important family of ER CoAs. For instance, E6-associated
protein (E6-AP) acts as ER CoA in several ways: it regulates the degradation of transcriptional
complexes to fine tune ER gene regulation dynamics (Ramamoorthy and Nawaz 2008); it is also able

to recruit p300 to ER target gene promoter (Catoe and Nawaz 2011). On the other hand, as a
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ubiquitin-protein ligase, E6-AP directly regulates ER protein turnover, which suggests that there is a
balance between the CoA and protein degrader roles of E6-AP (Gao et al. 2005). ER CoAs can be
not only proteins but also RNA molecules. One typical example is steroid RNA activator (SRA),
which interacts with AF1 domain and SRC1 to confer functional selectivity of CoA complexes to
liganded-ER (Lanz et al. 1999).

CoRs generally exert their function by recruiting histone deacetylases (HDACs) to condense
chromatin so as to inhibit gene transcription (Manavathi, Samanthapudi, and Gajulapalli 2014). NRs
like TRs and RARs bind to DNA in heterodimer with RXR in absence of ligands, and recruit CoRs
to maintain gene silencing. Ligand-activated NRs release CoRs and recruit CoAs to initiate
transcription (Lavinsky et al. 1998). However, this is not the general way of how ER and CoR
interact because ER is considered to only bind to DNA when activated. There are many fewer
identified ER CoRs than CoAs, and their mechanisms of action are not clearly elucidated. However,
it is known that HDAC complex components NCOR1, SMRT and MTA1 can repress ER
transactivation in the presence of tamoxifen (Liu and Bagchi 2004). Competition with CoA to bind
to ER is another way of blocking transactivation. Examples are REA competing with SRC1 at the
ER LBD (Delage-Mourroux et al. 2000) and RIP40 not only competing for CoAs but also recruiting
HDACG:s (Castet et al. 2004). Other factors showing ER CoR function but without clear mechanisms

include BRCA1 (Fan et al. 2001, 2002) and prohibitin (PHB) (He et al. 2008).

1.3.3.2 ER genomic interplay with other transcription factors (TFs)

In addition to the interaction with numerous coregulators, ER has widespread genomic
crosstalk with other TFs and NRs at transcriptional regulation level, which is usually ligand- and cell

type- specific.
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It is known that many estrogen-regulated genes fail to be directly linked to EREs and a
substantial fraction of estrogen-responsive regulatory elements do not harbor EREs (Kininis and
Kraus 2008). So, it is believed that ER interacts with a wide range of TFs/NRs to affect target gene
expression. Estrogen and some SERMs are able to activate genes with AP-1 promoters such as IGF-
1 (Umayahara et al. 1994) and cyclin D1 (Sabbah et al. 1999) by two mechanisms: 1) liganded-ER
indirectly interacts with AP-1 TFs jun/fos through their CoA complexes, in which ER directly
interacts with p160 protein while jun/fos directly contact with CBP; 2) SERM-ER-NCoR complex
sequester HDACs away from AP-1 sites so that jun/fos can recruit CoAs to activate transcription
(Kushner et al. 2000). Similar to AP-1 promoters, GC-rich promoters could also be activated by
liganded-ER by interaction between ER and Spl protein. ER and Spl physically interact at
SpI(N)xERE or Spl(N)xERE half-site through “tethering” mode (Safe 2001) to regulate target
genes such as c-fos (Duan, Porter, and Safe 1998) and cyclin D1 (Castro-Rivera, Samudio, and Safe
2001). Estrogen signaling has anti-inflammatory effect that is opposed to pro-inflaimmatory effect of
NF-«kB signaling. For example, estrogen down-regulates IL-6 that is NF-kB up-regulated gene
(Boyce et al. 1999). It has been revealed that ER inhibits NF-kB activity through multiple
mechanisms: affecting NF-kB upstream signaling complex IkB level, interrupting NF-kB DNA
binding by physical interaction and competing/interfering NF-xB binding to its CoAs (Kalaitzidis
and Gilmore 2005).

Another group of TFs, which are essential for ER genomic action, are called “pioneer
factors”. The concept is that pioneer factors are TFs residing on compacted chromatin to increase
chromatin accessibility and make chromatin permissive for binding to other TFs (Zaret and Carroll
2011). Pioneer factors are essential for global ER binding or ER binding to particular genomic

locations. It has been reported than FOXA1 (Carroll et al. 2005), GATA3 (Theodorou et al. 2013),
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PBX1 (Magnani et al. 2011), AP2y (Tan et al. 2011) and TLE1 (Holmes et al. 2012) can act as
pioneer factors of ER. Both FOXA1 and GATA3 are positively correlated with ER expression in
breast cancer. As the first identified ER pioneer factor, FOXA1 contains a winged helix domain that
is structurally similar to histone H1 and H5, which allows it to have high affinity interaction with
histone H3 and H4 to de-compact histone (Cirillo et al. 1998). More than half of ER binding sites
coincide with FOXA1 binding sites in ER+ MCF7 cells, and FOXA1 knockdown abrogates ER
binding, ER-regulated gene expression and E2-dependent cell proliferation (Hurtado et al. 2011).
Similar to FOXA1, GATA3 and PBXI1 are also important for ER binding, and they form big
complexes like FOXA1-GATA3 (Kong et al. 2011) or FOXA1-PBX1 (Magnani et al. 2011) to co-
bind with ER.

A number of genome-wide studies have shown widespread genomic crosstalk between ER
and other NRs. In breast cancer, while estrogen serves as a major mitogenic hormone, retinoic acid
(RA) is considered to exert anti-proliferative and pro-apoptotic functions. As mediators of estrogen
and RA, ER and retinoic acid receptors (RARs) frequently co-localize and antagonistically bind to
regulatory elements to regulate many breast cancer-related genes (Hua, Kittler, and White 2009). As
a major biomarker for breast cancer, PR is not only an ER up-regulated gene, but also an ER-
associated protein and able to recruit ER to particular sites, resulting in gene expression associated
with good clinical outcome (Mohammed et al. 2015). Besides ER and PR, GR status in breast cancer
is another important indicator of disease outcome. Co-activation of both ER and GR in mouse
mammary cells lead to reprogramming of global chromatin landscape. Specifically, induction of GR
facilitates ER access to particular sites, while induction of ER in turn results in a number of ER-

dependent GR binding sites (Miranda et al. 2013).
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To summarize, estrogen-governed gene regulation is achieved wvia highly complex
mechanisms, which can be modulated at different levels and function in ligand- and cell type-specific
manner relevant to breast cancer clinical outcome. As the major mediator for estrogen signaling,
estrogen receptor widely interacts with coregulators, TFs and NRs at open chromatin regions
harboring cis-regulatory elements to regulate gene transcription in an orchestrated way.
Understanding how estrogen-triggered transcriptional regulation networks are formed and how
different components in these networks are coordinated will deepen our knowledge of the molecular

basis for different ER+ breast cancers and shed light upon novel therapeutic strategies.

1.4  Cis-regulatory elements in gene transcriptional regulation

Protein-coding gene expression in eukaryotic cells can be regulated at different levels,
including transcriptional regulation, post-transcriptional regulation (e.g. mRNA processing, mRNA
transport, etc.), translational regulation and post-translational modification. The regulation of gene
transcription, which is the production of RNA from DNA, is a vital process in gene regulation
relying on the interaction between trans-acting milieu and cis-acting chromatin using a variety of
mechanisms in spatial- and temporal-specific manner. The trans-acting milieu refers to all kinds of
diffusible factors (proteins and RNAs) that collectively interplay with specific regulatory regions of
chromatin to influence gene transcription. Cis-acting chromatin harbors clusters of cis-regulatory
elements that are sequence-specific DNA elements recognized and bound by TFs, and it consists of
an assortment of chromatin marks that respond to trans-acting milieu by facilitating or suppressing
the interaction between cis-regulatory elements and TFs. Dysregulation of gene transcription

machinery is closely associated with various human diseases including cancers, immune diseases,
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diabetes, cardiovascular diseases and many more (Lee and Young 2013). Due to the increased
genome instability in tumors, mutations targeting key TTs, cofactors, regulatory RNAs and cis-
regulatory elements can all contribute to tumorigenesis, tumor progression and patient response to
therapy. In breast cancer, for example, a missense mutation of ER, Y537N, leads to hormone-
independent constitutive activation of ER, which contributes to breast cancer progression and
hormone resistance (Zhang et al. 1997). In recent years, a lot of DNA polymorphisms associated
with breast cancer or mRNA levels (expression quantitative trait loci, referred as eQTLs) in breast
cancer have been discovered through genome-wide association studies (GWASs) (Michailidou et al.
2013; Easton et al. 2007; Long et al. 2012; Han et al. 2016; Gold et al. 2008). Though their
functional roles are largely under-investigated, many of them are non-coding variants and thought to
be involved in transcriptional regulation by affecting cis-regulatory elements or regulatory function
of noncoding RNAs (Freedman et al. 2011).

As important parts of cis-acting chromatin in eukaryotic cells, cis-regulatory elements are
embedded throughout the genome and often organized in a modular fashion, allowing multiple TFs
to bind and collectively regulate gene transcription (Yuh, Bolouri, and Davidson 1998). Cis-
regulatory elements can be classified into promoters, enhancers, silencers and insulators according to
the gene regulation fashion and outcome (Jeziorska, Jordan, and Vance 2009). Promoters are
regulatory DNA essential for maintaining basal transcription, which are usually located immediately
upstream of transcriptional start sites (I'SSs) or proximal to TSSs. The core promoter (usually
located between -40 bp to +40 bp of TSS) guides the initiation of protein-coding gene transcription
by RNA polymerase II. Core promoters contain motifs that interact with basal TFs and form
preinitiation complexes (PICs), including the initiator (Inr), TATA box, TFIIB recognition element
(BRE), downstream core promoter element (DPE) and motif ten element (MTE) (Juven-Gershon

and Kadonaga 2010). Promoter regions are typically high in G+C dinucleotide (referred as CpG
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islands) (Gardiner-Garden and Frommer 1987), and it has been found that cytosine methylation in
CpG islands is often correlated with transcriptional silencing (Iguchi-Ariga and Schaffner 1989),
which serves as another layer of transcriptional regulation. Enhancers can activate or promote the
transcription of target genes independent of orientation and location (can be located more than 100
kb away from target gene TSS), in spatial- and temporal-specific manner. Regulation of gene
transcription in multi-cellular organisms is largely achieved through the intricate interaction between
enhancers and various sequence-specific TFs. It is popularly proposed that enhancers affect gene
transcription by looping to distal promoters so that enhancer-bound TFs and related coregulators
are introduced proximal to TSSs to facilitate recruitment of RNA polymerase II (Maston, Evans,
and Green 20006; Malik and Roeder 2010). The spatial-temporal regulatory fashion of enhancers not
only is dependent on the expression of corresponding TFs, but also relies on whether or not the
chromatin landscape is permissive, which in turn is associated with histone modifications and
histone protein variants. It has been found that while many promoter regions are lowly occupied by
nucleosomes, many functional enhancers have frequent nucleosome repositioning marked by
H3.3/H2A.Z double variant (Jin et al. 2009). For example, H3K4me2-marked nucleosomes at a
class of androgen-responsive enhancers are shifted upon androgen stimulation, due to displacement
of the H3.3/H2A.Z containing central nucleosome by activated TFs (He et al. 2010). Besides the
dynamics of nucleosomes, a number of studies mapping all kinds of histone modifications across
genome have shown their various associations to enhancer activity and gene expression in cell-type
specific and enhancer-specific way (Heintzman et al. 2007; Heintzman et al. 2009; Cui et al. 2009;
Barski et al. 2007; Wang et al. 2008). As opposed to enhancers, silencers exert negative regulatory
function on gene transcription via binding by transcriptional repressors. Silencers may repress gene
transcription by either blocking the function of nearby transcriptional activators (Harris, Mostecki,

and Rothman 2005) or by recruiting co-repressors to reprogram chromatin to a non-permissive state
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for gene transcription (Privalsky 2004). Finally, insulators are boundary DNA elements that block
communication between enhancers or silencers and promoters. They play important roles in
transcriptional regulation by preventing regulatory elements from affecting unrelated promoters and
maintaining global genome organization (Wallace and Felsenfeld 2007).

Because of the fundamental importance of cis-regulatory elements in gene regulation, the
ENCODE Project and Epigenome Roadmap Consortiums have invested tremendous efforts into
the generation of comprehensive predictive annotations of cis-regulatory elements located in non-
coding regions of the DNA (Consortium 2012; Roadmap Epigenomics et al. 2015). These datasets
include, but are not limited to, analyses of TF binding sites, histone modifications and chromatin
accessibility regions in various human tissues and cell types. These data are crucial for the
identification of cis-regulatory elements and for defining the epigenomic landscape in relation to
functional impact on the regulatory programs that control development and disease. However,
despite the improvement on data-driven predictive algorithms in linking cis-regulatory elements to
their respective target genes, a proportionally small number of predictions have actually been tested.
This lack of genome-wide prediction validation through functional activity assays can lead to many
false positive predictions (Kwasnieski et al. 2014; Shlyueva, Stampfel, and Stark 2014; Muerdter,
Boryn, and Arnold 2015). Furthermore, these datasets can only identify putative cis-regulatory
elements based on TF and histone chromatin immunoprecipitation (ChIP-seq) data, and therefore
do not necessarily exhaustively define functional cis-regulatory elements, leading to false negatives.
With the discovery of thousands of nucleotide variants in these regulatory elements linked to
potential phenotypic outcome, these limitations of the current predictive approaches highlight the
importance of obtaining genome-wide functional validation of cis-regulatory elements.

Traditionally, regulatory activity of DNA has been quantified using reporter assays under the

control of a minimal reporter to measure the regulatory activity of the cloned region of interest.
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While this method of quantification is widely accepted and applied, it is primarily used to serially
investigate individual candidate sequences, making comprehensive assays of large genomes
untenable. Recent advances have improved on this technique by developing enhancer reporter
assays that combine massively parallel assays coupled with cell sorting techniques (Gisselbrecht et al.
2013; Dickel et al. 2014; Murtha et al. 2014), molecular barcode sequencing (Patwardhan et al. 2012;
Kheradpour et al. 2013; Smith et al. 2013), or by coupling the activity of a candidate enhancer to the
abundance of its self-transcribed mRNA by placing candidate regions downstream of a minimal
promoter and into the 3’UTR of a reporter gene (Arnold et al. 2013). The latter method, known as
Self-Transcribing Active Regulatory Regions Sequencing (STARR-Seq), has allowed the assessment
of enhancer activity on a genome-wide scale in drosophila genomes and in selected regions of the
human genome (Arnold et al. 2013; Arnold et al. 2014; Shlyueva et al. 2014; Muerdter, Boryn, and

Arnold 2015; Zabidi et al. 2015).

To summarize, cis-regulatory elements are important regulatory DNA sequences in
chromatin controlling gene transcription by interacting with trans-acting factors. The spatial- and
temporal-specific interaction between cis-regulatory elements and trans-acting factors is realized
given the chromatin states defined by nucleosome position and epigenetic modifications. The
development of technology brings to us more and more power to systematically identify and
functionally characterize cis-regulatory elements, which allows us to better elucidate the genetic and

molecular basis of diseases associated with functional noncoding regions of human genome.
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CHAPTER 2

Genomic and functional analysis of estrogen responsive cis-regulatory
elements reveals estrogen triggered coordinated interplay between various

TFs and chromatin

2.1 Introduction

Estrogen (E2) signaling is one of the driving pathways for cell survival and proliferation in
ER+ breast cancers, which account for ~75% of total breast cancer cases. Triggered by estrogen
stimuli, estrogen receptors (ERs) undergo conformational change, and post-translational
modification (PTM)-based intracellular signal transduction cascades are initiated involving ERs and
many other signal transducing proteins (e.g. PI3K, AKT, ERK, etc.). Activated ERs are translocated
into nucleus and interact with cofactors (e.g. SRC/p160 family members, p300/CBP, E6-AP, etc.),
other TFs and chromatin remodeling machinery (e.g. SWI/SNF) at cis-regulatory elements (CREs)
to coordinately regulate target gene transcription. Therefore, to decipher E2-governed
transcriptional regulation network is not only important for illustrating E2-dependent tumor
evolution, but also informative for understanding the underlying mechanisms of resistance to
endocrine therapy and developing novel therapeutic strategy. In the past decade, a number of
genomic studies have made many achievements in identifying genes regulated by E2 or E2-related
ligands, genomic recruitment of ER and ER coregulators, and ER transcriptional regulation

crosstalk with other TFs. Using ER+ breast cancer cell lines such as MCF7 and T47D as models,
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thousands of E2-regulated genes have been identified (Carroll et al. 2005; Fullwood et al. 2009;
Welboren et al. 2009; Hurtado et al. 2011; Theodorou et al. 2013). Though the numbers of E2-
regulated genes from different studies or based on different methods vary a lot, and by using protein
synthesis inhibitor it is indicated that only 20-30% of E2-regulated genes are E2 direct targets (Lin et
al. 2004), it has been shown that E2 triggers very rapid transcriptional response within the time
frame of a few minutes and has impact on ~25% of the transcriptome (Hah et al. 2011). A number
of chromatin immunoprecipitation (ChIP)-based methods have successfully mapped genomic
occupancy of liganded ER (Carroll et al. 2005; Fullwood et al. 2009; Welboren et al. 2009; Hurtado
et al. 2011; Theodorou et al. 2013). Despite the differences in mapped ER binding sites among
different studies, these datasets have revealed that many ER binding sites tend to be distal to nearest
TSSs (>50 kb) but are still positively correlated with the signal of RNA polymerase 11 loading,
suggesting that ER regulates target gene transcription through enhancer-promoter looping
mechanism. ChIA-PET data has further supported the mechanism and discovered extensive cis- and
trans-chromatin interaction networks mediated by ER (Fullwood et al. 2009). Besides, only a
fraction of experimentally profiled ER binding sites contain canonical ERE motif
(AGGTCAnnnTGACCT) or ERE half site, suggesting that ER can be recruited to target sites
through alternative mechanisms mediated by other TFs or coregulators. A few TF binding motifs
have been found to be enriched proximal to ER binding sites, including AP-1, Sp1, FOXA1, OCT1,
MYC and so on, indicating widespread interplay between ER and these TFs at cis-chromatin. Loss-
of-function experiments have further demonstrated the necessity of some TFs (e.g. FOXAI,
GATA3, etc.) in guiding/facilitating ER to load onto cis-regulatory elements (Hurtado et al. 2011;
Theodorou et al. 2013). Work led by former colleagues from our group has shown that ER acts as
one of the central TFs in breast cancer-associated gene regulation networks and extensive crosstalk

occurs between ER signaling and other TT signaling at transcriptional regulation level (Kittler et al.
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2013). One example is the genomic antagonism between ER and retinoic acid receptors (RARs),
which plays a pivotal role in balancing gene expression in breast cancer (Hua, Kittler, and White
2009).

The fact that ER tends to bind to cis-regulatory elements distal to promoters and the
difficulty of distinguishing E2 primary target genes from secondary regulated genes give rise to the
need to identify functional E2-responsive cis-regulatory elements. Most studies in the field primarily
focus on computationally predicting functional ER binding sites by integrating a variety of data
obtained from genome approaches (e.g. gene expression microarray, RNA-seq, ChIP-Chip, ChIP-
seq, ChIA-PET, FAIRE-seq, DNase-seq, GRO-seq, etc.). For instance, by investigating open
chromatin, histone modifications, FOXA1, AP-1 and RNA Pol II occupancy, ER binding sites have
been accurately predicted (Joseph et al. 2010). Recently, transcription of E2-induced enhancer RNA
(eRNA) arising from ER binding sites has been discovered and thought to be a novel indicative
marker of E2-responsive cis-regulatory elements. It has been proposed that eRNAs may play
important roles in strengthening ER-mediated enhancer-promoter looping complexes (Li, Notani, et
al. 2013; Hah et al. 2013). However, among the thousands of predicted enhancers, only a tiny
fraction have been functionally interrogated using classical methods like reporter assay, due to the
limitation of experimental throughput and short of powerful in vivo approaches. Recently, STARR-
seq (Arnold et al. 2013) has been developed allowing us to assess regulatory activity of candidate
DNA fragments based on target-specific mRNA-seq. In its design, candidate DNA fragments are
cloned into 3’UTR region of reporter constructs, so that the transcription of reporter gene would be
coupled with the transcription of testing fragments. As a result, regulatory activity of the testing
fragments is directly evaluated by the abundance of self-transcribed mRNA. CapSTARR-seq is a
variant of STARR-seq, which combines STARR-seq with genomic DNA capturing technology to

specifically study regions of interest in the genome in order to increase flexibility, reduce library
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preparation labor and sequencing cost (Vanhille et al. 2015). Both STARR-seq and CapSTARR-seq
have shown good correlation with conventional approaches and have the potential to conduct
massively parallel studies on regulatory regions.

In this chapter, we have systematically profiled the dynamic changes of chromatin
accessibility landscape and gene expression in response to E2 in MCF7 cells, and quantitatively
assessed regulatory activity of E2-responsive DNase I hypersensitivity sites (DHSs) using high
throughput method CapSTARR-seq. We have revealed distinct chromatin signatures and gene
regulation dynamics associated with E2-responsive DHSs. Direct interrogation of regulatory activity
of over 10,000 candidate DHSs has allowed us to functionally validate the regulatory activity of
more than 3000 cis-regulatory elements and E2-responsive regulatory activity of more than 800 cis-
regulatory elements. The unbiased identified E2-responsive cis-regulatory elements have uncovered
unique chromatin signatures and coordinated action of various TFs participating in E2-governed

transcriptional regulation.
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2.2 Results

2.2.1 DNase I hypersensitivity sites are correlated with gene expression

We mapped a total of 77,167 highly reproducible accessible chromatin regions in MCF7 cells
by profiling DNase I hypersensitivity sites (DHSs) during time-course E2 treatment (0, 45min, 4h,
12h and 24h, IDR < 0.01). Compared to genomic background based on hgl9 RefSeq annotation,
DHSs are preferentially distributed in genomic areas proximal to transcriptional start sites (T'SSs)
such as those within 5 kb upstream of TSS and 5’UTR (Figure 4A), where potential cis-regulatory
elements are expected to be located. The number of nearby DHSs (within 50 kb of TSS) is positively
correlated with gene expression level (Figure 4B), supporting the concept that DHSs harbor

functional cis-regulatory elements modulating nearby gene transcription.
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Figure 4. Association between DHSs and nearby genes

A) Genomic distribution of DHSs. Annotation of hgl9 RefSeq genes was used as reference to
estimate genomic background distribution. B) Correlation of DHSs and nearby gene expression
level. The number of DHSs within 50 kb of TSS was counted for each gene. Genes were ranked and
binned based on the number of nearby DHSs, and log2 (FPKM) of median ranked gene in each bin

was plotted on y-axis.
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2.2.2 Identification of E2-responsive DHSs in MCF?7 cells

By either comparing E2 to vehicle treatment, or comparing E2 treatment between different
time points, we have not observed dramatic changes of global DHS landscape, and we have not
found chromatin regions changing from completely inaccessible to accessible, or vice versa, which is
consistent with previous FAIRE-seq data (Joseph et al. 2010). Regardless, we detected thousands of
E2-responsive DHSs whose chromatin accessibility was quantitatively altered upon E2 treatment.
We have identified 2,258 DHSs showing increased chromatin accessibility and 1,193 DHSs showing
decreased chromatin accessibility triggered by E2 across all time points (GLM likelihood ratio test
on negative binomial model, p < 0.001), which we refer to as “E2 constantly induced DHSs”
(Figure 5A and 5D) and “E2 constantly repressed DHSs” (Figure 5B and 5D), respectively. In
addition, we identified 2,164 DHSs with increased chromatin accessibility and 2,032 DHSs with
decreased chromatin accessibility in response to E2 for at least one time point (“E2 dynamically
induced DHSs” and “E2 dynamically repressed DHSs”, exact test on negative binomial model, p <
0.001, Figure 5D). We further classified E2 dynamically induced DHSs into four groups (“45 min

max”, “4 h max”, “12 h max” and “24 h max”) based on when the DHS was maximally induced

b

(Figure 5C). As control, we randomly sampled 10,000 DHSs which chromatin accessibility

remained unaffected by E2 at any time points (“random DHSs”).
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Figure 5. E2-responsive DHSs
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Figure 5. E2-responsive DHSs (continued)

Snapshots of DNase-seq signal on A) E2 constantly induced DHSs and B) E2 constantly repressed
DHSs. Data was normalized by library size equivalent to 30 million reads. Red: E2. Grey: vehicle. C)
Heat map of log2 fold change of DNase-seq signal in response to E2 on E2 dynamically induced
DHSs. Numbers in the brackets denote the number of DHSs in each group. D) Venn diagram of
the overlaps between different categories of E2-responsive DHSs.



2.2.3 Characteristics of E2-responsive DHSs are associated with E2-dependent cistrome

2.2.3.1 E2-induced DHSs are highly enriched for ER occupancy

Comparing to genomic data based on ER chromatin immunoprecipitation experiments such
as ChIP-Chip, ChIP-seq and ChIA-PET, DHSs represent the global chromatin accessibility
landscape and hence provide more unbiased information that allows us to search for E2-responsive
cis-regulatory elements irrespective of ER binding. Nonetheless, we still detected a strong signature
of ER occupancy in E2-induced DHSs. Compared to random DHSs, E2 constantly induced DHSs
are highly enriched for ER binding sites (Fisher’s exact p < 2.2e-16, Figure 6A), but this pattern is
not observed for E2 constantly repressed DHSs (Fisher’s exact p = 0.9365, Figure 6A). When we
examined E2 dynamically induced DHSs we found that the enrichment of ER binding sites in DHSs
maximally induced at 45min is far higher than those in DHSs maximally induced at later time points
(Fisher’s exact p < 2.2e-16). More than 70% of DHSs maximally induced at 45 min contain ER
binding sites (Figure 6B). This is not likely due to the bias that ER ChIP-seq data was generated
under the condition of E2 treatment for 45 min, because the same pattern is maintained by using
ER ChIP-seq data collected with E2 treatment for 4 hours (Figure 6C, source of data: GSE54855).
This result indicates that short-term E2 treatment induced chromatin accessibility changes are

primarily associated with direct ER binding.
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Figure 6. Fraction of ER binding sites in E2-responsive DHSs

A) Proportion of ER binding sites in E2 constantly responsive DHSs. B) Proportion of ER binding
sites with E2 treatment for 45 min in E2 dynamically induced DHSs. C) Proportion of ER binding
sites with E2 treatment for 4 hours in E2 dynamically induced DHSs.

Note: label on top of each bar represents the percentage of DHSs harboring ER binding sites in
each category of DHSs.
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2.2.3.2 Distinct RNA Pol II and histone modification signatures of E2-responsive DHSs

Next, we investigated the signal from several genetic and epigenetic marks on E2-responsive
DHSs. Both with and without E2 treatment, E2 constantly induced DHSs have strongest signal
from active chromatin marks compared to random DHSs and E2 constantly repressed DHSs
(Wilcox p < 2.2e-106, Figure 7A and 7B). Though E2 constantly repressed DHSs show lower signal
of RNA Pol IT and H3K9ac compared to random DHSs, they have indistinguishable or even slightly
higher signal for other active chromatin marks including H3K4mel, H3K14ac and H3K27ac
compared to random DHSs (Figure 7A and 7B). Among these marks, RNA Pol II, H3K4mel,
H3K9ac and H3K14ac signal intensities are significantly changed in response to E2 widely across all
categories of DHSs, but their changes in E2 constantly induced DHSs are stronger than those in the
other two categories of DHSs (Figure 7A). The signal from repressive marks H3K27me3 and
H3K9me3 is low in all three DHS categories, but interestingly, we detected slightly enriched signal
of both repressive marks at the center of E2 constantly repressed DHSs (Figure 7C). To
summarize, B2 constantly induced DHSs are associated with strong basal and E2 responsive signal
of active chromatin marks and RNA Pol II. E2 constantly repressed DHSs show signal of active
marks at levels similar to random DHSs, while also show slightly enriched signal of repressive marks

at the center of DHSs.
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Figure 7. RNA Pol II and chromatin mark signal on E2-responsive DHSs
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Figure 7. RNA Pol II and chromatin mark signal on E2-responsive DHSs (continued)

A) Box plot of average ChIP-seq signal of Pol 1I, H3K4mel, H3K9ac and H3K14ac in different
categories of DHSs with E2 and vehicle treatment. Red: E2. Grey: vehicle. ****: p <0.0001. B) Box
plot of average ChlIP-seq signal of H3K27ac, H3K27me3 and H3K9me3 on different categories of
DHSs with E2 treatment. ***: p <0.0001. C) Meta plot of H3K27me3 and H3K9me3 average
ChlIP-seq signal on different categories of DHSs. Red: E2 constantly induced DHSs. Green: E2
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Figure 7. RNA Pol II and chromatin mark signal on E2-responsive DHSs (continued)
constantly repressed DHSs. Grey: random DHSs. Note: ChIP-seq tag count was summarized and
averaged in +/- 3 kb flanking regions of the centers of DHSs, and then normalized by libraty size
equivalent to 10 million reads.
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2.2.3.3 E2-induced DHSs are enriched for HOT regions

Former colleagues in our group have built NR transcriptional regulation networks in breast
cancer via mapping genomic binding sites of 24 NRs and 14 breast cancer-associated TFs in MCF7
cells, and defined HOT regions based on TF binding complexity (Kittler et al. 2013). In their study,
they have showed that large numbers of TFs co-bind to highly occupied cis-regions. Based on the
results of Kittler et al. 2013, regions bound by more than 8 different NR/TF bindings sites are
defined as HOT regions. By overlapping HOT regions with E2-responsive DHSs, we found
1298/2258 (57.5%) of E2 constantly induced DHSs harbor at least one mapped binding site of
these breast cancer-associated NRs/TFs, which is significantly higher than that of random DHSs
(2427/10,000 = 24.3%, one-sided Fisher’s exact p < 2.2e-16) and E2 constantly repressed DHSs
(272/1193 = 22.8%, one-sided Fishet’s exact p < 2.2e-16), but there is no difference between E2
constantly repressed DHSs and random DHSs (two-sided Fishet’s exact p = 0.2673, Figure 8A).
We found a significant higher fraction of HOT regions in E2 constantly induced DHSs (261/1,298
= 20.1%) than those in random DHSs (281/2,427 = 11.6%, one-sided Fishet’s exact p = 3.355¢-12)
and E2 constantly repressed DHSs (24/272 = 8.8%, one-sided Fishet’s exact p = 2.199¢-6).
Representing only 2.9% (2,258/77,167) of total mapped DHSs in MCF7 cells, E2 constantly
induced DHSs harbor ~10% (261/2,628) of identified HOT regions in all DHSs, which
demonstrates that E2 constantly induced DHSs are transcriptional regulation hotspots where

extensive crosstalk among NRs and TFs occurs (Figure 8B).
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Figure 8. Entichment of NR/TF binding sites in E2-responsive DHSs

A) Cumulative plot of percentage of DHSs with TF binding sites for different TF binding
complexity. B) Enrichment of NR/TF binding sites in E2-responsive DHSs. Red: E2 constantly
induced DHSs. Green: E2 constantly repressed DHSs. DHSs were grouped based on the number of
harbored NR/TF binding sites (“TF binding complexity”). The fractions of DHSs with NR/TF
binding sites in total number of DHSs were computed for all categories of DHSs. Log?2 ratios of
fractions of DHSs with different levels of TF binding complexity between E2-responsive DHSs and
random DHSs were plotted on y-axis.
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2.2.3.4 E2-responsive DHSs are closely associated with E2-regulated genes

From RNA-seq data, we identified 977 E2 up-regulated genes and 781 E2 down-regulated
genes from all time points (exact test on negative binomial model, FDR < 0.01 and FPKM > 1).
Regardless of time point, E2 up-regulated genes are strongly associated with E2 constantly induced
DHSs (Fisher’s exact p = 1.622e-12) and E2 down-regulated genes are negatively associated with E2
constantly induced DHSs (Fisher’s exact p = 6.24e-8) compared to genes not regulated by E2
(Figure 9A). E2 constantly repressed DHSs tend to be associated with E2 down-regulated genes but
this tendency is not statistically significant (Fisher’s exact p = 0.1912, Figure 9A). We further
classified E2-regulated genes into four clusters in order to reflect the trajectory of gene expression
dynamics over time by k-means clustering (Figure 9B). “Cluster 1” genes are not only up-regulated
by E2 at early time points (45min and 4h), but also remain up-regulated at high level over time (log2
fold change > 1.5). Genes in this category include many well-known E2-regulated genes including
PGR, GREB1, XBP1, TMPRSS3 and PKIB. “Cluster 2” genes are gradually up-regulated by E2
over time and reach maximum up-regulation at 24h, such as CELSR2, DLG5, and PCNA. “Cluster
37 genes are E2 transiently up-regulated which show maximum up-regulation at 4h or 12h, including
JARID2, PVT1 and NRIP1. “Cluster 4” genes represent E2 down-regulated genes such as CCNG2,
IL1R1 and SALL4. Since we are interested in the association between the dynamics of DHSs and
nearby gene expression, we generated an enrichment matrix representing the association between
each group of E2 induced DHSs and each cluster of E2-regulated genes (Figure 9C). Cluster 1
genes are highly associated with all groups of dynamically induced DHSs compared to other gene
clusters, especially for DHSs maximally induced at 45 min, indicating that they are E2 primary target
genes and directly regulated by ER. Cluster 2 genes are more associated with late-induced DHSs

(12h max and 24h max) than early ones (45min max and 4h max). In contrast, Cluster 3 genes are
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more associated with early-induced DHSs (45min max and 4h max) than late ones (12h max and 24h
max). Taken together, our data reveals that the dynamics of E2 response of DHSs are in phase with

the dynamics of E2 response of gene transcription.
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Figure 9. Association between E2-responsive DHSs and E2-regulated genes

A) Odds ratio of the association between E2-responsive DHSs and E2-regulated genes. Red: E2 up-
regulated genes. Green: E2 down-regulated genes. Only genes with FPKM > 1 were included in the
analysis. Odds ratio was computed as (# of regulated genes with >= 1 nearby DHSs / # of non-
regulated genes with >= 1 nearby DHSs) / (# of regulated genes with 0 neatby DHS / # of non-
regulated genes with 0 nearby DHS). One-sided Fisher’s exact tests were performed to compare the
enrichment of DHSs associated with regulated genes to DHSs associated with non-regulated genes.
**:p <0.01. ¥ p <0.0001. B) Dynamics of gene expression in response to E2 for different
clusters of genes. Genes were grouped by k-means clustering (k = 4). The number of clusters was
determined by comparing sum of squares within clusters and between clusters using different k.
Data of centroid from each group was plotted on y-axis. C) Association of dynamics of E2 induced
DHSs and gene expression. A DHS was assigned to a nearby gene if it is located within 50 kb of
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Figure 9. (continued)

TSS of the gene. The enrichment of association between E2 dynamically induced DHSs and E2-
regulated genes was calculated as (# of DHSs from given group associated with >= 1 genes from
given gene cluster / total # of DHSs from given group) / (# of random DHSs associated with >= 1
genes from given gene cluster / total # of random DHSs), and plotted on y-axis in log2 scale.
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2.2.4 Extensive crosstalk among various TFs on E2-responsive DHSs

2.2.4.1 TF motifs enriched in E2-responsive DHSs

In order to identify TFs that are involved in E2-modulated transcriptional regulation, we
searched for known TF motifs from JASPAR database (Mathelier et al. 2016) enriched in E2-
responsive DHSs compared to random DHSs. More than a hundred TF motifs are significantly
enriched in E2 constantly induced DHSs, while only a handful of motifs belonging to GRHL and
TEAD families are enriched in E2 constantly repressed DHSs (Fisher’s exact test, FDR<0.01,
Figure 10A and Table 2). Since analyses from earlier sections indicated that E2-induced DHSs are
more closely linked to E2-triggered cistrome response and gene expression dynamics, we focused on
motifs enriched in E2-induced DHSs. We noticed that key roles of some TFs from the list in E2-
governed transcriptional regulation have been addressed in previous literature. To name a few, it is
known that ER can be associated to enhancers/promoters through protein-protein interactions with
numerous intermediary TFs including AP-1, Sp1, ATF, CREB and RUNX1 (O'Lone et al. 2004,
Stender et al. 2010). Another group of TFs important for ER binding to cis-regions are pioneering
factors, including FOXA1 (Hurtado et al. 2011), GATA3 (Theodorou et al. 2013) and PBX1
(Magnani et al. 2011). Besides the above-mentioned tethering factors and pioneering factors, it has
been reported that ER genomic action widely interplays with genomic action of other TFs and NRs,
like RARs (Hua, Kittler, and White 2009), NFkB (Frasor et al. 2009) and STAT3 (Wang et al. 2001).
We compared TF binding motifs enriched in E2 constantly induced DHSs that harbor ER ChIP-seq
peaks (742 DHSs) with those that do not harbor ER ChIP-seq peaks (1,516 DHSs). Irrespective of
the presence of ER ChIP-seq peaks, the most significantly enriched motif families besides ERE

motif are AP-1 motifs (e.g. JUN, FOS and AP-1 like motifs, Fisher’s exact test, FDR = 8.77¢-280),
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SP/KLF motifs (e.g. KLF4, KLF5, EGR1 and SP1, Fisher’s exact test, FDR = 7.01e-29) and AP-2
motifs (e.g. TFAP2C and TFAP2A, Fisher’s exact test, FDR = 8.15e-28). For E2 constantly induced
DHSs that harbor ER ChIP-seq peaks, in addition to the above mentioned motifs, there is also
enrichment of many other NR motifs (PR, RARs, PPARG, etc.), and pioneer factor motifs such as
GATA3, FOXA1 and PBX1, which agrees with previous studies. E2 constantly induced DHSs that
do not harbor ER ChIP-seq peaks are particularly enriched for AP-1 and AP-1 like motifs (up to
80%), which is significantly higher than those harbor ER ChIP-seq peaks (67%, Fisher’s exact test p
= 7.326e-10). There is only very weak signal of ER binding in a few AP-1 motif containing DHSs of
E2 constantly induced DHSs that do not harbor ER ChIP-seq peaks (Figure 10B), indicating that

those AP-1 TFs predominantly occupied DHSs do not need to directly interact with ER.
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Figure 10. Known TF binding motifs enriched in E2-responsive DHSs
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A) List of representative TF motifs enriched in different categories of DHSs. Motifs of TFs
expressed MCF7 cells (FPKM cut-off is 1) were analyzed by FIMO using JASPAR database. Fishet’s
exact tests were performed using motif occurrence in random DHSs as control, and p values were
adjusted for multiple testing. E2 constantly induced DHSs were divided into DHSs w/ ERBS and
DHSs w/o ERBS depending on whether they contained MACS2 called ER ChIP-seq peaks. B) ER
ChlIP-seq signal on AP-1 motif containing E2 constantly induced DHSs. AP-1 and AP-1 like motif
occurrence in E2 constantly induced DHSs was predicted by FIMO. ER ChIP-seq tag count was

computed in every 50 bp window within +/- 5 kb of the center of DHSs, and normalized by library
size equivalent to 10 million reads.
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Fold

Motif ID TF Fraction % P value FDR enrichment
MA0490.1 | JUNB 63.0 | 6.26E-279 | 1.60E-276 2.9
MAO0491.1 | JUND 60.9 | 3.44E-282 | 8.77E-280 2.9
MAO0489.1 | JUN 61.6 | 1.50E-249 | 3.83E-247 2.8
MAO0476.1 | FOS 61.3 | 2.33E-265| 5.94E-263 2.8
MA0099.2 | FOS:JUN 59.2 | 1.86E-187 | 4.74E-185 2.9
MAO0478.1 | FOSL2 64.3 | 5.53E-257 | 1.41E-254 2.3
MA0655.1 | JDP2 47.8 | 4.45E-237 | 1.13E-234 2.8
MAO0462.1 | BATF:JUN 48.7 | 9.73E-116 | 2.48E-113 2.4
MAO0258.2 | ESR2 56.3 | 8.24E-138 | 2.10E-135 1.9
MAO0150.2 | Nfe2l2 453 | 1.30E-115| 3.32E-113 1.9
MAO0591.1 | Bachl::Mafk 46.7 | 1.64E-116 | 4.18E-114 1.9
MAO0112.3 | ESR1 36.4 | 2.28E-110 | 5.81E-108 2.1
MAO0599.1 | KLF5 69.3 2.75E-31 7.01E-29 1.3
MAO0746.1 | SP3 59.4 5.22E-34 1.33E-31 1.3
MA0039.2 | Kif4 59.2 6.96E-49 1.77E-46 1.3
MAO0066.1 | PPARG 32.2 1.37E-48 3.49E-46 1.6
MA0079.3 | SP1 68.1 2.56E-23 6.53E-21 1.2
MAO0516.1 | SP2 67.8 9.96E-24 2.54E-21 1.2
MAO0162.2 | EGR1 61.3 2.08E-26 5.30E-24 1.3
MAO0810.1 | TFAP2A 47.7 1.12E-44 2.86E-42 1.4
MAO0524.2 | TFAP2C 43.6 4.68E-52 1.19E-49 1.4
MAO0521.1 | Tcfl12 51.6 1.91E-27 4.87E-25 1.3
MAO741.1 | KLF16 55.8 2.91E-29 7.42E-27 1.3
MAO0824.1 | ID4 48.7 2.66E-28 6.78E-26 1.3
MAO0747.1 | SP8 53.0 4.08E-26 1.04E-23 1.3
MAO0522.2 | TCF3 49.0 3.87E-26 9.87E-24 1.3
MAO0065.2 | Pparg:Rxra 53.2 2.82E-25 7.19E-23 1.2
MAO0513.1 | SMAD2:SMAD3::SMAD4 46.1 3.19E-32 8.13E-30 1.3
MAO0816.1 | Ascl2 43.0 5.29E-26 1.35E-23 1.3
MAO0691.1 | TFAP4 28.4 8.82E-31 2.25E-28 1.4
MAO0774.1 | MEIS2 30.8 1.07E-28 2.73E-26 1.4
MAO0146.2 | Zfx 51.1 3.03E-28 7.73E-26 1.2
MAO0528.1 | ZNF263 77.6 3.57E-13 9.10E-11 1.1
MA0002.2 | RUNX1 41.6 7.30E-21 1.86E-18 1.3
MAO0596.1 | SREBF2 27.6 3.03E-31 7.73E-29 1.4
MAO0775.1 | MEIS3 26.0 3.72E-24 9.49E-22 1.4
MAO0595.1 | SREBF1 28.7 5.25E-30 1.34E-27 1.4
MAO0504.1 | NR2C2 47.3 1.32E-20 3.37E-18 1.2
MAO0671.1 | NFIX 30.2 2.32E-37 5.92E-35 1.3

Table 2. Complete list of known TF motifs enriched in E2 constantly induced DHSs
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Table 2. Complete list of known TF motifs enriched in E2 constantly induced DHSs

(continued)
MAO0073.1 | RREB1 54.1 1.32E-17 | 3.37E-15 1.2
MAO0685.1 | SP4 439 | 3.71E-23 | 9.40E-21 1.2
MAO0732.1 | EGR3 355 | 205E-23 | 5.23E-21 1.3
MAO0597.1 | THAP1 40.8 | 947E-35| 241E-32 1.2
MAO0159.1 | RARA:RXRA 327 | 7.30E-27 | 1.86E-24 1.3
MA0100.2 | Myb 29.7 | 201E-15| 5.13E-13 1.3
MAO0471.1 | E2F6 492 | 1.49E-14 | 3.80E-12 1.2
MAO0753.1 | ZNF740 40.0 |  6.60E-26 | 1.68E-23 1.2
MAO0113.3 | NR3C1 143 | 1.38E-16 | 3.52E-14 1.5
MAO0088.2 | ZNF143 28.0 | 2.06E-19 | 5.25E-17 1.3
MAO0007.3 | Ar 16.3 | 227E-17 | 5.79E-15 1.4
MAO0730.1 | RARA 29.8 | 2.63E-15| 06.71E-13 1.2
MAO0526.1 | USF2 31.8 | 2.66E-25| 0.78E-23 1.2
MAO0797.1 | TGIF2 209 | 5.23E-16| 1.33E-13 1.3
MA0782.1 | PKNOXI1 239 | 208E-16| 5.30E-14 1.3
MAO0147.2 | Myc 253 | 7.57E-14| 1.93E-11 1.3
MAO0801.1 | MGA 238 | 1.40E-17| 3.57E-15 1.3
MAO0057.1 | MZF1 39.1 1.97E-14 | 5.02E-12 1.2
MA0495.1 | MAFF 269 | 1.53E-11 3.90E-09 1.2
MAO0138.2 | REST 40.1 | 292E-15| 7.45E-13 1.1
MAO0160.1 | NR4A2 26.4 | 1.56E-36 | 3.98E-34 1.2
MA0494.1 | Nr1h3:Rxra 27.8 | 1.29E-07 | 3.29E-05 1.2
MAO0861.1 | TP73 143 | 8.98E-15| 229E-12 1.3
MA0496.1 | MAFK 26.7 | 1.88E-13| 4.79E-11 1.2
MAO0105.4 | NFKB1 22.5| 4.20E-21 1.07E-18 1.2
MAO0074.1 | RXRA:VDR 16.5| 5.14E-10 | 1.31E-07 1.3
MA0018.2 | CREB1 13.2| 1.96E-26 | 5.00E-24 1.3
MA0659.1 | MAFG 14.7| 1.08E-14 | 2.75E-12 1.3
MAO0101.1 | REL 258 | 3.58E-06 | 9.13E-04 1.2
MAO0509.1 | Rfx1 26.7| OG6.13E-15| 1.56E-12 1.2
MA0796.1 | TGIF1 20.7 | 215E-12| 5.48E-10 1.2
MAO0778.1 | NFKB2 21.8 | 1.75E-18 | 4.406E-16 1.2
MAO0677.1 | N£2f6 27.5| 1.61E-19 | 4.11E-17 1.2
MAO0819.1 | CLOCK 10.8 | 9.30E-08 | 2.37E-05 1.3
MAO0860.1 | Rarg 253 | 4.26E-09 | 1.09E-06 1.2
MA0093.2 | USF1 255 | 5.04E-17 | 1.29E-14 1.2
MA0106.3 | TP53 13.6 | 5.76E-16 | 1.47E-13 1.3
MAO0107.1 | RELA 27.8 | 3.85E-06 | 9.82E-04 1.2
MA0592.2 | Estra 22.8 | 8.39E-11| 2.14E-08 1.2
MA0498.2 | MEIS1 13.0 | 3.34E-34 | 8.52E-32 1.3
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Table 2. Complete list of known TF motifs enriched in E2 constantly induced DHSs

(continued)
MAO0736.1 | GLIS2 29.2 | 4.65E-22 | 1.19E-19 1.1
MAO0657.1 | KLF13 23.6 | 3.44E-12| 8.77E-10 1.2
MAO0058.3 | MAX 13.0 | 1.27E-11 3.24E-09 1.2
MAO0798.1 | RFX3 11.6 | 1.12E-05| 2.86E-03 1.3
MAO0117.2 | Mafb 21.0 | 1.24E-10| 3.16E-08 1.2
MAO0831.1 | TFE3 13.3| 3.76E-19 | 9.59E-17 1.2
MAO0833.1 | ATF4 14.7 | 7.81E-07 | 1.99E-04 1.2
MAO0839.1 | CREB3L1 144 | 2.51E-14| 06.40E-12 1.2
MA0059.1 | MAX:MYC 16.7 | 2.59E-08 |  6.60E-06 1.2
MAO0605.1 | Atf3 8.6 6.94E-39 | 1.77E-36 1.3
MA0076.2 | ELK4 26.5| 2.28E-11 5.81E-09 1.1
MA0663.1 | MLX 8.9 145E-05| 3.70E-03 1.3
MA0626.1 | Npas2 12.6 | 4.48E-10 | 1.14E-07 1.2
MAO0115.1 | NR1H2:RXRA 214 | 2.01E-11 5.13E-09 1.2
MAO0808.1 | TEAD3 21.6 | 1.05E-06 | 2.68E-04 1.2
MAO0664.1 | MLXIPL 9.1 1.59E-13 | 4.05E-11 1.3
MAO0825.1 | MNT 12.6 | 3.24E-16| 8.20E-14 1.2
MAO0060.2 | NFYA 17.8 | 06.21E-10 | 1.58E-07 1.2
MAO0512.2 | Rxra 242 | 280E-14 | 7.14E-12 1.1
MAO0511.2 | RUNX2 128 | 1.19E-09 | 3.03E-07 1.2
MAO0617.1 | 1d2 13.9 | 5.87E-18 | 1.50E-15 1.2
MAO0844.1 | XBP1 83| 3.34E-10 | 8.52E-08 1.2
MAO0855.1 | RXRB 240 | 1.43E-11 3.65E-09 1.1
MAO0608.1 | Creb3I2 10.0 | 8.35E-11 | 2.13E-08 1.2
MAO0750.1 | ZBTB7A 21.3| 1.29E-16 | 3.29E-14 1.1
MAO0603.1 | Arntl 10.7 | 1.13E-13 | 2.88E-11 1.2
MAO0616.1 | Hes2 13.4 | 8.14E-09 | 2.08E-006 1.1
MAO0781.1 | PAX9 11.3| 2.61E-14 | 06.66E-12 1.2
MAO0834.1 | ATF7 7.5| 06.406E-10 | 1.65E-07 1.2
MA0622.1 | Mlxip 12.8 | 3.94E-18 | 1.00E-15 1.1
MA0464.2 | BHLHEA40 9.6 | 3.14E-12| 8.01E-10 1.2
MA0259.1 | ARNT:HIF1A 11.8 | 3.56E-15| 9.08E-13 1.1
MA0062.2 | Gabpa 212 | 272E-08 | 06.94E-06 1.1
MAO0645.1 | ETV6 20.6 | 4.19E-08 | 1.07E-05 1.1
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2.2.4.2 DNase I footprint analysis of E2-induced DHSs

As just mentioned, motif analysis based on DNA sequence composition has revealed various
TF motifs especially ERE, AP-1, SP/KLF and AP-2 related motifs enriched in E2 constantly
induced DHSs. Considering that the presence of motif is only indication of potential TF recruitment,
we further predicted DNase I footprints on E2-induced DHSs from DNase-seq data to see if we
could detect protection from DNase I cleavage on predicted TF motifs. The underlying rationale for
DNase I footprint analysis is that when a TF protein physically interacts with cis-chromatin, it would
protect the occupied DNA motif from DNase I cleavage and therefore leave valley-like footprints
within DNase I hypersensitivity sites. We were able to detect DNase I footprints on JUN, KLF4
and TFAP2C motifs in E2 constantly induced DHSs, and footprints on all three TF motifs were
deeper upon E2 treatment than vehicle control (Wilcox p < 2.23-106), indicating increasing
protection on these sites due to stronger protein-DNA interaction triggered by E2 (Figure 11). We
detected very poor and shallow footprints on ERE sites (data not shown), which is consistent with
previous studies that showed footprints of NRs such as ER and GR are barely detectable in DNase-
seq data (Sung et al. 2014). This latter result may arise because their residence time on DNA is
usually very short and transient (McNally et al. 2000), giving insufficient protection of DNA from
DNase 1 cleavage. Nonetheless, our DNase I footprint analysis has further suggested AP-1,
SP/KLF and AP-2 family TFs frequently interact with E2 induced DHSs and such interaction is

triggered by E2 stimulation.
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Figure 11. Signal of DNase I cleavage on JUN, KLLF4 and TFAP2C motifs in E2 constantly
induced DHSs

Red: E2 treatment for 12 hours. Grey: vehicle treatment for 12 hours. Average DNase-seq 5’ end
cut count was calculated on every base pair within +/- 50 bp flanking regions centered by predicted
TF motifs, and normalized by effective library size equivalent to 10 million reads.
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2.2.4.3 TF motifs enriched in E2 dynamically induced DHSs

We next estimated the enrichment of ERE, AP-1, SP/KLF and AP-2 motifs in E2
dynamically induced DHSs, and we found the four motif families are enriched sequentially after E2
treatment (Figure 12). As expected, ERE motifs are highly enriched in 45min max DHSs but their
enrichment is no longer maintained in DHSs maximally induced at 4h, 12h and 24h. AP-1 motifs are
not strongly enriched in 45min max DHSs, but are strongly enriched in 4h max DHSs and remain
highly enriched in DHSs maximally induced at later time points, which suggests that AP-1 TFs
respond to E2 stimulation quickly after ER. SP/KLF and AP-2 motifs are not enriched in DHSs
maximally induced at early time points (45min and 4h) but significantly enriched in DHSs maximum
induced at late time points (12h and 24h), indicating that those TFs respond to E2 stimulation more
slowly than ER and AP-1 TFs but may exert their gene regulatory function in secondary
transcriptional regulation. From RNA-seq data, we have found many AP-1, SP/KLF and AP-2
genes, such as FOSL2, KLF4 and TFAP2C, are rapidly transcriptionally up-regulated by E2
(differentially expressed genes with E2 treatment for 45 min, exact test on negative binomial model,
FDR < 0.001), indicating that these TFs are E2 primary target genes that act as important regulators

in secondary transcriptional regulation.
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Figure 12. Enrichment of ERE, AP-1, SP/KLF and AP-2 motifs in E2 dynamically induced
DHSs

Motif appearance of these TFs was detected by FIMO using JASPAR database. One-tailed Fisher’s
exact tests were performed using occurrence of TF motifs in random DHSs as background control.
P values were corrected for multiple testing and plotted in heat map after —logl0 transformed. The
darker the square is, the more significant p value it represents.
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2.2.5 Assessment of regulatory activity of E2 signaling related DHSs by CapSTARR-seq

2.2.5.1 Overview of CapSTARR-seq experiment

To directly interrogate regulatory activity of E2 related DHSs in a high throughput manner,
we employed CapSTARR-seq assays in MCEF7 cells with E2 treatment over time. We captured
10,825 regions spanning a total of 9.74 Mb of human genome to enrich for E2-responsive DHSs
(E2 constantly induced DHSs, E2 constantly repressed DHSs and E2 dynamically induced DHSs)
and DHSs associated with E2-regulated genes. We included 500 “control DHSs” that are randomly
selected DHSs and are neither E2 responsive nor near E2-regulated genes, and 500 “complete
negative controls” that are randomly selected closed chromatin regions lacking active H3K27ac
signal and breast cancer associated TF/NR binding sites in MCF7 mapped previously (Kittler et al.
2013) (Figure 13A). We generated input screening libraries by cloning these candidate regions into
reporter constructs driven by two different minimal promoters, SCP1 and miniCMV, respectively,
and placing candidate regions in the 3’'UTR of reporter gene eGFP. SCP1 is a synthetic core
promoter used in original STARR-seq and CapSTARR-seq papers, which is expected to be a
stronger core promoter than miniCMV. The reasons to use two different minimal promoters are to
better estimate data reproducibility and to robustly assess regulatory activity. After transiently
electroporated screening libraries into MCE7 cells and at least 48 hours of hormone starvation, we
applied E2 or ethanol in the medium and collected cells in time-course manner. Target-specific
mRNA-seq libraries were prepared, in which only transcripts produced from screening library

plasmids were enriched and amplified for Illumina sequencing (Figure 13B).
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Figure 13. Overview of CapSTARR-seq experiment
A) Composition of captured regions in CapSTARR-seq. B) Design of CapSTARR-seq input
screening vectors and experimental workflow.
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2.2.5.2 Quality metrics of CapSTARR-seq libraries

We obtained 100 bp paired-end reads and recovered genomic coordinates of sequenced
fragments from uniquely mapped reads. For input screening libraries, we successfully captured
nearly all designed regions with close to 90% on-target rate and super deep per bp coverage (Table
3, Figure 14A and 14B). Since we have not detected signal indicating saturation of sequencing and
we estimated total independent clones by counting single colonies on LB agar plates, the complexity
of input libraries calculated from sequencing data is very likely to under-represent the actual
complexity of screening libraries. Compared to input libraries, the output libraries have much lower
but still satisfying complexity on captured regions (Table 4). While 88% of regions in SCP1 libraries
were covered at least 10 times, 48% of regions in miniCMV libraries were covered at least 10 times.
The difference in complexity between libraries driven by the two promoters may be due to basal
promoter strength of SCP1 and miniCMV promoters. After normalizing output library signal by
input library representation, the data between biological replicates is very reproducible for both
SCP1 and miniCMV libraries (Figure 15A and 15B). Therefore, we combined data from biological
replicates for later analyses in order to increase data complexity and statistical power to detect

enhancers.
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Sample Total frag # | Mapped frag | Mapping rate | Distinct frag [ On-target rate | Capture region | Mean per bp | Median per bp

i Yo # Yo covered % coverage coverage
SCP1 input 53,908,601 | 53,165,477 98.62 | 12,076,986 89.67 99.83 484 394
miniCMV input 12,324,101 | 12,020,367 97.53 6,997,737 88.83 99.79 279 222

Table 3. Quality metrics of CapSTARR-seq input screening libraries
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Figure 14. Quality metrics plots of CapSTARR-seq input screening libraries

A) Distribution of insert fragment lengths of input libraries. Pink: SCP1 input library. Blue:
miniCMYV input library. B) Per base pair coverage of input libraries. Pink: SCP1 input library. Blue:
miniCMYV input library. Only distinct fragments overlapping with captures regions were counted for
estimating per base pair coverage.
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Sample

Mean distinct

Median

Mean per bp

Median per bp

Max per bp

% of regions with

frag # distinct frag # coverage coverage coverage >= 10X coverage
SCP1 1.24 M 1.3 M 54 39 1931 88.4 %
miniCMV 0.33 M 032 M 13 9 524 48.3 %

Table 4. Quality metrics of CapSTARR-seq output libraries
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Figure 15. Data reproducibility of CapSTARR-seq output libraries

A) Dot plot of correlation between biological replicates of SCP1 libraries. B) Dot plot of correlation
between biological replicates of miniCMV libraries. Note: Data of cells prior to ligand treatment was
used. Number of fragments on each captured region was counted and normalized by on-target
library size. Enrichment to input value for each region was calculated as dividing normalized count
of output library by normalized count of input library.
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2.2.5.3 Identification of active enhancers

After normalizing output library signal by input library signal, complete negative control
regions on average showed the lowest fold of enrichment. Therefore, we applied the following

formula to assign enhancer activity E to each captured region i:

O
E,' =

o s/e
In this formula, O, and I; are the numbers of uniquely mapped fragments in output and input library
on the i-th captured region after normalized by library sizes, respectively. The numerator denotes the
mean O/I for all complete negative control regions, which is 0.65 for both SCP1 and miniCMV data.
Candidate enhancers were preliminarily called by MACS2 (Zhang et al. 2008) using input library as
control (FDR < 0.05). An active enhancer is called if E, is greater than 1.5 in either all E2 or all
vehicle treatment conditions for a candidate enhancer. We reproducibly detected 3,039 active
enhancer regions from SCP1 data and 3,255 active enhancer regions from miniCMV data (Figure
16B). About 81% of the called enhancers are shared by the two datasets, and quantitatively, the
enhancer activity estimated from SCP1 data and miniCMV data correlates well with each other
(Pearson correlation coefficient = 0.7845, Figure 15A). We measured enhancer activity of randomly
chosen 23 called enhancers by conventional dual luciferase reporter assays. The enhancer activity
measured by CapSTARR-seq is in good correlation with that measured by luciferase reporter assay
(Pearson correlation coefficient = 0.6518, Figure 15C). Among all categories of captured regions,
E2-regulated gene associated DHSs have the highest enhancer calling rate, while E2 constantly

repressed DHSs have the lowest enhancer calling rate which is even lower than control DHSs

(Figure 15D).
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Figure 16. Active enhancers identified from CapSTARR-seq

A) Correlation of enhancer activity between SCP1 data and miniCMV data. Enhancers called from
both SCP1 and miniCMV data were included. Enhancer activity under untreated condition (prior to
ligand treatment but hormone deprived for 48 hours) was plotted in log2 scale. B) Snapshot of raw
CapSTARR-seq signal on called active enhancers. Output data from untreated condition was
graphed after being normalized by on-target library size equivalent to 15 million reads. C)
Correlation between CapSTARR-seq and luciferase reporter assay. Enhancer activity under
untreated condition was plotted on x-axis in log2 scale. Relative luciferase activity was estimated by
comparing internal control normalized luciferase activity of candidate regions to that of
pGL4.23[minP/luc2] negative control plasmid, and plotted in log2 scale. Etrror bars represent
standard errors from three biological replicates. D) Bar graph of enhancer calling rate for different
classes of captured regions. Enhancer calling rate was calculated by dividing the number of called
enhancers by the number of regions that passed filters.
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2.2.5.4 Identification of E2-responsive enhancers

In addition to active enhancers without hormone treatment context, we further identified
E2-responsive enhancers where differential enhancer activity was observed in response to E2
treatment. By comparing enhancer activity between E2 and vehicle treatment conditions, we
identified 440 regions with E2-induced enhancer activity for at least one time point (fold change of
enhancer activity in E2 compared to vehicle > 1.2, Figure 17A), and 311 regions with E2-repressed
enhancer activity for at least one time point (fold change of enhancer activity in E2 compared to
Veh < 0.8, Figure 17B). E2-induced DHSs are significantly enriched for E2-induced enhancers and
depleted for E2-repressed enhancers compared to control DHSs (Figure 17C), indicating most E2-
induced DHSs have E2-induced transcriptional activation function. We randomly chose 17 E2-
induced enhancers and performed dual luciferase reporter assay with E2 and vehicle treatment for
12 hours. Among them, 15 regions showed more than 0.5 log2 fold induction of enhancer activity

with E2 treatment (Figure 17D), which successfully recapitulated CapSTARR-seq results.
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Figure 17. Identification of E2-responsive enhancers

A) Snapshot of raw CapSTARR-seq signal on E2-induced enhancers and B) Snapshot of raw
CapSTARR-seq signal on E2-repressed enhancers. CapSTARR-seq data was normalized by on-
target library size equivalent to 15 million reads. C) E2-responsive enhancer calling rate for different
classes of captured regions. Calling rate was calculated by dividing the number of called E2-
responsive enhancers by the number of regions that passed filters. D) E2-responsive enhancers
investigated by luciferase reporter assay. Red: E2 treatment for 12 hours. Grey: vehicle treatment for
12 hours. Relative luciferase activity was estimated by comparing internal control normalized
luciferase activity of candidate regions to that of pGL4.23[minP/luc2] negative control plasmid, and
plotted in log2 scale. Error bars represent standard errors from three biological replicates.
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2.2.5.5 Correlation of enhancer activity and gene expression

Although we limited our assay to a subset of chromatin accessible regions, and CapSTARR-
seq measures regulatory activity regardless of chromatin context, we were able to observe correlation
between endogenous gene expression level and the number of nearby enhancers (Figure 18). We
found that genes associated with at least one active enhancer are expressed significantly higher than
genes associated with captured regions but no called active enhancer (one-tailed Wilcox p = 1.793e-
6). In addition, we discovered a positive correlation between the E2 response of gene expression and
E2 response of nearby enhancer. We found that 111/440 (25.2%) of E2-induced enhancers are
associated with E2 up-regulated genes, which is significantly higher than E2-repressed enhancers
(50/311 = 16%, Fisher’s exact p = 3.422¢-4). Quantitative analysis of gene expression in response to
E2 associated with nearby E2-responsive enhancers revealed that genes associated with E2-induced
enhancers are induced by E2 significantly higher than those associated with E2-repressed enhancers
(one-tailed Wilcox p = 5.524e-3, Figure 19A). We also found the number of E2-induced enhancers
to be positively correlated with the induction level of gene expression by E2. Genes associated with
at least two E2-induced enhancers are up-regulated significantly higher than those associated with
only one E2-induced enhancer (Wilcox p = 8.715e-4, Figure 19B). One of the E2 most strongly up-
regulated genes, GREB1, has nine E2-induced enhancers located within 50 kb of its TSS, and its
expression is induced by E2 for 4.82 fold. Our results indicate that strong E2 induction of gene

transcription is mediated through collaboration of multiple enhancers.
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Figure 18. Correlation between active enhancers and gene expression
Boxplot of gene expression level binned by number of nearby enhancers. Enhancers within 50 kb of
TSS were counted.
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Figure 19. Correlation between E2-regulated gene expression and enhancer activity in
response to E2

A) Correlation between E2 response of gene expression and nearby E2-responsive enhancers. Gene
expression data with E2 treatment for 24 hours was plotted. **: p<0.01. B) Correlation between E2
response of gene expression and number of nearby E2-induced enhancers. Gene expression data
with E2 treatment for 24 hours was plotted. ***: p<0.0001.
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2.2.5.6 E2-induced enhancers reveal the dynamics of TF interaction in E2 signaling

One advantage of CapSTARR-seq compared to conventional luciferase reporter assays is
that we are able to detect E2 induced enhancer activity of many enhancers at as early as 45min by
CapSTARR-seq but not by luciferase reporter assay, because the readout of CapSTARR-seq is
mRNA molecules that are accumulated much faster than the readout of luciferase assays (e.g. mature
protein). Therefore, CapSTARR-seq data reflects enhancer activity dynamics in a more real-time
manner. While E2-induced enhancers are more enriched for ER binding sites than E2-repressed
enhancers (Fisher’s exact p=8.953e-14), E2-induced enhancers with ER binding sites are more
induced than those without ER binding sites specifically at 45 min (Wilcox p<2.2e-16) but not later
time points (Figure 20), which is consistent with DNase-seq data, reinforcing that ER is the master
regulator in primary transcriptional regulation of E2. We were not able to stratify E2-responsive
enhancer activity by using any other TF motif alone besides ER, indicating that multiple TFs interact

with E2-responsive enhancers to mediate gene transcription.
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Figure 20. E2-responsive enhancer activities over time in E2-induced enhancers

A) with ER binding sites and B) without ER binding sites. ER binding sites were determined by ER
ChIP-seq data of E2 treatment for 45 min. Fold of change of enhancer activity between E2 and
vehicle treatment was calculated and plotted on y-axis in log2 scale.
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We further classified E2-induced enhancers into four categories by k-means clustering based
on their regulatory activity dynamics in response to E2 over time. We compared enhancers
maximally induced at 45min and 4h (E2-early induced enhancers) to those maximally induced at 12h
and 24h (E2-late induced enhancers) for the occurrence of known TF motifs. Consistent with motif
analysis on DHSs, E2 early-induced enhancers are more enriched for ERE and AP-1 motifs, while
E2 late-induced enhancers are more entiched for SP/KLF and AP-2 motifs (Figure 21), supporting
the hypothesis that these TFs are activated by E2 in order and play regulatory function in primary
and secondary response, respectively. Additionally, ER pioneer factors related motifs (forkhead,
GATA and PBX1) are all enriched in E2 early-induced enhancers. Although CapSTARR-seq
measures regulatory activity of exogenous DNA fragments without chromatin context, the plasmid
DNA might be chromatinized in the cells so that pioneer factors may still play important roles in

facilitating ER loading to enhancer fragments.

77



>

0.84

i =
2
O os
e
o
&
c 044 N
e RN
N R N
S \§V\§§§§$§\g_'/\\,!'v'7,
% 0.21 \\\\\\%3\\\"4};4_\\\\3\ 3
= 0N =
o
&
- 0.04
45 min ah e o

E2 induction at 45 minor4 h

o o
g 3

Log2 fold change of E2/Veh
§

log2.enrich

0608101214

AP-1

ESR1

o
o

o
'S

0.2

Log2 fold change of E2/Veh

E2 inductionat 12 hand 24 h

IRF2 KLF4

FOXP1 GATA2

D2

IRF1 MAX:MYC PAX9

PBX1

Log2 fold change of E2/Veh

NFKB1

SP3 TFAP2A ZNF263

Figure 21. E2 dynamically induced enhancers and enriched TF motifs

A) Trajectory of the dynamics of E2 early-induced enhancers and enriched TF motifs. B) Trajectory
of the dynamics of E2 late-induced enhancers and enriched TF motifs.

Notes:

a. BE2-induced enhancers were clustered by k-means clustering. The number of clusters was
determined by comparing sum of squares within clusters and between clusters. Red lines indicate the

trajectory of centroid in each cluster.

b. TFs expressed in MCF7 cells (FPKM cut-off is 1) were included for motif analysis. Motif

occurrence was predicted by FIMO using JASPAR database. Fisher’s exact tests were performed
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Figure 21. E2 dynamically induced enhancers and enriched TF motifs (continued)

comparing the frequency of motifs in E2 early-induced enhancers and E2 late-induced enhancers,
and p values were adjusted for multiple testing. Enrichment of motif frequency in each class of
enhancers was calculated and plotted in heat map in log2 scale.
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2.3 Discussion

In this chapter, we have performed genome-wide investigation and functional assessment of
cis-regulatory elements in the E2-dependent transcriptional regulation network. We started by
profiling the dynamic changes of chromatin accessibility landscape in response to E2 stimulation
together with the dynamics of gene expression regulated by E2. We identified thousands of E2-
responsive DHSs associated with distinct chromatin signatures and gene correlations. We revealed
various TFs including many novel ones that potentially interact with E2-responsive DHSs to
modulate E2-dependent gene expression. We further experimentally interrogated the regulatory
function of E2-responsive DHSs quantitatively in a high throughput manner, not only
demonstrating that E2-responsive enhancers are frequently located in E2-responsive DHSs, but also
uncovering the temporally coordinated action of four key TF families (ER, AP-1, SP/KLF, AP-2) at
E2-responsive cis-regulatory elements.

Genomic analyses of chromatin accessibility data have revealed that ER binding sites and
MCF7 cell HOT regions are strongly enriched in E2-induced DHSs. HOT regions are cis-regions
that are coordinately bound by multiple TFs including NRs. They are closely associated with active
chromatin marks, nearby gene transcription and sites of genomic amplification in breast cancer
(Kittler et al. 2013). The frequent overlaps of ER binding sites, HOT regions and E2-induced DHSs
suggest H2-triggered transcriptional regulation is predominantly mediated by ER, but more
importantly, it is also highly dependent on other TFs and NRs. ER binding sites located in E2-
induced DHSs are likely to be most relevant ones for transcriptional response, because despite the
discrepancy among different datasets profiling ER genomic binding sites, the majority of ER binding

sites in E2-induced DHSs are reproduced across multiple studies. The average ER ChIP-seq signal
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in these regions is significantly higher than that in non-E2-responsive DHSs (Figure 28). ER
occupancy is highly associated with early responsive E2-induced DHSs and enhancers (maximally
induced at 45min after E2 treatment) but not with late induced DHSs and enhancers, indicating that
much of ER activity as an upstream master regulator in the E2-governed gene regulation network is
transient. It is reasonable to assume that secondary transcriptional regulation more heavily relies
upon other TFs, and that it is initiated soon after E2 stimulation (sometime between 45min and 4h).
Historically there has been significant interest to identify E2 signaling early-activated TFs/NRs, the
mechanisms of their activation and how the activation is regulated. Combined results from
differentially expressed gene detection and motif analysis have provided a short list of TFs that are
potentially E2 primary transcription targets and regulators of E2-triggered secondary transcription,
such as KLF4, FOSL2, EGR3, FOXC1, MYC, TFAP2C and so on.

Among the numerous motifs identified as enriched in E2-induced DHSs besides the ERE
motif, the AP-1, SP/KLF and AP-2 family motifs occur in a large fraction of E2-induced DHSs
whether or not ER binding sites are present, suggesting that these TFs widely exert regulatory
function in E2-induced DHSs through both tethering and coordinated binding of ER. A number of
studies on particular E2-responsive enhancers have demonstrated the importance of these TFs in
mediating B2 effects through tethering ER to their binding sites. AP-1 was identified as an
important TF mediating ER transcriptional regulation on non-classical ERE sites long before
genome-wide studies were conducted (Kushner et al. 2000), and genome studies focusing on ER
cistrome revealed AP-1 motifs frequently occur in ER binding sites (Carroll et al. 2005). In E2-
induced DHSs, AP-1 motifs are present in the same DHS of ~67% ER binding sites, but
interestingly AP-1 motifs occur in up to 80% of DHSs where we did not detect signal or detected
very faint signal of ER binding, indicating that E2 signaling on gene transcription is extensively

mediated by AP-1 TFs, and AP-1 TFs can function both with involvement of ER and without ER
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on cis-regulatory elements. It has been demonstrated that the transactivation activity of AP-1 TFs
can be directed by E2 non-genomic signaling through MAPK-mediated phosphorylation
(Bjornstrom and Sjoberg 2004; Karin 1995). Spl from the SP/KLF family is another well-studied
TF important for ERE-independent ER transcriptional regulation. The SP/KLF family consists of
more than a dozen of TFs with similar structures of DNA binding domains (DBDs) that recognize
GC-rich genomic sequences. Many genes have been found to be regulated by E2 through ER-Spl
complexes at Spl binding sites, or Spl sites in proximity with ERE half-sites (Bjornstrom and
Sjoberg 2005). While interaction between ER and Sp1 has been widely studied, little is known about
the roles of other SP/KLF family members in E2-goverened transcriptional regulation. SP/KLF
family TFs share highly conserved DBDs but they exert distinct functions in transcriptional
regulation and interact with each other to coordinate transcription (Kaczynski, Cook, and Urrutia
2003). Our gene expression data indicates that KLF4 and KLF10 are among the handful of E2 up-
regulated genes at 45min, and the KLF4 motif is over-represented in E2-induced DHSs and
enhancers. Therefore, KLF4 or other KLF family TFs may play important roles in mediating E2
signaling on gene transcription. TFAP2C belonging to AP-2 family has been proposed as a
collaborative factor important for hormone response in breast cancer. It transcriptionally regulates
the expression of ER by interacting with ER promoter, and it also regulates expression of the
GPR30 receptor for E2 (Woodfield et al. 2007). In addition, TFAP2C may act as “pioneer factor” of
ER since it binds to ER binding sites prior to ER and loss-of-function of TFAP2C diminished ER
genomic binding and long-range chromatin interactions (Tan et al. 2011). TFAP2C, like KLF4, is
also an E2 early-induced gene at 45min revealed by RNA-seq data. According to motif analysis,
dynamic enrichment of ERE, AP-1, SP/KLF and AP-2 motifs in E2-induced DHSs and enhancers
suggests the sequential recruitment of these TFs on E2-responsive cis-regulatory elements and

temporally coordinated actions of these TFs in E2-dependent gene regulation. Here, we propose
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these four families of TFs participate in E2-triggered transcriptional regulation in the following way:
ER is directly activated by E2 and initiates various intracellular signal transduction cascades in
cytoplasm. Ligand-activated ER is translocated into nucleus and acts as master regulator in primary
gene transcription. Meanwhile, AP-1 TFs are rapidly activated through signaling pathways like
MAPK via post-translational modification, and regulate primary and secondary gene transcription
through both ER-dependent and ER-independent mechanisms. KLF4 and TFAP2C are E2 primary
regulated genes so that their expression is quickly induced with short-term E2 stimulation. They
further act as key regulators in modulating secondary transcriptional response in E2 signaling

(Figure 22).
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Figure 22. Model for action of ER, AP-1, SP/KLF4 and AP-2 family TFs in E2-governed
primary and secondary transcriptional regulation
Notes:

a. TFs

Yellow nicked citcle: ER. Orange circle: AP-1 TFs. Purple circle: SP/KLF TFs. Pink circle:
AP-2 TFs.

b. Cis-regulatory elements

Dark red box: EREs. Dark blue box: AP-1 motif. Green box: SP/KLF motif. Light blue box:
AP-2 motif.

c. Regulation

Black arrow: ligand-induced activation. Orange arrow: post-translational modification. Blue
arrow: gene transcription and translation.
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Previously, various studies using different genomic and computational approaches have
predicted numbers of cis-regions involved in gene transcriptional regulation of E2 signaling.
However, very few predicted regions have been functionally interrogated, which has been a major
hurdle in building E2-governed gene regulation network. In our study, we directly assessed the E2-
dependent regulatory activity of close to 10,000 E2-responsive cis-regions for the first time, and we
successfully characterized more than 3,000 regulatory elements and more than 800 E2-responsive
regulatory elements. Again, CapSTARR-seq results prove that DNase I hypersensitivity sites harbor
numbers of cis-regulatory elements important for controlling gene expression. The regulatory
activity of identified enhancers is closely associated with E2-regulated gene expression, and we also
revealed that the number of E2-induced enhancers is positively correlated with the induction level of
gene expression regulated by E2. For the classical E2-induced gene GREB1, we found 8 E2-induced
enhancers located within 50 kb of its TSS, mediating the robust up-regulation of GREBI
transcription in response to E2. Since the CapSTARR-seq conducted in this study is limited to a
subset of chromatin accessible regions, it would be plausible to expand the experiments to whole
MCF7 genome so as to identify more E2-responsive cis-regulatory elements in a less biased way.
Both Drosophila whole genome (Arnold et al. 2013) and human prostate cancer LNCap cell whole
genome (submitted) STARR-seq data have revealed numerous cis-regions in closed chromatin with
regulatory activity. It would be interesting to know whether there are E2-responsive cis-regulatory
elements located in chromatin inaccessible regions. Such knowledge may shed light on the
mechanisms of cell type specific hormone responses. Given STARR-seq and CapSTARR-seq still
need to be further optimized technically to improve signal-to-noise ratio, the current data are not yet
available to build quantitative models based on enhancer activity to infer associated gene expression
outcome. However, STARR-seq and CapSTARR-seq can serve as powerful tools to annotate E2-

dependent regulatory potential of cis-regulatory elements, and they can be applied in combination
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with endogenous functional studies using CRISPR/Cas9-mediated large-scale genetic screen in

coding and noncoding regions (Chen et al. 2015; Wright and Sanjana 2016).
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2.4 Materials and methods

2.4.1 Cell culture and hormone treatment conditions

MCF7 cells (ATCC: HTB-22) were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% antibiotic-
antimycotic. For hormone starvation, cells were cultured in phenol red free DMEM supplemented
with 10% chatrcoal:dextran stripped FBS and 1% antibiotic-antimycotic. 10 nM of 17-estradiol

(Sigma) was used to stimulate cells after starvation, and ethanol was used as vehicle control.

2.4.2 DNase I hypersensitivity sites mapping

After 72 hours of hormone starvation, 2.0X10" cells (at ~80% confluency) were treated with
E2 or vehicle. Cells were harvested at 45 min, 4 h, 12 h and 24 h post-treatment. Four biological
replicates were generated under each condition. Nuclei isolation and DNase I digestion were
performed as previously described (Song and Crawford 2010). Cells were lysed in buffer RSB
containing 0.1% NP-40. Nuclei were pelleted, subjected to DNase I (Roche) digestion at 37°C for
15 min, and embedded into 0.5% low melt agarose gel (Lonza). High molecular weight DNA (50 kb
— 1 Mb) was extracted from agarose gel plugs by phenol:chloroform purification, and equally pooled
from nuclei digested by different amounts of DNase I (0.4 U, 1.2 U and 4.0 U). 1 ug DNase I cut
DNA was used to make DNase-seq library. Library preparation was adapted from previous protocol
(Song and Crawford 2010), but adaptors and PCR primers were redesigned in order to achieve
library compatibility with Illumina platforms and simplify library preparation procedure (Table 5).
Given the new design, adaptor I ligated DNA was sheared by sonication in Covaris S2 to generate

DNA fragments with an average size of 150 bp following manufacturer’s protocol, then directly
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bound to streptavidin beads for enrichment of 5’ end of DNase I cut fragments. DNA was further
ligated to adaptor II on the beads and slightly PCR amplified using Fusion Hot Start Flex DNA
Polymerase (NEB, PCR program: 98°C for 30s; 12 cycles of 98°C for 10s, 65°C for 30s and 72°C
for 15s). After final PCR, streptavidin beads were removed on magnet, and reaction was cleaned up
by SPRISelect beads (Beckman, beads/teaction ratio=0.85). DNase-seq libraries were on Illumina

HiSeq2000/2500 platform in 50 bp single-end format.

Oligo name Sequence (5'->3')
sonic_oligo 1a  |Bio-ACACTCTTTCCCTACACGACGCTCTTCCGATC*T
sonic_oligo_1b  |Phos-GATCGGAAGAGCGTCGTGTAGGGAAAGAGTG-Amm
sonic_oligo_2a  |Phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC
sonic_oligo 2b  |CTGGAGTTCAGACGTGTGCTCTTCCGATC*T
sonic_primer_f |AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTT
sonic_primer_r |CAAGCAGAAGACGGCATACGANNNNNNGTGACTGGAGTTCAGACGTGTGCTCTT

Table 5 Sequence of adaptor oligos and PCR primers in DNase-seq library preparation
Notes:

Bio: biotin

*: phosphorothioate bond

Phos: phosphorylation

Amm: amino modifier.

NNNNNN: index sequence for multiplex sequencing
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2.4.3 CapSTARR-seq experiment and library preparation

The overall workflow of generating input screening library was similar to previously
published CapSTARR-seq (Vanhille et al. 2015). MCF7 genomic DNA extracted using PerfectPure
DNA Cultured Cell Kit (5SPRIME) was sheared by sonication (Covaris S2) following manufacturer’s
protocol and sized selected on 1% agarose gel to enrich for fragments from 350 to 650 bp. 1 ug size-
selected gDNA was ligated to customized adaptors (Table 6) and subjected to NimbleGen SeqCap
EZ Capture (Roche). Post-capture DNA was PCR amplified using Fusion Hot Start Flex DNA
Polymerase to add homology arms for subsequent cloning (Table 6, PCR program: 98°C for 30s; 18
cycles of 98°C for 10s, 65°C for 30s and 72°C for 30s). The vector backbone was modified from
pGL4.23[luc2/minP] (Promega). In brief, minP promoter was replaced with SCP1 promoter (kindly
provided by Dr. Alexander Stark), luc2 was replaced with eGFP ORF, and a CmR-ccdB cassette was
cloned between eGFP ORF and SV40 poly (A). The Post-capture PCR product was cleaned up by
AmPureXP beads (Michailidou et al.), then cloned into the vector backbone (linearized by Sph I and
Nde I) through Gibson Assembly (NEB) and transformed into MegaX DHIOBTM T1R
electrocompetent cells (ThermoFisher Scientific). A total of 16 Gibson Assembly reactions and
transformations were performed. All transformed E.coli cells were pooled and cultured in 4 L
LBAMP medium, and harvested when ODG600 reached 1.0. The input screening plasmids were
extracted using Plasmid Giga Kit (QIAGEN) and drop dialyzed. For library transfection, input
screening plasmids were electroporated into MCF7 cells using BTX Electrofusion Systems (Harvard
Apparatus) according to manufacturet’s protocol (1 ug DNA/1 million cells). After transfection,
cells were plated into starvation medium for 48 hours, then treated with E2 or vehicle. Cells were
harvested at 45 min, 4 h, 12 h and 24 h post-treatment. 3.0X10" cells were electroporated in each
replicate and two replicates were generated under each condition. For CapSTARR-seq library

preparation, total RNA was extracted using PerfectPure RNA Cultured Cell Kit (5SPRIME) followed
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by poly (A) tail mRNA isolation using Dynabeads Oligo (dT) beads (ThermoFisher Scientific).
mRNA was treated with TURBO DNase (ThermoFisher Scientific) and purified by RNAClean XP
beads (Michailidou et al). Target-specific first strand cDNA synthesis was performed with
SuperScript III (ThermoFisher Scientific, 500 ng mRNA /reaction) to specifically reverse transcribe
mRNA produced from screening library (Table 6). After reverse transcription, reactions were
treated with RNase A+H. In final PCR amplification, every 5 ul cDNA reaction was used as
template in every 50 ul PCR reaction using Fusion Hot Start Flex DNA polymerase (Table 6, PCR
program: 98°C for 30s; 21 cycles of 98°C for 10s, 65°C for 30s and 72°C for 30s). PCR products
wete cleaned up by AmPure XP beads (beads/reaction ratio=0.8). Generating sequencing library for
input screening plasmids followed the same PCR setup as generating CapSTARR-seq library.
Products from two PCR reactions wetre pooled (10 ng plasmid/reaction, 12 cycles of PCR) and
cleaned up. Input screening libraries and CapSTARR-seq libraries were sequenced on Illumina

HiSeq2000/2500 platform in 100 bp paired-end format.
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Oligo name

Sequence (5'->3')

Adaptor oligo_1

GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT

Adaptor oligo_2

Phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC

pre-capture PCR primer 1

TAATTCTAGAGTCGGGGCGGGCATGGATCTACACTCTTTCCCTACACGAC

pre-capture PCR primer 2

CTTATCATGTCTGCTCGAAGCGGCAGTGACTGGAGTTCAGACGTGT

Capture_blockerl

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATC

Capture_blocker2

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-Amm

cDNA synthesis primers

CAGTGACTGGAGTTCAGACG

GCAGCTTATAATGGTTACAAATAAAGC

ACATTTGTAGAGGTTTTACTTGCT

TCAATGTATCTTATCATGTCTGCTCGAAG

Final PCR primer 1

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA*C

Final PCR primer 2

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTG*T

Table 6 Sequence of oligos used in CapSTARR-seq

Notes:

Phos: phosphorylation

Amm: amino modifier

*: phosphorothioate bond

NNNNNN: index for multiplex sequencing
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2.4.4 Gene expression profiling and differentially expressed gene detection

After 72 hours of hormone starvation, 1.0X10° cells (at ~80% confluency) were treated with
E2 or vehicle. Cells were harvested at 45 min, 4 h, 12 h and 24 h post-treatment. Two biological
replicates were generated under each condition. Total RNA was extracted from E2/vehicle treated
cells using MagNA Pure Compact RNA Isolation Kit (Roche). RNA-seq library preparation was
conducted using TruSeq Stranded mRNA Library Prep Kit (Illumina). RNA-seq libraries were
sequenced on Illumina HiSeq2000/2500 platform in 50 bp single-end format. RNA-seq raw reads
were mapped to human genome hgl9 using TopHat. Transcript assembly (RefSeq annotation) and
gene FPKM estimation were done by Cufflinks. Read counts of genes were summarized by HTSeq,
and differentially expressed genes between E2 and vehicle at each time point were detected by
edgeR (Robinson, McCarthy, and Smyth 2010) using exact negative binomial test (FDR<0.01 and

average FPKM > 1).

2.4.5 ChIP-seq and peak calling

2.0x107 cells (at ~80% confluency) were treated with E2/vehicle for 45 min after 72 hours
of hormone starvation. ChIP experiment was done as previously described (Hua et al. 2008).
Chromatin was lysed in 0.1% SDS lysis buffer and sheared by sonication (Covaris S2, intensity=4,
duty cycle=5%, cycles per burst=200, time=7min). Chromatin immunoprecipitatino was performed
using anti-ERa (Santa Cruz: HC-20) antibody. ChIP-seq library preparation was performed as
previously described (Hua et al. 2008) using adaptors and primers listed in Table 7. ChIP-seq
libraries were sequenced on Illumina HiSeq2000/2500 platform in 50 bp single-end format. Raw
sequencing reads were aligned to human genome hgl9 by BWA using default parameters. Only
uniquely mapped reads were used in downstream analysis. ChIP-seq peaks were called using MACS2

(Zhang et al. 2008) with default parameters (FDR<0.05).
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Oligo name Sequence (5'->3')

Adaptor oligo 1 GATCTACACTCTTTCCCTACACGACGCTCTTCCGATC*T

Adaptor oligo 2 Phos-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC

Final PCR primer 1 |AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA*C

Final PCR primer 2 |CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTG*T

Table 7 Sequence of oligos used in ChIP-seq library preparation
Notes:

*: phosphorothioate bond

Phos: phosphorylation

NNNNNN: index for multiplex sequencing
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2.4.6 Dual luciferase reporter assay

Luciferase reporter constructs were manufactured by VectorBuilder. In brief, candidate
regions were PCR amplified using MCF7 genomic DNA as template, and cloned into
pGL4.23[luc2/minP] multiple cloning site which is upstream of the minP promoter. The day prior
to transfection, 1.0x10* cells were plated into 96-well plates in starvation medium. During
transfection, Firefly luciferase reporter plasmids were co-transfected with NanoLuc luciferase
control plasmid pNL1.1.TK[Nluc/TK] (Promega) using ViaFect Transfection Reagent (Promega).
For each well, 100 ng total DNA (Firefly plasmid : NanoLuc plasmid = 99:1) was mixed with 0.3 ul
transfection reagent in 10 ul serum-free medium and incubated for 10 min at room temperature
before added into cells. 24 hours after transfection, cells were treated with E2 or vehicle. Luciferase
assays were performed using Nano-Glo Dual-Luciferase Reporter Assay Kit (Promega) at desired
time points post E2/vehicle treatment on Synergy HT plate reader (BioTek) following

manufacturer’s protocol.

2.4.7 DNase-seq data processing, peak calling and differential peak detection

Raw sequencing reads were alighed to human genome hgl9 by BWA using default
parameters. Only uniquely mapped reads were used for downstream data analysis. Peaks for
individual replicates were called by F-Seq (Boyle, Guinney, et al. 2008) (default parameters with
ploidy and copy number correction turned on), and high confident peaks under each condition were
identified by IDR analysis (IDR<0.01). 5 end cut counts on DHS union peaks from different
conditions were summarized and analyzed by edgeR to detect E2 responsive DHSs. E2 constantly
responsive DHSs were detected using GLM likelihood ratio test after fitting data into negative
binomial GLM model (p<0.001). Differential DHSs between E2 and vehicle treatments at each time

point were detected using exact negative binomial test (p<<0.001).
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2.4.8 CapSTARR-seq data processing and peak calling

Raw sequencing reads were alighed to human genome hgl9 by BWA using default
parameters. Reads mapped in proper pair were used and biological replicates were combined for
downstream analysis. For each condition, peak summits were called by MACS2 using default
parameters (FDR<0.05), and 300 bp windows centered on peak summits were identified as peaks.
Union peak set was defined by combining peaks from different conditions (peaks that summits were
within 100 bp were merged). Fold of enrichment over input for union peaks were calculated using
total fragment counts, and peaks with lowest 20% complexity (calculated as # of distinct fragments
/ region length (bp)) were removed from analysis. Enhancer activity was estimated by normalizing
fold of enrichment by the average fold of enrichment of complete negative control regions.
Requirements of being E2 induced enhancers are a) enhancer activity > 1.5 for at least one E2
condition; b) fold change of E2 versus vehicle > 1.2 for at least one time point; ¢) minimum fold
change of E2 versus vehicle across all time points > 0.95. Similarly, requirements of being E2
repressed enhancers are a) enhancer activity > 1.5 for at least one vehicle condition; b) fold change
of E2 versus vehicle < 0.8 for at least one time point; ¢) maximum fold change of E2 versus vehicle

across all time points < 1.05.

2.4.9 Analysis of chromatin signal intensity data and HOT region data

ChIP-seq data of chromatin marks H3K14ac, H3K27me3, H3K9me3, H3K4me3, H3K%ac
and RNA polymerase II was obtained from GEO dataset GSE23701 (Joseph et al. 2010; Kong et al.
2011). ChIP-seq data of chromatin mark H3K27ac was obtained from GEO dataset GSE45822 (Li,
Notani, et al. 2013). ER ChIP-seq data of E2 treatment for 4 hours was obtained from GEO dataset
GSE54855 (Guertin et al. 2014). List of HOT regions was obtained from previously published paper

(Kittler et al. 2013). Data that was aligned to hg18 was lifted over to hgl9 annotation. Average tag
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count in the +/- 3 kb regions flanking the center of interested DHSs was computed using coverage
function of BEDTools and scaled by library size equivalent to 10 million reads. One-tailed Wilcox
rank tests were performed on normalized average ChIP-seq signal. To make meta plot of the signal
intensity of repressive marks on different categories of DHSs, average ChIP-seq tag count in every
25 bp windows within +/- 3 kb regions flanking the center of interested DHSs was computed and
scaled by library size. To find overlapping sites between HOT regions, ER binding sites and DHSs,
intersect function of BEDTools was used following default parameters. To generate heatmap of
ChlIP-seq signal in interested regions, data matrix of ChIP-seq tag count in every 25 bp window of
+/- 5 kb regions flanking the center of DHSs was computed using annotatePeaks function in
HOMER software (Heinz et al. 2010). Data matrix was imported into Cluster 3.0 software and re-
arranged by gene centered correlation method, then visualized in Java Treeview software (Saldanha

2004).

2.4.10 Clustering analysis of E2-regulated genes and E2-induced enhancers

K-means clustering was performed using pheatmap function of pheatmap package in R
based on log2 transformed fold of changes of FPKM between E2 treatment and vehicle treatment
for gene expression data, and log2 transformed fold of changes of enhancer activity between E2
treatment and vehicle treatment for CapSTARR-seq data. The number of clusters was determined
by plotting the within cluster sum of squares as a function of k. For gene expression data, genes with
maximum expression change over 1.5 times of log2 fold of change were included. Centroid data in

each cluster was extracted after clustering, and plotted using ggplot2.
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2.4.11 Association between cis-regions (DHSs, enhancers) and genes

DHSs or enhancers were assigned to nearby genes if they are located within 50 kb of any
TSS using window function of BEDTools. Odds ratio representing the association between DHSs
and E2-regulated genes was computed using the following formula: (# of regulated genes with >=1
nearby DHSs / # of non-regulated genes with >= 1 nearby DHSs) / (# of regulated genes with 0
nearby DHS / # of non-regulated genes with 0 nearby DHS). Only genes with FPKM greater than 1

were included for DHS association analysis.

2.4.12 Motif analysis

PWMs of known TF motifs were obtained from JASPAR 2016 vertebrate core motif
database (Mathelier et al. 2016). TFs not expressed in MCF7 cells (FPKM < 1) were filtered from
analysis. Occurrence of TF motifs in DHSs was identified by FIMO (Grant, Bailey, and Noble 2011)
using default cut-off. One-tailed Fisher’s exact tests were performed and p values were adjusted by

Bonferroni correction.

2.4.13 DNase I footprint analysis

DNase-seq reads were trimmed to only remain the first base pair on 5 end. DNase I
footprints in E2-responsive DHSs were identified using dnase2TF software (Sung et al. 2014) with
default parameters. Footprints of ERE, JUN, KLF4 and TFAP2C were predicted by overlapping
motif coordinates extracted from FIMO results with identified DNase I footprints using intersect
function in BEDTools. Average DNase-seq 5 end cut count was computed for each base pair
within +/- 50 bp regions flanking predicted TF footprints. One-tailed Wilcox rank tests were

formed to compare the signal of DNase I cleavage on footprints.
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2.5 Contributions

Grace Yu and Kevin White designed the project. Grace Yu adapted and optimized original
DNase-seq protocol with the help of Yuwen Liu. Jie Zhou and Yuwen Liu adapted and optimized
CapSTARR-seq. Grace Yu generated all experimental data with the help of Amber Thomas, Lijia Ma
and Mike Bolt. Grace Yu performed all data analyses and composed all figures and tables. Grace Yu

and Kevin White wrote the manuscript.
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CHAPTER 3

Functional characterization of KLLF4 in estrogen governed transcriptional

regulation

3.1 Introduction

KLF4 belongs to the Krippel-like transcription factor family, which binds to a 5>-CACCC-3’
core sequence to regulate target gene expression both as activator and as repressor in a context-
dependent manner (Evans and Liu 2008). Its target genes are involved in many cellular functions,
particularly in cell proliferation, apoptosis and differentiation. It is extensively recognized that KILLF4
plays an important role in maintaining “stemness” of embryonic stem cells (ESCs). After
introducing expression of Klf4 in combination with three other TFs (Oct3/4, Sox2 and c-Myc),
adult fibroblasts can be reprogrammed into induced pluripotent stem cells (iIPSCs) that resemble ES
cell properties, including ability to differentiate into a variety of tissues (Takahashi and Yamanaka
20006). In cancers, more and more studies have revealed the emerging roles of KLLF4 as either a
tumor suppressor or an oncogene depending on cancer type. However, its cancer specific targets
and gene regulation mechanism remain largely unknown. For example, the loss of KLLF4 expression
has been shown to be correlated with advanced tumor malignancy and accelerated tumor
progression in colon cancers (Dang et al. 2001) and gastric cancers (Wei et al. 2005) due to promoter
methylation or loss of heterozygosity. KLF4 exerts tumor suppressive function at least in part

through its transcriptional regulation target, p21, which is a CDK inhibitor important for cell cycle
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arrest (Chen et al. 2001), and through its transcriptional regulation target p53 (el-Deiry et al. 1993).
KLF4 has also been found to be often over-expressed in squamous cell carcinoma (Foster et al.
1999) and breast cancer (Foster et al. 2000), suggesting its potential oncogenic role in these cancers.
One way KLF4 is thought to exhibit oncogenic function is to through transcriptional repression of
p53 expression, allowing for resistance to DNA damage induced apoptosis (Rowland, Bernards, and
Peeper 2005).

Compared to other ubiquitously expressed KLF family members, KLLF4 is only expressed in
a subset of tissues, for example, embryonic stem cells, gastrointestinal tract, skin, lung, bone
marrow, breast and ovary. Elevated expression of KLF4 mRNA and protein have been detected in
most breast ductal and invasive carcinomas compared to adjacent uninvolved epithelium cells
(Foster et al. 2000), and the nuclear localization of KLIF4 is associated with more aggressive
phenotype in eatly-stage breast cancer (Pandya et al. 2004). A few molecular studies have uncovered
KLF4 tumor related function in breast cancer cell lines and mouse xenograft models. Loss and gain
of function experiments in both ER+ and ER- breast cancer cell lines demonstrated KLF4
expression is positively associated with breast tumorigenesis by investigating phenotypes such as
proliferation, apoptosis, cell migration, cell invasion, epithelial-mesenchymal transition (EMT), and
xenografted tumor growth (Rowland, Bernards, and Peeper 2005; Yu et al. 2011; Hu et al. 2012;
Tiwari et al. 2013). It has been found that as a rapid turnover protein, KLLF4 protein stability is
highly regulated by estrogen signaling through estrogen induced down regulation of pVHL, a protein
that governs KLF4 turnover. KLF4 protein accumulation in turn facilitates estrogen triggered
mitogenic growth (Hu et al. 2012). Furthermore, arginine methylation of KLLF4 regulated by PRMT5
is also crucial for stabilizing KLLF4 protein, and abruption of KLF4 methylation results in up-
regulation of Bax and down-regulation of a series of oncogenes like cyclin D2, cyclin B1 and Myc in

breast cancer (Hu et al. 2015). In addition, genome-wide association studies (GWASs) have also
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revealed that KLF4 is potentially an important master regulator in breast cancer, as one breast
cancer associated risk allele 15471467 located near KLLF4 was found to physically interact with KLF4
promoter, and the KLLF4 motif has been shown to be over-represented in promoter regions of this
eQTL associated genes, which suggests that this breast cancer risk allele may affect downstream
gene expression by acting through KLF4 (Li, Seo, et al. 2013). However, there are many major
questions remained to be answered about KLF4 function in breast cancer. First of all, which are
KLF4 transcriptional regulation targets that are associated with breast cancer, and how does KLF4
modulates its target gene expression? Secondly, whether and how does KILF4 transcriptional
regulation cross-talk with major signaling pathways in breast cancer, including the estrogen receptor,
progesterone receptor and epidermal growth factor receptor signaling? Though several studies found
KLF4 physically interacts with ER in MCF7 cells (Akaogi et al. 2009; Mohammed et al. 2013), and
KLF4 knockdown attenuated E2 response of ERE driven luciferase reporter gene expression (Hu et
al. 2012), we do not have an overall picture of the role of KLLF'4 in E2-governed transcriptional
regulation. Therefore, in this chapter, we have applied genomic approaches to functionally
characterize KLLF4 in E2-dependent transcriptional regulation, and we have identified KLLF4 as an

early effector of E2 signaling and a cooperating TF in the E2 gene regulation network.
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3.2 Results

3.2.1 KLF4 is an E2 early up-regulated effector TF

In Chapter 2, we discovered that the KLLF4 motif is over-represented in E2 induced DHSs
and E2 induced enhancers. In order to ask whether KLLF4 is a functional TF in MCF7 cells, we first
examined KLF4 expression in response to E2. In MCF7 cells, KLLF4 is a moderately expressed gene,
and it is detected as one of just a handful of differentially expressed genes within 45 min of E2
stimulation from RNA-seq data (exact test based on negative binomial model, FDR < 0.001). As
shown in Figure 23A, KLLF4 mRNA was rapidly up-regulated upon E2 treatment for 45 min and
retained this increasing expression over time. Noticeable accumulation of KLLF4 protein was also
observed upon E2 treatment for 4 h (Figure 23B). From ChIP-seq data, we found that there is a
strong ER binding site located ~50 kb upstream of KLF4 TSS (Figure 23C). Therefore, KLLF4 is

likely to be an E2 primary target gene, and its transcription is directly and rapidly regulated by ER.
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Figure 23. KLLF4 is an E2 early up-regulated gene

A) KLF4 mRNA level upon E2 treatment over time measured by RNA-seq. Error bars denote
standard error from two biological replicates. B) KILLF4 protein level upon E2 treatment over time.
Comp: complete media. CS 48h: hormone deprivation for 48 hours. C) Snapshot showing ER
binding site near KLLF4 TSS. ER ChIP-seq library size was normalized to 10 million reads.
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3.2.2 KLF4 knockdown attenuated E2-dependent cell proliferation

In order to interrogate KLLF4 function in E2-induced cell growth, we built a KLLF4 loss-of-
function model using shRNA mediated stable knockdown. We compared three different shRNAs
targeting regions of human KLF4 mRNA (Table 8). Though the three shRNAs yielded different
efficiency of reducing KLLF4 level, we observed similar phenotypic changes in all three KLLF4 stable
knockdown cells. Among the three shRNA we tested, #3 shRNA targeting the 3rd and 4th exons
and spanning exon-exon junction most effectively reduced KLF4 mRNA and protein level, to about
one third of scrambled control knockdown (Figure 24A and 24B). Meanwhile, we did not observe
noticeable change of ER protein level in KLLF4 knockdown cells (Figure 24B). Therefore, we used

#3 shRNA for downstream experiments.
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Figure 24. shRNA mediated KLLF4 knockdown in MCF7 cells
A) KLF4 mRNA level in different lentiviral sShRNA transduced cells measured by RT-qPCR. Error

bars represent standard error among three biological replicates. B) KLLF4 and ER protein level in
lentiviral shRNA transduced cells.
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Compared to scrambled control cells, KLLF4 knockdown cells were obviously slowed down
in cell growth, and many dead cells were seen in KLLF4 knockdown cell culture dishes. We therefore
measured KLLF4 knockdown and scrambled control cell proliferation in response to E2 using an
EdU proliferation assay, which precisely labels cells in S-phase of mitotic cell cycle. We tested the
contribution of KLLF4 expression level and E2 treatment to cell proliferation using the following

linear model with interaction term:

S-phase cell% = f,+f,- KLF4+5,-E2+f,- KLF4XE2+¢

While KLF4 knockdown in hormone deprived vehicle treatment condition did not significantly
affect cell proliferation, KLF4 knockdown significantly attenuated E2-induced cell proliferation with
E2 treatment for both 24 hours and 48 hours (Figure 25), demonstrating that KILF4 is required for

maintaining B2 effect on cell proliferation.
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Figure 25. Effect of KLF4 knockdown in E2-dependent cell proliferation

Percentage of EAU+ cells with E2 treatment were plotted on y-axis with E2 treatment for A) 24
hours and B) 48 hours. Error bars represent standard error among three biological replicates. P-
values denote the significance level of the interaction between KLI4 expression level and E2

treatment in the linear model.
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3.2.3 KLF4is a cooperative TF in E2-goverened gene regulation

Since KLLF4 knockdown had significant impact on E2-regulated cell proliferation, we were
interested in the genes regulated by both E2 and KLF4. We identified 2,490 genes down-regulated
and 1,296 genes up-regulated in KLLF'4 knockdown cells compared to scrambled control cells from
RNA-seq data (exact test on negative binomial model, FDR < 0.001), which are potentially KLLF4
activated (up-regulated) and repressed (down-regulated) genes, respectively. We found that there is a
substantial overlap between E2 regulated genes and KLF4 regulated genes. About half of E2
regulated genes were also affected after knocking down KLF4, and both E2 and KLF4 regulated
genes were significantly enriched for coordinated up-regulation (Fisher’s exact p < 2.2e-16) and
coordinated down-regulation (Fisher’s exact p = 1.048e-3, Figure 26A). Gene ontology enrichment
analysis revealed that both E2 and KLLF4 up-regulated genes are extremely enriched for genes related
to cell cycle and DNA metabolic process. Such enrichment is far higher than E2 only up-regulated
genes (Figure 26B), indicating that KLF4 is heavily involved in regulating E2-induced cell
proliferation. In order to investigate whether KILLF4 is important for E2-dependent gene regulation,
we performed RNA-seq in KLF4 knockdown versus scrambled control knockdown cells with and
without E2 treatment for 24 hours. While knocking down KLF4 did not seem to widely confer E2-
dependent gene regulation, we were able to detect interactive effects of E2 and KLLF4 knockdown
on expression of 340 genes (GLM likelihood ratio test on negative binomial model, FDR < 0.05).
Among these genes, KLLF'4 knockdown resulted in decreased E2 response for 83% of the genes and
increased E2 response for 17% of the genes. Though both putative synergistic and antagonistic
effects of KLF4 in E2-dependent gene regulation have been observed, and context-dependent

mechanisms may exist determining whether KILF4 can activate or repress transcription, the overall
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outcome of gene regulation and cell proliferation suggest that KLLF4 plays a cooperative role in E2-
governed gene regulation.

Next, we asked whether there is potential cooperative crosstalk at transcriptional regulation
between ER and KLF4. We profiled 5,216 ER binding sites and 6,896 KLLI'4 binding sites in MCF7
cells by ChIP-seq (FDR < 0.05). We found both ER and KLF4 bindings sites near 50 kb of TSS of
212 out of 711 genes that are up-regulated by both E2 and KLF4. The enrichment of both TF
binding sites near genes up-regulated by both E2 and KILF4 are significantly higher than genes only
up-regulated by E2 or KLF4 (Fisher’s exact p = 2.429¢-3). Furthermore, among the 212 genes
associated with both ER and KLF4 binding sites, we found ER and KLF4 binding sites co-occur in
106 regions. The co-occurrence is also more frequent than ER and KLF4 binding sites near genes
up-regulated only by E2 or KLF4 (Fisher’s exact p = 5.004e-3, Figure 26C), indicating significant

cooperation at the transcriptional regulation level between KILLF4 and ER.
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Figure 26. E2 and KLF4 regulated genes
A) Fraction of KLF4 regulation on E2-regulated genes. Fisher’s exact tests were performed
comparing the ratio between KLLF4 up- and down-regulated genes that were also E2-regulated genes
to the ratio between KLF4 up- and down-regulated genes in the whole transcriptome. ****: p <
0.0001. **: p < 0.01. B) Significantly enriched GO terms in E2 and KLF4 up-regulated genes.
Fisher’s exact tests were performed comparing gene list of interest to all expressed genes in MCEF7,
and p values were adjusted for multiple testing. —log10 transformed adjusted p values were plotted
on x-axis. C) E2 and KLF4 co-up regulated genes associated with ER and KLF4 binding sites. Up:
overlap between genes associated with ER and KLF4 binding sites. Down: overlap between ER and
KLF4 binding sites associated with co-up regulated genes. Only bindings sites within 50 kb of TSS

were included.
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3.2.4 KLF4 and ER highly co-bind to E2 induced DHSs

409 out of 2,258 E2 induced DHSs contain high confident KLLF4 ChIP-seq peaks, which
confirms that many KLF4 motifs predicted from motif analysis of DNase-seq data are true
positives. Although in all DHSs, KLLF4 and ER do not co-occur frequently, their co-occurrence is
much more frequent in E2 induced DHSs (Fisher’s exact p < 2.2e-16, Figure 27A and 27B). From
the heat map of ER and KLLFF4 ChIP-seq raw signal in E2 induced DHSs (Figure 27B), we found
ER and KLF4 widely co-occur in E2-induced DHSs. We performed ChIP-qPCR on several
randomly selected E2 induced enhancers that contain both ER and KLF4 binding sites in cells
treated with E2 or vehicle for 45 min. The recruitment of both ER and KLF4 on those enhancers
was rapidly induced by E2 treatment (Figure 28), indicating that KLLF4 may play regulatory role as
well as ER by interacting with those cis-regulatory elements in early-stage E2-goverened
transcriptional regulation. However, KLLF4 knockdown only moderately decreased ER occupancy
genome wide, and the reduction level of ER occupancy is indistinguishable between ER and KLF4
co-bound sites and ER only sites, suggesting that KLLF4 is not required for the interaction between

ER and chromatin (Figure 29).
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Figure 27. Co-occurrence of ER and KLLF4 binding sites in E2 constantly induced DHSs

A) Overlap between DHSs containing ER and KLF4 binding sites. B) Heatmap of ER and KLF4
ChlIP-seq signal in E2 constantly induced DHSs. ChlIP-seq tag count was normalized to 10 million
reads and plotted centered by DHS center. ER and KLF4 ChIP-seq peaks were called by MACS2
(FDR < 0.05) and overlapped with E2 induced DHSs. ER strong & KLF4 strong: E2 induced
DHSs containing both ER and KLF4 high confident ChIP-seq peaks. ER strong & KLIF4 weak: E2
induced DHSs containing high confident ER peaks but not KLF4 peaks. ER weak and KLF4
strong: E2 induced DHSs containing high confident KLLF4 peaks but not ER peaks.
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Figure 28. ChIP-qPCR on E2 induced enhancers

Red: E2 treatment for 45 min. Grey: vehicle treatment for 45 min. ChIP-qPCR data was normalized
using comparative C; method by input sample and negative control region. Error bars represent
standard error from three biological replicates.

113



ER and KLF4 co-bound sites ER only sites

B
o
1
5
o
1

w
o
1
w
o
1

n
(=}
1

Normalized signal intensity
n
<

Normalized signal intensity

—_
o
1
-
(=}
1

%

o—”\/\jm'\k—w 0.

T T T T T r 1 L) I
-2000 -1000 0 1000 2000 -2000 -1000 0 1000 2000

Distance to peak center (bp) Distance to peak center (bp)

B
ER and KLF4 co-bound sites ER only sites

40- 40-

> >

& £

| = =

[ Q

§30‘ §30_

K K

[ = l o

o o

2 | -

820' l 820_

N \ N

T [ | ©

E [ £

c | || 2 \
10- | 10-

1 1 | ) T T T L T
-2000 -1000 0 1000 2000 -2000 -1000 0 1000 2000

Distance to peak center (bp) Distance to peak center (bp)

Figure 29. Meta-plot of ER ChIP-seq signal in KLLF4 knockdown cells versus scrambled
control cells

A) Average ER ChIP-seq signal across genome. B) Average ER ChIP-seq signal in E2 constantly
induced DHSs. Red: shScramble. Blue: shKLF4. ChIP-seq tag count was normalized to 10 million
reads and average tag count was calculated and plotted centered by ER binding site centers.
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3.2.5 Necessity of KLLF4 motif in enhancer activity of E2 induced enhancers

We have shown that KLLFF4 and ER are both recruited to E2 induced enhancers upon E2
treatment. Next, we investigated whether KLLF4 motif is important for E2 responsive enhancer
activity of E2 induced enhancers. We randomly selected four E2 induced enhancers that are co-
bound by ER and KLF4, and we cloned WT and mutated enhancers (in which the KLF4 motif is
deleted) into luciferase reporter constructs. We transfected them side-by-side into MCF7 cells and
treated cells with E2 or vehicle for 12 hours. The WT enhancers all showed strong luciferase activity
which were more than 50 fold higher than enhancer-less pGL4.23[minP/luc2] negative controls
(Figure 30A). After deleting the KILF4 motif, the overall luciferase activity of all four enhancers was
significantly reduced. E2 induced luciferase activity of two enhancers, dhs_29667 and dhs_42377,
was significantly attenuated in KLLF4 motif deleted mutants. The other two enhancers did not show
significant change of E2 responsive enhancer activity (Figure 30B). Our data demonstrates that the
KLF4 motif is essential for maintaining overall enhancer activity of E2-induced enhancers and is

also important for E2-dependent enhancer activity of some E2-induced enhancers.
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Figure 30. Luciferase assay of E2-induced enhancers with KLLF4 motif deletion
A) Normalized luciferase activity of WT E2-induced enhancers compated to pGL4.23[minP/luc2]
control. Firefly luciferase signal was normalized by co-transfected NanoLuc luciferase signal from

116



Figure 30. Luciferase assay of E2-induced enhancers with KLLF4 motif deletion (continued)
same population of cells. Error bars represent standard error of three biological replicates. B)
Relative luciferase activity of WT versus KLF4 motif deleted enhancers with E2 or vehicle treatment
for 12 hours. Red: E2. Grey: vehicle. Error bars represent standard error of three biological
replicates. Pvalues indicate the significance level of interaction between genotype and treatment in
linear model.
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3.3 Discussion

In this chapter, we have investigated the role of KLF4 in E2-governed transcriptional
regulation in ER-positive MCF7 cells. Complementing previous studies focusing on proteolysis of
KLF4 protein regulated by E2 signaling (Hu et al. 2012), we have identified KLLF'4 as a primary
transcriptional target of E2 signaling which mRNA and protein levels are rapidly accumulated upon
E2 stimulation. By profiling KLF4 target genes using knockdown experiments, we revealed a
substantial fraction of E2 up-regulated genes overlap with KLF4 target genes, and that the
overlapped genes are extremely enriched for genes involved in cell cycle, DNA metabolism and
replication. These results provide an explanation for attenuated E2-induced cell proliferation in
KLF4 loss-of-function cells. Co-occurrence of ER and KLF4 binding sites associated with genes
regulated by both TFs and in E2-induced DHSs suggests widespread crosstalk between the two TFs
at transcriptional regulation level. We further tested the necessity of KLLF4 binding motifs in E2-
induced enhancers by reporter assays and demonstrated that KILF'4 motif is not only essential for
overall regulatory activity of E2-induced enhancers but also important for E2-responsive regulatory
activity of specific E2-induced enhancers. Taken together, our data identifies KILF4 as an E2 early
effector TF important for E2-dependent cell proliferation, and our results indicate that KLLF4 is a
cooperative TF participating in the E2-goverened gene regulation network.

Recently, more and more studies on KLF family members in NR signaling have uncovered
KLFs as key effectors in NR-mediated transcriptional regulation. In general, several mechanisms
have been proposed for the roles of KLFs in NR signaling (Knoedler and Denver 2014). Our results
show that KILLF4 is a primary and direct transcriptional target of ER that mediates transcription of

subsequent E2 responsive genes with and without ER. Since KLLF4 abundance is highly regulated by
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a variety of stimuli including interferon-y (Chen, Shie, and Tseng 2000), DNA damage (Yoon, Chen,
and Yang 2003) and cAMP (Birsoy, Chen, and Friedman 2008), it can act as a convergence point
integrating different signaling pathways to regulate endocrine responses. Secondly, KLF4 is an
accessory TT that cooperatively regulates activity of cis-regulatory elements with ER. Though KLF4
is transcriptionally induced by E2 signaling, chromatin immunoprecipitation data indicates that
KLF4 not only functions in secondary transcriptional regulation but also participates in primary
gene regulation, since E2 induced rapid recruitment of KLLF4 in cis-regulatory elements which may
occur too fast to be secondary effect. Thirdly, KLLF4 regulates expression of many key regulators in
E2-governed transcriptional regulation such as JUN and FOS, which in turn are known to modulate
E2 response of transcriptome.

In the eatlier chapter, we have identified that SP/KLF TF family motifs (e.g. KLF4, KLF5,
SP1, etc.) are over-represented in E2-induced DHSs and E2-induced enhancers. Though it is already
recognized that ER is often tethered to Spl binding sites through protein-protein interaction to
modulate transcription, little is known about the role of other SP/KLF family TFs in E2-goverend
transcriptional regulation. KLF family members share highly conserved DNA binding domain
consists of three Cys2-His2 zinc fingers which are similar to Sp family members, so their divergent
function is mainly dependent on the highly variable N-terminal transactivation domains. From
chromatin immunoprecipitation, we have confirmed that KLF4 frequently co-occupies in E2-
induced DHSs with ER, and this association is quickly triggered by E2. Furthermore, disruption of
KLF4 motifs in E2-induced enhancers effectively abrogated E2 response of several tested
enhancers, indicating that ER requires KLF4 to fully function on certain cis-regulatory elements.
Studies led by other groups have also proved that KLLF4 physically interacts with ER in MCEF7 cells
by immunoprecipitation (Akaogi et al. 2009; Mohammed et al. 2013). Collectively, this evidence

strongly indicates that ER and KLF4 may have direct interaction on chromatin. However, after
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knocking down KLF4, ER genomic binding was only moderately affected globally. Several
hypotheses can possibly explain this phenomenon: a) the knockdown efficiency of KLF4 in the
study is not enough to affect ER binding; b) there is functional redundancy among SP/KLF family
members in mediating ER interaction with chromatin; ¢) ER and KLF4 interacts with each other in
multiple ways, so that despite of the physical interaction between the two TFs in the cells, they
independently bind to their own binding motifs that are located proximal to each other on
chromatin and coordinately regulate gene transcription. In order to test the above hypotheses and
figure out the exact mechanism of crosstalk between KLF4 and ER on chromatin, further
experiments will need to be performed. For example, in addition to shRNA-mediated knockdown,
other loss-of-function and gain-of-function models such as complete knockout of KLLF4 mediated
by CRISPR/Cas9 technology and ovetexpression of exogenous KLF4 can be built to examine the
consequence of manipulating KILF4 expression level to ER binding and gene regulation outcome.
While we have not observed significant influence on ER loading onto chromatin after
knocking down KLF4, we have found KLF4 to be crucial for E2-dependent cell proliferation
because of numerous cell cycle related genes regulated by both E2 and KLF4, including PLK1,
CDCo6, CDK2 and POLA1. KLF4 knockdown also significantly abrogated the pro-proliferative
effect of E2. E2 is a strong mitogen for ER+ cells because among the hundreds to thousands of
genes directly or indirectly regulated by ER, a subset of key genes are involved in cell cycle
modulation. Since the genes regulated by both E2 and KLLF4 are even more enriched for cell cycle
regulators than genes only regulated by E2, we postulate that E2-triggered transcriptional regulation
on a substantial proportion of cell cycle related genes is mediated by KLF4. On one hand, KLF4
seems to work as E2 early effector TF to “amplify” gene expression. For example, lower levels of
KLF4 expression resulted in decreased overall expression of PLK1 and POLA1l but did not

significantly confer E2 response of gene expression, suggesting an additive effect of E2 and KLF4.
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On the other hand, for CDC45, CCNB1 and CDC25B, KLLF4 knockdown not only led to reduced
gene expression level but also attenuated E2-dependent gene expression, indicating E2 and KLF4
can synergistically regulate gene expression. According to prior studies, KLF4 regulates gene
transcription through complex mechanisms that depend on cellular context. For activating gene
transcription, it can either act alone by directly fusing its three zinc fingers with its N-terminal
transactivation domain (Geiman et al. 2000), or it can interact with the co-activator p300/CBP
complex (Evans et al. 2007). For achieving transcriptional repression, KILF4 can compete with other
activators like Sp1 to passively repress target gene expression (Zhang et al. 1998), or it can actively
repress genes through its own repressive domain by recruiting HDACs (Noti, Johnson, and Dillon
2005). It has also been reported that KILF4 is able to interact with KAT5, a bi-functional cofactor, to
cither activate or repress gene expression depending on cell context (Evans and Liu 2008).
Therefore, in order to further dissect the additive and synergistic crosstalk on gene regulation
between KLF4 and ER, we will need to associate their co-regulated genes with KLLFF4 and ER
binding sites and perform in-depth analyses gene by gene.

Though further molecular studies are needed to clearly elucidate the mechanisms of KLF4
mediated gene transcription and the relationship between KLF4 and ER when interacting with
chromatin in the context of E2 signaling in more ER positive breast cancer models, the results from
our functional studies and those of other groups have identified KLLF4 as a key player in breast
cancer tumorigenesis and tumor progression. Many datasets based on primary samples have
discovered elevated expression of KLIF4 protein in breast cancer (Foster et al. 2000; Pandya et al.
2004; Hu et al. 2015), and some datasets have further suggested the positive association between
KLF4 expression level and ER status (Akaogi et al. 2009; Hu et al. 2015). In agreement with these
data, we have also found that KILLF4 tends to be co-expressed with ER in breast cancer using large-

scale TCGA data (log odds ratio = 1.484, p-value = 0.002, sample size = 960). It maybe useful to
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stratify ER positive breast cancer based on KLF4 expression in evaluating clinical outcome including

patient response to endocrine therapy.
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3.4 Materials and methods

3.41 Cell culture and hormone treatment conditions

MCEF7 cells (ATCC: HTB-22) and lentivirus transduced stable cell lines were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS) and 1% antibiotic-antimycotic. For hormone starvation, cells were cultured in
phenol red free DMEM supplemented with 10% charcoal:dextran stripped FBS and 1% antibiotic-
antimycotic. 10 nM of 17B-estradiol (Sigma) was used to stimulate cells after starvation, and ethanol

was used as vehicle control.

3.4.2 Generation of KLF4 shRNA knockdown stable cell line

shRNA vector construction and lentiviral packaging were manufactured by VectorBuilder.
Scrambled shRNA or shRNA targeting human KLF4 mRNA was cloned into lentiviral vector
driven by U6 promoter. An eGFP:Puro fusion gene driven by PGK promoter was placed
downstream of shRNA expression cassette as selective marker gene. Scrambled control and hKLF4
shRNA target sequence is listed in Table 8. 2.0X10° cells were seeded in 6-well plate the day before
transduction. For transduction, lentiviral particles were mixed with Polybrene (5ug/ml) and
transduced into cells (at 30~50% confluency) at multiplicity of infection (MOI) of 10. At 48 hours
post-transduction, cells were cultured in hormone starvation medium supplemented with puromycin
(2ug/ml) for 3 days to achieve hormone deptivation and selection for positively transduced cells

prior to E2/vehicle treatment.
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Oligo name Sequence (5'->3") Target Citation
scrambled CCTAAGGTTAAGTCGCCCTCG | luciferase (Cai et al. 2006)
(Rowland, Bernards,
#1 shRNA | GGACGGCTGTGGATGGAAA hKLF4 last exon | and Peeper 2005)
#2 shRNA | TTGTGGATATCAGGGTATAAA | hKLF4 3'UTR
hKLF4 spanning
#3 shRNA | GCTCCATTACCAAGAGCTCAT | 3rd and 4th exons | (Lai et al. 2012)

Table 8. Information of shRINA targeted sequence
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3.4.3 Western blot

At least 1.0x10° cells were harvested and lysed in 1XRIPA buffer (Pierce) supplied with
cOmplete protease inhibitor (Roche). Total protein concentration was determined using BCA
Protein Assay Kit (Pierce) and 40 ug protein was loaded. Western blotting was performed using anti-
KLF4 (Santa Cruz: sc-20691), anti-ERa (Santa Cruz: HC-20) and anti-B-actin (Cell Signaling: 3700)
as primary antibodies. Signal was detected on Odyssey imaging platform (LI-COR) using

corresponding IRDye secondary antibodies (LI-COR).

3.4.4 Gene expression profiling and differential gene detection

After 72 hours of hormone starvation and puromycin selection, 1.0x10° shKLF4 or
shScramble cells (at ~80% confluency) were treated with E2 or vehicle for 24 hours. Two biological
replicates were generated under each condition. Total RNA was extracted from E2/vehicle treated
cells using MagNA Pure Compact RNA Isolation Kit (Roche). RNA-seq library preparation was
conducted using TruSeq Stranded mRNA Library Prep Kit (Illumina). RNA-seq libraries were
sequenced on Illumina HiSeq2000/2500 platform with 50 bp single-end format. RNA-seq raw reads
were mapped to human genome hgl9 using TopHat. Transcript assembly (RefSeq annotation) and
gene FPKM estimation were done by Cufflinks. Read counts of genes were summarized by HTSeq,
and differentially expressed genes between different conditions were detected by edgeR (Robinson,

McCarthy, and Smyth 2010) using exact negative binomial test (FDR<0.001 and average FPKM >

1.
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3.4.5 ChIP-seq, ChIP-qPCR and peak calling

2.0x107 cells (at ~80% confluency) were treated with E2/vehicle for 45 min after 72 hours
of hormone starvation. ChIP experiment was done as previously described (Hua et al. 2008).
Chromatin was lysed in 0.1% SDS lysis buffer and sheared by sonication (Covaris S2, intensity=4,
duty cycle=5%, cycles per burst=200, time=7min). Chromatin immunoprecipitatino was performed
using anti-ERa (Santa Cruz: HC-20) antibody. ChIP-seq library preparation was performed as
previously described (Hua et al. 2008) using adaptors and primers listed in Table 6. ChIP-seq
libraries were sequenced on Illumina HiSeq2000/2500 platform in 50 bp single-end format. Raw
sequencing reads were aligned to human genome hgl9 by BWA using default parameters. Only
uniquely mapped reads were used in downstream analysis. ChIP-seq peaks were called using MACS2
(Zhang et al. 2008) with default parameters (FDR<0.05).

For ChIP-qPCR, the fold enrichment of ChIP-ed DNA relative to input for a given testing
site was determined by comparative C; method using LightCycler 480 SYBR Green I Master Mix

(Roche). The sequence of primers used in qPCR is described in Table 9.
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Oligo name Sequence (5'->3') Genomic coordinates (hg19)
dhs_27795 f  |GAGAACACGGGCACTTTGA Chr16:85499721.85499803
dhs 27795 r  TTACCACGACCTGGCTTTG
dhs_29663_f  TCTGGCTGTTCCCTCTCC Chr17-38478670.38478754
dhs 29663 r  [TCACGGTGACACTGCCT
dhs_36827 f  |GTGACACTTGGCGTCCTG hr2:11638827-11638907
dhs 36827 r  |AGTCATGCCCGTGCCTA
dhs_42377 f  |GAGTTGCTAGCCAACCTAGAG h2:238467 741238467854
dhs 42377 r  |ACTGTGTGGGAGTGTTGTG
dhs_46583 f  |GTCACAGGCTGCCAAGTAT chr22:29209858.29209953
dhs 46583 r  |GTCACAGGTCTGTGTGCTC
dhs_9846_f  TGACCTGAATCTCTGTCATCAATAA | 10 0c104070.05195056
dhs 9846 r  |GCTGGCCCTCTTTCTACTTC
Negl_f GTCTACTCTCGGGTCTCCTA chr12:117864219-117864329
Negl r CTGCGCTTGGCAGAATG
Neg2 f CACCAAGACCCAGTTGTTACT hr19:35731477.35731578
Neg2 r TTGCTGGAAGAGACTTCACTG

Table 9. Primer information of ChIP-qPCR
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3.4.6 EdU proliferation assay

After 3 days of hormone deprivation and puromycin selection, 3.0x10° cells (at ~20%
confluency) were treated with E2 or vehicle. 10 uM EdU was applied to medium at 24 hour and 48
hour after hormone treatment, and incubated with cells for 1.5 hours at 37°C CO, incubator. Cells
were collected after being trypsinized, fixed, permeabilized and stained using Click-iT Plus EAU
Flow Cytometry Assay kit (ThermoFisher Scientific). Total cells and EdU positive cells were
analyzed on BD LSR II flow cytometer. Three biological replicates were generated under each

condition.

3.4.7 Dual luciferase reporter assay

Luciferase reporter constructs were manufactured by VectorBuilder. KLF4 motifs in E2
induced enhancers were identified by FIMO (Grant, Bailey, and Noble 2011) using default
parameters. WT and motif deleted mutant enhancers were cloned into pGL4.23[luc2/minP)]
(Promega) multiple cloning site which is upstream of the minP promoter. On the day prior to
transfection, 1.0X10" cells were plated into 96-well plates in starvation medium. During transfection,
Firefly luciferase reporter plasmids were co-transfected with NanoLuc luciferase control plasmid
pNL1.1.TK[Nluc/TK] (Promega) using ViaFect Transfection Reagent (Promega). For each well,
100 ng total DNA (Firefly plasmid : NanoLuc plasmid = 99:1) was mixed with 0.3 ul transfection
reagent in 10 ul serum-free medium and incubated for 10 min at room temperature before being
added into cells. 24 hours after transfection, cells were treated with E2 or vehicle. Luciferase assays
were performed using Nano-Glo Dual-Luciferase Reporter Assay Kit (Promega) at desired time
points post E2/vehicle treatment on Synergy HT plate reader (BioTek) following manufacturet’s

protocol.
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3.4.8 RT-qPCR

shRNA stable knockdown cells were collected after trypsinization. Total RNA was extracted
using MagNA Pure Compact RNA Isolation Kit (Roche). Reverse transcription was performed on
total RNA to generate cDNA primed by oligo dT using SuperScript III Reverse Transcriptase
(ThermoFisher Scientific). Real-time PCR was performed using LightCycler 480 Mater Mix (Roche)
and relative expression level of KLLF4 was estimated by comparative C; method using RPLPO house

keeping gene as internal control (Table 10).

Oligo name Sequence (5'->3')
KLF4_f GGGCCCAATTACCCATCCTT
KLF4_r GGCATGAGCTCTTGGTAATGG
RPLPO_f ACAATGGCAGCATCTACAACC
RPLPO_r GGTGTAATCCGTCTCCACAGA

Table 10. Primers used in RT-qPCR
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3.4.9 Gene ontology enrichment analysis

We divided E2 up-regulated genes into two categories: genes up-regulated by both E2 and
KLF4, and genes up-regulated only by E2. Genes with FPKM > 1 in MCF7 cells after excluding E2
up-regulated genes were chosen as background gene list. Gene ontology annotation of “Biological
Process” from DAVID Bioinformatics Database (Dennis et al. 2003) was obtained for gene
enrichment analysis. Fishet’s exact tests were conducted to compare gene category representation
between genes of interest and background gene list. A cut-off of 0.05 for Bonferroni corrected p

values was used.

3.4.10 Heat map and meta-plot of ChIP-seq signal in regions of interest

To make heat map of ChlIP-seq signal in E2 induced DHSs, 25 bp windows were generated
in 5 kb flanking regions of the centers of E2 induced DHSs. ChlIP-seq tag count in each window of
each DHSs was computed and normalized by library size equivalent to 10 million reads using
HOMER (Heinz et al. 2010). Heatmap data matrix was clustered using “centered correlation”
method in Cluster 3.0 (de Hoon et al. 2004) and visualized in Java Tree View (Saldanha 2004). To
make meta-plot, 10 bp windows were created in 2 kb flanking regions of centers of ER binding sites,
and average ChIP-seq tag count in each window was computed and normalized by library size

equivalent to 10 million reads using HOMER, then plotted as histogram.
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3.5 Contributions

Grace Yu and Kevin White designed the project. Grace Yu generated all experimental data,
performed data analyses and composed figures and tables. Grace Yu and Kevin White wrote the

manuscript.
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CHAPTER 4

Summary and perspectives

We have presented studies on gene transcriptional regulation of E2 signaling in ER+ breast
carcinoma cell line MCF7. In Chapter 2, we have identified thousands of E2-responsive DHSs in a
time-course manner within 24 hours of E2 stimulation. By integrating a series of genomic data, we
uncovered chromatin signatures of E2-dependent transcriptional regulation at E2-responsive DHSs,
and dynamic association between E2-responsive DHSs and E2-regulated genes. Functional
assessment of regulatory activity of ~10,000 candidate E2 gene regulation related DHSs via
CapSTARR-seq has revealed cis-regulatory activity of more than 3000 regions and E2-dependent
cis-regulatory activity of 800 regions. We have proposed various TFs to coordinately interplay with
E2-responsive DHSs and cis-regulatory elements associated and not associated with ER by motif
analysis and DNase I footprint analysis. Among them, AP-1, SP/KLF and AP-2 family TFs are
indicated to be important E2 early responsive TFs and play key roles in primary and secondary
transcriptional regulation of E2 signaling. In Chapter 3, we have preliminarily characterized the
involvement of KLLF4 in E2-governed gene regulation. We provided strong evidence suggesting that
KLF4 is ER primary and direct transcriptional target induced quickly by E2 stimulation. We have
revealed that knocking down of KLF4 in MCF7 abrogated E2-dependent cell proliferation, since
KLF4 cooperatively regulates a substantial proportion of E2-regulated genes especially genes
involved in cell cycle regulation. We further validated the frequent co-occurrence of KLFF4 and ER
at E2-induced DHSs triggered by E2, and demonstrated the necessity of KLLF4 motif in contributing
to overall and E2-responsive regulatory activity of E2-induced enhancers. We propose KLF4 as a
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novel cooperative TF participating in E2-goverened gene regulation network and important for E2-

dependent tumor growth.

As a driving pathway in ER+ breast cancer, E2 signaling extensively regulates transcriptome
and interplays with various other signaling pathways to exert cellular functions controlling tumor
growth. The genomic and non-genomic actions of E2 signaling converge onto chromatin, where
E2-activated ER and other TFs interact with cis-regulatory elements to collectively modulate
transcription of E2 target genes. Therefore, to elucidate and establish E2-goverened gene regulation
network is fundamental for developing novel therapeutic strategies for ER+ breast cancer and other
estrogen-responsive diseases. Previous studies have made numerous achievements in identifying E2
targets genes and ER-dependent cistrome. However, a big barrier still exists when trying to
functionally evaluate E2-responsive cis-regulatory elements and corresponding TFs. Another
difficulty of decoding E2-goverened gene regulation network is to identify the hierarchy of key
regulators function in different time frames of transcriptional regulation network. We have built an
experimental and computational pipeline to systematically discover E2-responsive cistrome and
functionally interrogate E2-responsive cis-regulatory elements genome-wide. It is the first time to
massively study functionality of E2-dependent cis-regulatory elements in MCEF7 cells.

The first take-home message from this study is that chromatin accessible regions with most
significant E2-induced changes are enriched for HOT regions, suggesting E2-governed
transcriptional regulation is a complex action involving various TFs in addition to ER. Besides the
numerous candidate functional TFs predicted by motif analysis and DNase I footprint analysis, a lot
of in-depth experiments are needed to verify TFs actually interplay with given cis-regulatory
elements and dissect the contribution of different TFs recruited in the same cis-region. A recent

study using GAL4-DNA binding domain fusions in luciferase reporter assays has indicated that the
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contributions and functions of different TFs to regulatory activity of enhancers differ a lot
depending on enhancer contexts, and similar TFs can substitute or compete with each other
(Stampfel et al. 2015). It would be important to investigate any cooperation, redundancy,
competition and antagonism among different TFs in fine-tuning E2-dependent enhancer function,
because it may have clinical implications such as patients may show different sensitivity to hormone
therapy due to varying ratios of the abundance of two competitive TFs at E2-responsive cis-
regulatory elements leading to different gene regulation outcomes.

Another important finding from our data is that many E2-induced DHSs and CapSTARR-
seq validated E2-induced cis-regulatory elements are not associated with direct ER binding. Since
the majority of previous studies mainly focus on ER-dependent transcriptional regulation, little is
known about E2-responsive cis-regulatory elements that do not directly interact with ER. Besides
the possible scenario that some of these cis-regions may be indirectly and weakly bound by ER
through tethering or looping so that they fail to be cross-linked in ChIP-based assays, we assume
that many of these cis-regulatory elements only rely on other non-ER TFs to exert gene regulation
function in E2 signaling. Though the potential interacting TFs may still be ER-dependent as they
may be activated either by post-translational modification via ER-initiated non-genomic actions, or
as primary transcriptional targets of ER, they may act as important regulators controlling expression
of critical downstream genes involving in tumor-related cellular processes. More in-depth functional
studies on candidate TFs should be conducted to help explain regulation of genes not directly
associated with ER binding sites.

As a novel approach that is still in development, CapSTARR-seq has shown big potential in
quantitative studies on regulatory elements in large scale. It has provided more real-time assessment
of regulatory activity of candidate DHSs in response to E2 compared to luciferase reporter assay,

which is pivotal for establishing gene regulation network. Some TF motifs enriched in E2-induced
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DHSs no longer show up in E2-induced enhancers, probably either because those motifs revealed
by motif analysis on DHSs are false positive hits or because those TFs exert function by interplaying
with chromatin machinery. In order to fully characterize E2-dependent regulatory function of cis-
regions in endogenous environment and identify their target genes, CRISRP/Cas9-mediated genome
editing should be performed to precisely create loss-of-function models of particular cis-regulatory
elements or perturb regulatory activity by manipulating motif composition. Since the current
CapSTARR-seq analysis is limited to a subset of DHSs, which only account for ~14% of total open
chromatin regions in MCF7 cells, the next step would be to expand the experiment to all open
chromatin regions or whole genome. It is known that ~98% of human genome is composed of
noncoding regions and ~10% of the genome is under selection, indicating that functional roles for
vast noncoding regions (Rands et al. 2014). ChIP-seq data generated from different labs has all
revealed that a big fraction of ER binding sites are located outside of chromatin accessible regions,
which is not normally seen for other TFs. It would be interesting to test whether ER binding sites in
closed chromatin regions are really functional or not using whole genome STARR-seq. Furthermore,
CRISPR/Cas9-mediated genetic scteens on noncoding regions associated with E2-dependent tumor
phenotypes such as cell proliferation and resistance to hormone-therapy drugs is a promising
approach to detect cis-regulatory elements functionally important for ER+ breast cancers.

Here, we would also like to summarize some limitations of the current study. Given the
limitations of accuracy of DNase I footprint analysis and dynamic range of CapSTARR-seq,
improvements in data generation and bioinformatics analyses are needed to get a higher resolution
roadmap of transcriptional regulation network in E2 signaling. Within the timeframe of the
experiments, we have not observed dramatic genome-wide reprogramming of chromatin
accessibility landscape compared to the big differences of chromatin landscape usually observed

between species, tissue types or cell types, indicating that more powerful and sensitive mathematical
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models should be built to detect more DHSs responding to E2. The conventional tag count-based
statistical models for detecting differential genes or differential ChIP-seq peaks like DESeq (Anders
and Huber 2010) and edgeR (Robinson, McCarthy, and Smyth 2010) are not suitable for DNase-seq
data, because based on the experimental mechanism of generating DNase-seq data, it is the
distribution of the DNase I cleavage that matters but not the total count of cleavage within DNase I
hypersensitivity sites. New approaches like WaveQTL (Shim and Stephens 2015) may be used for
determining minor differences of DNase I cleavage due to changes of TF recruitment on cis-
regulatory regions. An intriguing application of DNase I hypersensitivity data is to detect DNase I
footprints that are indicative of TF binding at single base pair resolution. However, in spite of the
several already published tools, accurately and robustly detecting DNase I footprints is a big
challenge in the field. Common bias affecting the performance of footprint analysis include DNase I
cleavage bias due to intrinsic DNA sequence, bias arisen from different library generation protocols
and bias among different enzymes (Yardimci et al. 2014). Besides these biases, the performance of
DNase I footprint analysis is highly dependent on the abundance and residence time on chromatin
of interested TF's in given cell type (Sung et al. 2014). Therefore, it is generally hard to predict given
TF footprints from DNase-seq data given high false positive rate and high false negative rate.
Improvement of better computational tools is required for getting precise prediction of TF
occupancy from DNase-seq data. For STARR-seq and CapSTARR-seq, besides the caveat that they
measure regulatory activity of exogenous plasmid without chromatin context, other limitations
include intensive experimental labor and narrow dynamic range are also important issues that need

to be improved.
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