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ABSTRACT

Estrogen receptor-a (ER) is a major driver of breast cancer growth and
development making it a common target for therapies. Understanding the activation and
control of the ER signaling pathway is critical for developing new breast cancer treatments
as well as combating resistance to current treatments. Activation of ER can occur in a
ligand-dependent manner by 17R-estradiol (E2) or in a ligand-independent manner
through various growth factors or other stimuli. A common feature to both signaling
pathways is the induction of ER phosphorylation at serine 118 (pS118-ER). Previous work
has found that pS118-ER is an important modulator of ER-dependent gene transcription.
A crucial step in the ER signaling pathway which allows for the altering of target gene
expression is the binding of ER to DNA. While much work has been done to define the
genome-wide binding profile (cistrome) of ER, the effect of phosphorylation on the
distribution of ER across the genome is not well understood. In the work presented here,
| aim to define the cistrome of pS118-ER and identify defining characteristics of sites
occupied by the phosphorylated receptor compared to all ER occupancy sites. Using a
comprehensive approach with multiple pS118-ER specific antibodies, | find that pS118-
ER occupies a subset of ER sites in the human genome, with these sites being enriched

for enhancer marks as well as the DNA-binding motif for the transcription factor



grainyhead-like 2 (GRHL2). Additionally, analysis of these sites on in vitro DNA-binding
arrays revealed an association between pS118-ER and direct DNA-binding. Finally, |
developed a mutant MCF-7 cell line expressing ER with an S118A mutation to interrogate
the biology of pS118-ER in a cell line which is dependent on ER. Consistent with previous
reports, | found that E2-dependent ER downregulation was impaired in the S118A ER
mutant. Interestingly, the downregulation of the ESR1 gene in response to E2 was also
prevented indicating the control of pS118-ER over ER levels is not limited to post-
translational mechanisms. These studies further the knowledge of how phosphorylation

affects ER biology and may serve as a target for future breast cancer therapies.
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CHAPTER ONE:

Introduction



Overview of Breast Cancer and its Treatment History

Breast cancer is a major health issue worldwide. In 2016, breast cancer was the
leading cancer in terms of new cases diagnosed (124.2 per 100,000 people) out of all
cancer cases, and had the second highest rate of death (20.0 per 100,000 people) in the
United States in the same time period (1). In 2018 it was estimated that 2,088,849 new
cases of breast cancer were diagnosed worldwide, accounting for 11.6% of cancers at all
sites (2). Of these cases of breast cancer, approximately 70% express estrogen receptor-
alpha (ER) (3,4). Due to its control over growth and development of estrogen-responsive
tissue as well as breast cancer, ER quickly became a target of interest for breast cancer
therapy. This focus led to the development of the antiestrogen tamoxifen (originally
named ICI 46,474 and now sold under the brand name Nolvadex), which is still in use
today for the treatment and prevention of ER-positive breast cancers (5). However,
resistance is still very common and further research on the ER signaling pathway is

needed to identify alternative modes of attack for the treatment of breast cancer.

Early Breast Cancer Research

The connection between a secreted factor, now known to be estrogen, and the
growth of breast cancer has been known for some time. In the late 1800s, British
physician George Beatson, after observing that cows produced milk longer when their
ovaries were removed after calving, hypothesized a connection between the ovaries and
the growth of breast cancers stating, “it pointed to one organ holding the control over ...
another and separate organ” (6). Beatson also observed a similarity between the

histology in the development of mammary glands during lactation and the histology of



breast carcinomas noting, “lactation is at one point perilously near becoming a cancerous
process if it is at all arrested.” (6). Beatson hypothesized that the ovaries may exert some
control over the growth of breast cancers, and to test this theory performed an
oophorectomy on two women with inoperable breast tumors. He observed a decrease in
the size of the tumors after the surgery in both patients, a result which quickly led to other
physicians adopting his strategy. However, it was soon discovered that this surgery was
not effective in all cases, indicating that the physiology of breast cancers was more
complex than originally thought (7). Evidence for a link between secreted hormones and
cancer was further strengthened when mice castrated at less than six months of age were
shown to have a decreased incidence of tumors compared to control mice (8). The
isolation of the first hormone, estrone, was performed by its extraction from urine in the
late 1920s, and it wouldn’t be until 1940 when estradiol (originally termed a-
dihydrotheelin) was purified from human placenta (9—-12). In the 1960s, work by Elwood
V. Jensen showed that tritium-labeled estradiol would stay bound to the uterus and
vagina, but not to other non-estrogen responsive tissues such as the muscle or liver—the
first evidence that there existed a “receptor” for estradiol and that it was also tissue-
specific (13). Subsequent studies showed that the bound estradiol in the uterus could be
released by proteases, indicating that the receptor for estradiol was a protein (14). The
estrogen receptor (now known to be estrogen receptor-alpha) was soon isolated by Toft
and Gorski in 1966, and its gene, ESR1, was cloned by Green and Chambon in 1986
(15,16). These advancements, along with the isolation of the strongly ER-positive breast
cancer cell line MCF-7, led to a substantial expansion of research on the role of ER in

breast cancer biology (17-19).



General ER background

ER is a member of the steroid nuclear receptor (NR) family of proteins which also
comprises, estrogen receptor-3 (ERR), androgen receptor (AR), progesterone receptor
(PR), glucocorticoid receptor (GR), and mineralocorticoid receptor (MR). While the amino
acid sequences vary drastically between NRs, they all contain six distinct domains
(labeled A-F) which all serve different functions but are conserved between NRs (20,21).
For ER (Figure 1-1), the N-terminal A/B domain contains the activation function 1 (AF-1)
which controls activation of the receptor in the absence of ligand. This domain is
unstructured compared to the other parts of the protein and can function independently
to activate the receptor (22,23). The C domain is located roughly in the center and
contains the DNA-binding domain (DBD) (24,25). The D domain, also called the hinge
region, serves as a flexible linker between the N-terminal AF-1/DBD domains and the C-
terminal E domain, which contains the activation function 2 (AF-2) or ligand-binding
domain (LBD) (26). Finally, at the C-terminus is the short F domain, which varies in
sequence homology between NRs and whose function is still not well understood (Figure
1-1). Generally, NRs are activated through binding of their respective ligand to the LBD,
followed by binding to DNA at specific response elements and activation of gene
transcription. Unlike other NRs, ER is mainly localized to the nucleus in an unliganded
state, through its constitutive nuclear localization signal (27,28). In the case of ER, binding
of its major ligand, 17R-estradiol (E2), leads to a large rearrangement of the tertiary
structure of the receptor, which in turn leads to its homodimerization (29,30) and

subsequent binding to estrogen response elements (EREs) on DNA (Figure 1-2). This



structural alteration includes the repositioning of a major a-helix at the C-terminal end
(commonly referred to as “helix 12”) and allows for the interaction of E2-bound ER with
various coactivators (31-33). Binding of tamoxifen to the ligand-binding pocket of ER not
only outcompetes E2 for binding, but also causes helix 12 to adopt a position that blocks
the interaction of these cofactors, which contributes to its efficacy as an ER antagonist
(33). Ligand-dependent activation of ER through the AF-2 domain has been a major focus
of drugs for ER, as this is the canonical pathway through which ER is activated. However,
ER can also be activated independently through the N-terminal AF-1 domain, mainly

through phosphorylation of serine residues (22).

Protein Phosphorylation

Once translated, proteins serve many functions and adopt numerous confirmations
to perform their specific tasks. These conformational changes can be caused by
interactions with other proteins or by direct covalent modification of the protein through a
variety of different molecules. These post-translational modifications (PTMs) are often
reversible and serve as switches to allow control over a protein’s function at specific times.
ER has been shown to be extensively modified by PTMs, including phosphorylation (34),
acetylation (35), methylation (36,37), ubiquitylation (38), palmitoylation (39), and
sumoylation (40). Of these modifications, phosphorylation has been the most widely
studied in ER (41). Protein phosphorylation—the addition of a phosphoryl group (PO3%)
to a protein—most commonly occurs on the amino acids serine, threonine, and tyrosine
due to the accessible hydroxyl group in their respective side chains. Phosphorylation of

these residues adds a negative charge to that region of the protein which can lead to



shifts in its tertiary structure. Phosphorylation of proteins can lead to new protein-protein
interactions (42), alterations in sub-cellular localization (43,44), activation of enzymatic
activity (45), or alterations in protein stability (46,47). Importantly, phosphorylation is a
reversible process, allowing the phosphorylated function of a protein to be switched on or
off as needed. A specific group of proteins called kinases performs phosphorylation, and
dephosphorylation is performed by phosphatases. Recent mass spectrometry studies
have estimated that 75% of cellular proteins can be phosphorylated (48,49), a finding

which emphasizes the major role of phosphorylation in cellular biology.

ER Phosphorylation

ER was first found to be phosphorylated by incubating mouse uterus cells with 32P-
labeled orthophosphate followed by ER immunoprecipitation (50). Similar results were
found in the human breast cancer cell line MCF-7 (34). When the cells were incubated
with E2, a drastic increase in ER phosphorylation was observed, indicating that
phosphorylation of ER was an E2-dependent process (34,50). Kinetic studies in MCF-7
cells revealed that E2-dependent phosphorylation occurs very rapidly, with increases in
phosphorylation seen as early as two minutes post E2 treatment (34). Mutational analysis
later found that serine 118 (S118) was a major site of phosphorylation in response to E2,
with three other serine sites (S104, S106, and S167) also identified as significant
phosphorylation substrates (51-53). More recently, mapping of ER PTMs by mass
spectrometry and other methods has identified many additional phosphorylation sites
(Y52, S102, S154, S212, Y219, S236, S282, S294, S305, T311, Y537, S554, S559;

Figure 1-1; Table 1-1), however many of these phosphorylation events are in low



abundance and their biological significances are not well understood (54-56).
Phosphorylation of ER at serine 118 (pS118-ER) has been a major focus of research due

to its strong induction and its functional role in ER regulation through the AF-1 region.

Stimulation of pS118-ER and related kinases

Since the identification of S118 as a site of phosphorylation on ER, many studies
have been performed to determine its biological function. As many of the phosphorylation
sites in ER fall in the AF-1 region, it was hypothesized that phosphorylation exerted
control over AF-1-driven transcriptional activity. It was found very early on that pS118-ER
could be induced not only by E2, but also by ER antagonists such as tamoxifen and ICI-
164384 (a precursor to fulvestrant, also known as ICI-182780, which is more commonly
used today) (51). The induction of pS118-ER by tamoxifen and ICI, but lack of gene
activation suggested that pS118-ER alone is not sufficient to control AF-1 driven gene
transcription, indicating that other factors contributed. Additionally, certain factors that
activate the mitogen-activated protein kinase (MAPK) pathway, such as epidermal growth
factor (EGF) and insulin-like growth factor (IGF-1) can induce pS118-ER in a ligand-
independent manner (57-59). Both of these treatments lead to activation of ER as
measured by ERE-reporter constructs (57,58). Interestingly, activation of the MAPK
pathway through overexpression of the MAPK pathway protein K-Ras can activate a
truncated form of ER containing only the AF-1 and DBD domains in the absence of E2,
but cannot activate an ER containing only the DBD and AF-2 domain indicating that these
activation pathways work primarily through phosphorylation of the ER AF-1 domain (57).

Numerous stimuli have been reported to induce pS118-ER in a ligand-independent



manner, including prolactin (60), heregulin (61), leptin (62), reactive oxygen species (63),
and hypoxia (64), however these activation pathways have been less extensively studied.

Many kinases have been observed to phosphorylate ER at S118 as well as at other
sites depending on the stimulus and the cell type used (Table 1-1). While activation of the
MAPK pathway was originally found to be responsible for activation of ER in a ligand-
independent manner through pS118-ER, studies also found that MAPK was not activated
upon treatment with E2, suggesting that other kinases were involved in the
phosphorylation of ER in an E2-dependent manner (65). Casein kinase Il was found to
phosphorylate the AF-1 domain of ER in response to E2 in vitro, however, the specific
serine residue was not determined and it is unknown whether this kinase acts on ER in
vivo (66). The first kinase discovered to phosphorylate ER at S118 in an E2-dependent
manner was cyclin-dependent kinase-7 (Cdk7) (67). Cdk7 is a component of the cyclin
activating kinase (CAK) complex, which comprises Cdk7, cyclin H, and ménage a trios 1
(MAT1). CAK itself is a subcomplex of the larger general transcription factor TFIIH and is
responsible for phosphorylating the C-terminal domain (CTD) of RNA polymerase 1l (68).
Overexpression of Cdk7 in COS-1 cells was found to enhance ER transactivation in the
presence of E2 and the S118A ER mutation abolished the Cdk7-dependent
enhancement. ER was also shown to be phosphorylated at S118 by Cdk7 in vitro and
that this phosphorylation required interaction of ER with TFIIH (67). Further investigations
found that MAPK was the primary kinase involved in ligand-independent activation of ER,
and Cdk7 was responsible for ligand-dependent activation (69). The ligand-independent
phosphorylation of ER at S118 was also found to depend on the interaction of ER with

the Chicken Ovalbumin Upstream Promoter-Transcription Factor 1 (COUP-TF1; NR2F1),



which increases the affinity of ER for MAPK (70). Additionally, glycogen synthase kinase
3 (GSK-3) was shown to phosphorylate S118 as well as two other sites, S104 and S106,
in response to E2, and an ER-GSK-3 interaction was demonstrated through co-
immunoprecipitation, indicating that Cdk7 may not be the sole kinase responsible for
pS118-ER (71). However, these studies were performed in a different cell line (MELN
cells) than the Cdk7 studies and the results may represent variation in kinase activity
between cell lines. ER can also be phosphorylated at S118 in an E2-dependent manner
by the IkB kinase (IKK) complex subunit IKKa, which also associates with ER target gene
promoters (72). Knockdown of IKKa using siRNA abolished E2-induced pS118-ER and
reduced E2-induced ER target gene expression (72). More recently, there has been
evidence for the phosphorylation of ER at S118 by the DNA-dependent protein kinase
(DNA-PK) holoenzyme, which requires DNA binding for its kinase activity (73,74). The
interaction between ER and DNA-PK forms upon E2 stimulation, and pS118-ER led to
stabilization of ER protein (73). Mass spectrometry of an ER complex bound to DNA also
found DNA-PK as one of the cofactors associated with ER on DNA (74). A full list of the

stimuli and kinases known to phosphorylate ER at S118 is shown in Table 1-1.

Effect of pS118-ER on Gene Transcription

Activation of ER through E2 leads to a rapid and profound change in cellular gene
transcription. Large sequencing studies of ER-dependent transcription have found that
approximately 26% of all annotated genes (6003/22893) are altered by E2 treatment (75).
Considering the vast gene alterations occurring, control of ER activation is critical for

cellular responses to ligand and other stimuli. As noted previously, ER activity is not solely
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modulated by ligand, but can further be fine-tuned by PTMs such as phosphorylation.
Many early studies that investigated ER gene activation used an ERE-reporter system,
with the reporter gene typically being chloramphenicol acetyltransferase (CAT) or
luciferase (luc). When S118 was first discovered to be the major phosphorylation site on
ER, its mutation to an alanine led to a decrease in ERE-CAT activity to 60% of wild-type
ER in both COS-1 and Hela cells (52). Using a reporter system constructed from the
promoter of the ER-target gene TFF1 connected to a CAT reporter, the S118A mutation
decreased CAT activity to 60% and 25% of wild-type in COS-1 and HelLa cells,
respectively, indicating that the effect and magnitude of pS118-ER on ER gene
transactivation may depend on the cell type (52). Interestingly, an ER truncation
containing the AF-1 and DBD domains alone was sufficient to induce transcription of an
ERE-CAT reporter in COS-1 cells, but not in HelLa cells, further highlighting the
importance of cell-type context in AF-1-driven ER activity (52). Additionally, activation of
the MAPK pathway does not rescue the decrease in ERE-CAT activity seen in the S118A
mutation, indicating that MAPK alters ER function through S118 (57,76). Numerous other
groups have confirmed the reduction in maximal ER activation in the S118A mutant in
both ERE-reporter constructs and endogenous ER-target genes (59,77-81). Intriguingly,
mutation of S118 to glutamic acid, which mimics the charge of a phosphate group, causes
greater ER activation in response to ligand compared to the wild-type receptor,

suggesting that the charge introduced by pS118-ER is key for its action (77,78).
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Coactivator Interactions Dependent on pS118-ER

Significant work has investigated the mechanism for pS118-ER control over gene
regulation. Given the alteration in electrostatic charge by the addition of a phosphate
group, it was hypothesized that phosphorylation of ER at S118 would lead to altered
protein-protein interactions which affect ER transactivation. Indeed, ER was shown to
interact with the p160 coactivator family of proteins and this interaction could be modified
by mutations in S118 and S104/S106 (77). The p160 coactivator family consists of three
members: nuclear receptor coactivator-1 (NCoAl), glucocorticoid receptor-interacting
protein-1 (GRIP1), and amplified in breast cancer-1 (AIB1, also known as NCoA3). Each
has been shown to activate and enhance the transactivation of various NRs (82-87).
Additionally, the transcriptional coactivator p300 interacts with ER and forms a complex
along with the members of the p160 coactivator family to enhance ER transactivation
(88). While these coactivators mainly interact with the AF-2 domain of ER in a ligand-
dependent manner (33,89,90), they have also been shown to interact with the ER AF-1
domain to enhance its activity (91-95). The ER S118A mutation reduces the physical
interaction of the p160 proteins with full-length receptor and diminishes their ability to
enhance ER activity. Interestingly, inserting the S118A mutation into a truncated form of
ER containing only the AF-1 and DBD domains did not affect the interaction between the
truncated ER and the p160 proteins, but still had an effect on ER activation suggesting
that the S118A mutation modulates p160 function rather than physical interaction and
that both the AF-1 and AF-2 domains exert control over ER-pl160 interactions (77).
Studies have shown that the AF-1 and AF-2 domains of ER can interact with each other

to modulate their functions and that this interaction can be mediated by one of the p160
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family members, NCoA1l (95,96). The S118A mutation reduces the ability of NCoALl to
assist interaction between the AF-1 and AF-2 domains, suggesting a role for pS118-ER
in allosteric interactions (77). Additionally, introducing serine to alanine mutations in S104
and S106 in ER further reduced the p160 enhancement activity on ER, indicating that
multiple phosphorylation sites on ER could be working in tandem to modulate these
interactions (77).

Protein-protein interactions mediated by pS118-ER are not limited solely to
coactivators. A phage display screen using S118E ER as the bait protein discovered
stromelysin-1 platelet-derived growth factor-responsive element-binding protein (SPBP)
as an enriched interactor with S118E ER (97). Interaction of SBPB with ER was found to
be E2-dependent and was abolished in the S118A mutant. Interestingly, SBPB was found
to inhibit ER activity in response to E2 or EGF, but the interaction between ER and SBPB
alone was not sufficient to perform its repressive activity (97). Overexpression of SBPB
inhibited the proliferation of MCF-7 cells in response to E2 whereas the ER-negative cell

line SK-BR-3 was not affected (97).

pS118-ER Control of ER Protein Levels

Another mode of modulation for ER transcriptional activity is the regulation of ER
protein levels. Studies from our group found that increasing ER concentration in the
absence of ligand is sufficient to induce ER transcriptional activity (98), demonstrating
that control of ER protein levels is crucial for modulating ER transactivation. To shut off
ER activation, ER protein is ubiquitylated and degraded by the 26S proteasome upon E2

treatment (99-102). Additionally, ER downregulates its own gene, ESR1, upon E2
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stimulation (103-106). Studies from our group found that pS118-ER is crucial for the
proteasome-dependent degradation of ER by E2, as the S118A ER mutation prevents
E2-dependent ER downregulation (78). A computational model of ER kinetics analyzing
RNA and protein dynamics found that pS118-ER was critical in regulating ESR1
expression, and consequently, cellular ER levels (107). ER was found to interact with
Peptidylprolyl cis/trans Isomerase NIMA-interacting 1 (Pinl) in a pS118-ER-dependent
manner, which led to isomerization of the S118-P119 bond in ER from a cis to trans
confirmation (108). This isomerization activity increased AF-1 transcriptional activity in
both the presence and absence of ligand and was independent of AF-2-dependent
coactivators (108). Analysis of the ER AF-1 region via nuclear magnetic resonance (NMR)
imaging with and without Pinl showed an extensive conformational change in the
presence of Pinl, suggesting the alteration in the S118-P119 bond had an effect on the
tertiary structure of ER as a whole (108). Importantly, the interaction between Pinl and
pS118-ER prevented the interaction with and subsequent ubiquitylation of ER by the E3-
ubiquitin ligase E6-associated protein (E6-AP), which lead to the stabilization of ER (109).
Further investigations into the function of Pinl on ER found that the isomerization of
pS118-ER led to an increased affinity for binding to ERE, suggesting that Pin1 and pS118-

ER may have an effect on ER-DNA binding (110).

ER-DNA binding studies
A critical component for the transcriptional functionality of ER and all nuclear
receptors is their ability to bind DNA. Around the time ER was discovered and isolated,

E2 was also found to associate with chromatin in the nucleus (111,112). Isolation of the
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nuclear-bound E2 resulted in the discovery of an E2-protein complex bound to DNA (113
115), and it was later confirmed that binding of E2 to ER resulted in conformational
changes which increased the affinity of ER for DNA (116). The DBD of each NR
preferentially binds to specific DNA sequences, which allows for NRs to preferentially
activate different sets of genes. Early studies on NR DBDs found that removing the
endogenous ER DBD and replacing it with the GR DBD caused the chimeric receptor to
activate GR target genes in response to E2 (16). Therefore, while binding of ligand to
NRs activates their transcriptional function, DNA binding specificity and specific target
gene activity are primarily controlled through the DBD. While less common, ER can also
interact with DNA through a tethering mechanism, whereby ER interacts with a secondary
factor such as AP-1 or Spl which binds to DNA (117-121). The sequence to which ER
binds is called the estrogen response element (ERE), a 15-base pair (bp) DNA
palindrome with the consensus sequence 5-AGGTCAnNnnTGACCT-3' where ‘n’
represents any nucleotide (122,123). ER can additionally bind to non-consensus sites,
which can still have a strong effect on gene transcription (124). A more accurate depiction
of the ERE can be demonstrated by a position weight matrix, which allows for the
importance of each specific bp in the sequence to be determined and visualized, as very
few ER genomic binding sites contain a perfect consensus ERE (125-127). Each
monomer of the ER dimer binds to an individual “half-site” (5’-AGGTCA-3’) with the ER
dimer binding to the entire ERE (128-130). The 3-bp spacer between these half-sites in
the ERE was found to be critical for ER binding, with modifications of the spacer to 2-bp
or 0-bp causing a drastic decrease in affinity of ER for the ERE (129,131). There has

additionally been some evidence that the sequences flanking the ERE may play a role in
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altering the affinity of the ER DBD for DNA (123,132,133), however the ERE remains the
major driver for directing ER-DNA interaction. Interestingly, the ER DBD alone cannot
differentiate between the consensus ERE and more degenerate ERES, indicating that ER
domains outside of the DBD can alter binding to sequences that deviate slightly from the
consensus (134). Indeed, numerous reports have demonstrated that phosphorylation in
the AF-1 region of ER can affect DNA binding in the adjacent domain
(34,66,80,108,110,135,136).

When ER was first discovered to be a phosphoprotein, it was concurrently found
that the phosphorylation affected DNA binding as measured by an electrophoretic mobility
shift assay (EMSA) using a consensus ERE as the probe (34). However, these
experiments were performed using a general phosphatase and therefore the specific
phosphorylation site responsible for modulating DNA binding activity was not determined
(34). Similarly, general phosphorylation of the AF-1 domain by casein kinase Il (CKII)
resulted in a two-fold increase in ER affinity for ERE binding and had no effect on the
binding of ligand to the AF-2 domain (66). Early in vitro experiments analyzing the effects
of specific phosphorylation sites on DNA binding suggested that pS118 had minimal
effects on the ability of ER to bind to an ERE and that pS167 was primarily responsible
for the increases in ER-ERE affinity (137). However, these experiments had a number of
caveats. First, they were performed in vitro with purified ER and kinases, and no
mutational analyses of ER were performed to confirm that either pS118 or pS167 was
solely responsible for the observed results. Phosphorylation at S118 and S167 was
confirmed by Edman degradation and was performed only in the regions immediately

surrounding S118 and S167. It is unknown in these systems whether the serine residues
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purported to be phosphorylated were the only sites phosphorylated by these kinases in
vitro, as multiple phosphorylation sites on ER could act in tandem to affect ER function.
For example, phosphorylation of Y537 in the AF-2 domain affects the binding of ER to
EREs as well as ER dimerization, and Y537 is phosphorylated along with serine residues
in the AF-1 domain in response to E2 (138). Second, the effect of pS118-ER on DNA
binding was investigated only in the ligand-independent context via MAPK
phosphorylation. Although it is well accepted that E2 induces phosphorylation at S118
(51,52,65,67,69,71-73,80,81,136,139), the authors reported no phosphorylation of S118
by CKIll in the presence of E2 in vitro, only phosphorylation at S167. This result is most
likely due to the use of CKIl as the sole kinase in the in vitro assay, as ER can be
phosphorylated at S118 by multiple kinases in response to E2 (67,69,71-73). While these
experiments suggest that pS118-ER alone is not sufficient to induce DNA binding, other
reports performed in cells have found that pS118-ER is important for maximal ER-DNA
binding in response to E2 (80,110). Additionally, genome-wide analysis of ER binding
sites later demonstrated that ligand-independent activation of ER through EGF and MAPK
has profound effects on ER-DNA binding (140).

With the development and optimization of the chromatin immunoprecipitation
(ChIP) assay, which allows for the investigation of protein occupancy on endogenous
genomic locations (141,142), the interaction between ER and chromatin in its native
environment became a major focus in the field. Upon E2 treatment, ER occupancy at the
promoters of various ER target genes was found to increase which was accompanied by
an increase in H3 and H4 acetylation (143,144). Along with ER, a number of coactivators

were found to be recruited to these same promoter sites in an E2-dependent manner
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(144). The recruitment of these coactivators is mediated by phosphorylation of ER at
S118, as the S118A ER mutation alters binding of the coactivators at certain sites (80).
Interestingly, E2 time course experiments revealed that ER and its associated cofactors
cycle on and off these promoters in approximately 90 min cycles and that a sequential
order of coactivator loading is followed to activation target gene transcription (144,145).
However, these experiments were limited to two promoter sites (TFF1 and CATD), and
recent genome-wide analyses of ER occupancy has not been able to replicate the
previously observed cycling (146). Nevertheless, it is still widely accepted that ER and its

coactivators are recruited to ER genomic binding sites upon E2 treatment.

Genome-Wide ER Binding

With the sequencing of the human genome (147,148) and the advances made in
sequencing technology, ChIP has been adapted into various high-throughput assays to
detect protein-DNA interactions at a genome-wide level. The initial application for
analyzing ER occupancy on a large scale was the ChlP-on-chip assay, which consisted
of tiling select genomic regions on an array and hybridizing immunoprecipitated DNA after
purification and florescent tagging (149-152). Due to size restrictions of the early arrays,
the first ER ChIP-on-chip was limited to analyzing approximately 19,000 promoter regions
rather than the entire human genome (152). This analysis found 153 promoters bound by
ER in the presence of E2 and when these binding regions were analyzed by motif-finding
algorithms, the DNA-binding motif for forkhead box A1 (FOXAL) was found to be enriched
in the sites occupied by ER (152). Many of the promoters identified were associated with

E2-dependent ER-target genes, but other genes were discovered to have no response to
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E2 despite recruitment of ER to their respective promoters (152). Additional analysis of
these promoter regions by performing ChlP-on-chip for nuclear receptor coactivators
(NCoA1l, GRIP1, AIB1, and p300) found a strong correlation between binding of ER and
binding of the coactivators to promoters in response to E2 (153,154). However, given that
ER binding sites have been shown to have effects on gene transcription over long
genomic distances (155), additional ChlP-on-chip studies were performed to analyze
large portions of the genome in an unbiased manner (156). Rather than selecting
promoters, the sequences for chromosomes 21 and 22 were tiled on arrays and analyzed
for ER occupancy in response to E2 (156). Across these two chromosomes, 57 ER
occupancy sites were identified with many falling outside of promoter regions, indicating
that ER binding is not limited to promoters (156). Similar to the promoter-restricted ChiP-
on-chip, the ER occupancy sites found on chromosomes 21 and 22 were enriched for the
DNA binding motif for FOXA1 (156). FOXAL is a pioneer factor which alters chromatin
from a closed to an open state, allowing other factors to then access and bind DNA (157).
Subsequent ChlIP-on-chip experiments examining FOXA1l binding sites found that
FOXA1 was preferentially recruited to distal enhancers occupied by ER rather than
proximal promoters (158). Additionally, knockdown of FOXAL blocked the association of
ER with DNA, suggesting that the pioneering function of FOXAL is necessary for ER-DNA
interaction (152). The first ER ChlP-on-chip spanning all chromosomes and
encompassing 1,500 Mb of non-repetitive genomic sequences was performed soon after
and confirmed many of the findings from the first two ER ChIP-on-chip reports (159).
Interestingly, only 4% of ER occupancy sites identified fell within promoter regions

(defined as 1-kb upstream of a transcription start site), indicating that ER can affect
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transcriptional activity from long genomic distances and the focus on promoter regions is
insufficient to characterize the full genomic action of ER (159). This result contrasted with
the genomic distribution of RNA polymerase Il which was found to be present mainly at
gene promoter regions (153,156). Comparisons of ER binding sites between the
osteosarcoma cell line U20S expressing ER (U20S-ER) and MCF-7 cells revealed a
small amount of overlap (15%) between the two binding profiles, indicating that ER was
not the sole factor responsible for directing ER binding (160). Interestingly, U20S-ER
cells do not express FOXAL and the FOXA1 motif was not enriched at ER binding sites
as it was in MCF-7 cells supporting a role for FOXAL in ER-chromatin interactions (160).
Re-expression of FOXAL in U20S-ER cells was found to recover ER functionality (161).
Given the impact of phosphorylation on ER activity and DNA binding (see previous
sections), the effect of phosphorylation on ER was investigated using the ChIP-on-chip
assay (162). The genomic binding profiles of parental MCF-7 cells and MCF-7 cells
overexpressing the serine/threonine kinase Akt were compared in the presence and
absence of E2. The overexpression of Akt lead to phosphorylation of ER and a wide
redistribution of ER on the genome, which led to an altered gene activation profile (162).
Between the two cell lines, 2651 ER binding sites were conserved and approximately
1700 sites were unique to each individual cell line. With the known effect of ER
phosphorylation on ER-coactivator interaction, it was suggested that the phosphorylation
of ER by Akt altered coactivator binding which then affected genome occupancy (162).
While this report highlights the importance of phosphorylation on ER-chromatin
interactions, the study did not identify specific phosphorylation sites in ER responsible for

the shift in genome occupancy observed. Akt is involved in the phosphorylation of ER at
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S167 and S305 (63,163—-165), and the ChlIP-on-chip was additionally performed in the
presence of E2, which induces phosphorylation of ER at S118 along with other serine
residues (see previous sections). Given the numerous substrates for Akt (166)
overexpression could lead to phosphorylation of other targets which could alter chromatin
structure or cause other secondary effects which could modulate the interaction of ER
with DNA.

In order to analyze the entire human genome, including repeated elements, the
ChIP-on-chip technique was expanded to the now widely used ChIP followed by
sequencing (ChIP-seq) assay (167). ChlP-seq follows the typical ChIP protocol with the
addition of sequencing the isolated DNA using high-throughput sequencing techniques.
These sequences are then aligned to their respective locations on the genome using
bioinformatics tools. The enrichment of aligned sequences in a region is then interpreted
as an occupancy site for the analyzed factor. This technique allows for the entire genome
to be assayed, but in turn requires a known genome sequence for the assay to be

performed.

Bioinformatics Analysis of ChlP-seq Data

With the development of these high-throughput sequencing techniques,
computational tools were first required to analyze the large amounts of data collected for
ChlP-seq experiments. Currently, ChlP-seq experiments can generate upwards of 108
individual sequencing reads, and the analyses of these reads must be both accurate and
efficient (168). Although the purified DNA fragments from the ChIP are generally around

500 bp, only 50 bp of sequencing from one or both ends of the fragment is performed for
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the purpose of cost and time savings. Additionally, 50 bp is generally sufficient to
accurately identify a single sequence on the genome to which it aligns (169). Programs
that align short reads to a reference genome need to consider errors that may occur in
the sequencing process, and therefore should permit few mismatches in the alignment
process. While many alignment programs have been developed (170,171), one of the
more commonly used sequence aligners is the Bowtie2 program (172,173) due to its
speed, accuracy, and efficiency of memory usage. However, not all sequence aligners
are identical, and specific programs should be chosen to match the question being asked
in the experiment. After alignment to a reference genome, regions that are enriched for
the factor of interest must then be identified. This process has been termed “peak-calling”
due to the shape of the mapped sequences in a region of enrichment (Figure 1-3).
Because the purified DNA fragments are sequenced from either end, peaks from
alignments will appear as doublets, with one set of sequences aligned to the positive DNA
strand and the other set aligned to the negative strand (Figure 1-3). These profiles are
combined through either shifting of the matched peaks or estimation of the opposite
fragment end locations and combining the fragments into one peak (Figure 1-3). For
peaks to be called, the treatment conditions need to be compared to a negative control
which consists of either sequencing the input chromatin or isolated DNA from a ChlIP-seq
performed with a non-DNA binding factor such as IgG. These controls reveal background
levels of pulldown and control for regions of the genome that are enriched through the
DNA isolation process, IP protocol, or sequencing strategy. Generally, peak-calling takes
into account both the fold enrichment over control as well as the absolute number of reads

mapped to the specific location, although this determination depends on the peak-calling
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program used. Additionally, many peak-calling algorithms consider the type of factor
being analyzed by ChlP-seq, as transcription factors will generate different binding
patterns compared to histone marks or RNA polymerase. Popular peak-calling programs
include Model-based Analysis of ChIP-seq (MACS2) (174) and Hypergeometric
Optimization of Motif EnRichment (HOMER) (175) although many others have been
developed (176-179). The specific parameters used for peak-calling can have drastic
effects on downstream analysis, therefore careful consideration should be taken for the
selection of these parameters to generate biologically relevant conclusions from the data.

Downstream analysis of peak sets varies widely, and a biological question should
ideally be identified before choosing which programs to use. Most ChlP-seq analyses will
perform visualization of peak sites, motif analysis, and gene annotation, although this
varies depending on the goal of the experiment. Visualization of ChIP-seq peaks is an
important aspect of ChlP-seq analysis and is often performed using the University of
California at Santa Cruz (UCSC) Genome Browser (genome.ucsc.edu) (180) which
contains a large collection of genomes including multiple builds of the human genome
and allows viewing of sequencing data aligned to genomic sequences. The UCSC
genome browser is not limited to viewing sequencing data and also includes gene
expression data, comparative genomics, single nucleotide polymorphism data, and
phenotypic data (180). Motif analysis, which searches for enriched DNA motifs in the
genomic locations identified by the peak callers, can identify candidate factors that could
interact with the protein of interest through the presence of its DNA binding sequence.
These analyses can be performed using a database of known consensus sequences or

de novo sequences in which motif discovery can be performed if the consensus sequence
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is unknown. Common motif analysis programs include HOMER (175) and the Multiple EM
for Motif Elicitation (MEME) suite of tools (181), which contains programs for motif
scanning (182), discovery (183), and positional analysis (184), among others. Another
form of downstream analysis commonly performed in ChlP-seq analysis is gene and
location annotation. Location analysis is performed by annotating peaks in relation to
genomic features (i.e. introns, exons, intragenic regions) and can infer if a factor of
interest is enriched in, for example, promoter regions over background. Additionally,
peaks can be annotated to their nearest gene to predict transcriptional control. However
certain factors, such as ER, are known to exert control over gene transcription from long
genomic distances (185) and the gene controlled by a specific enhancer may not be the
nearest gene. Some algorithms such as Genomic Regions Enrichment of Annotations
Tool (GREAT) perform more complex annotation by compiling peaks into genomic
regions and then correlating these gene regions with certain gene ontologies based on
the genes in the region (186). ChlP-seq datasets can also be combined with RNA-seq
data to predict control of gene targets by specific binding sites, however definitively
demonstrating the control of a gene by a specific peak or set of peaks remains a challenge

in the field.

ER ChlIP-seq Studies

The first ER ChIP-seq was performed in MCF-7 cells in the presence of E2 and
utilized paired-end diTag cloning and sequencing (ChIP-PET) (187). This study identified
1,234 ER occupancy sites of which 71% contained a full ERE. In concurrence with the

previous ChIP-on-chip reports, the FOXA1 DNA binding motif, as well as motifs for the
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tethering factors AP-1 and Sp1l, were found to be enriched at ER occupancy sites (187).
Additionally, of the ER occupancy sites identified, only 5% were located in promoter
regions and 20% were found in “gene desert” regions, where the nearest gene is greater
than 100 kb away (187). Deeper sequencing led to a more complete ER binding profile
(cistrome), identifying 10,205 ER occupancy sites (188). Similar to previous reports
(156,159,187), a low proportion (7%) of ER occupancy sites were found in promoter
regions with the majority of sites (41%) located within introns (188). These observations
have since been confirmed by many other reports (121,158,185,189,190) and are not
features limited to ER, as other NRs such as AR (191) and GR (192) display similar
genomic distributions. These distal ER enhancers have been shown to be the sites of
enhancer RNA (eRNA) production, which are non-coding RNAs that have important roles
in gene transcription and mark active enhancer sites, however, the exact mechanism and
purpose of eRNAs are still not well understood (193—-195). The observation that many ER
occupancy sites fall far from gene promoters led to the study of chromatin looping on ER
function. Chromatin interaction analysis by paired-end tag sequencing (ChlA-PET) was
developed to identify occupancy sites which interact physically with each other but are
genomically distant (185). This analysis found that E2 induced many interactions between
distal ER enhancers and proximal promoter sites of ER target genes, particularly at the
TFF1 and GREBL1 loci, and development of these chromatin loops was dependent on ER.

Comparisons of the ER cistrome with the binding profiles of other transcription
factors and histone modifications allowed for broad correlations to be made that could
previously be investigated only on select genomic sites by conventional ChIP. A summary

of these and other large-scale ER ChIP studies is listed in Table 1-2. These comparisons
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found that the best predictors of ER occupancy on a site in the genome were a strong
ERE, FOXAl occupancy, the presence of H3K4 methylation, and open chromatin as
assessed by Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE-seq)
(190). Additionally, ChlP-seq of the p160 family of NR coactivators was found to overlap
with ER sites and only associated with these sites upon E2 treatment (189). The
interaction of these coactivators with ER is known to be dependent on ER phosphorylation
in vitro (77), however the distribution and effect of phosphorylation on the ER genome-
wide binding profile are poorly understood and will be investigated in Chapters 2 and 3 of
this thesis. Numerous other factors have been found to be associated with ER on
chromatin as identified through ChIP-seq including GATAS3 (196,197), Runx1 (121),
ZNF217 (198), GR (199), and FOXM1 (200) (Table 1-2). To assess factors associated
with ER on chromatin in an unbiased manner, techniques involving mass spectrometry of
protein complexes on DNA have been performed (74,201). One study utilizing a biotin-
DNA pull-down assay with an ERE as bait found that a large complex of proteins was
recruited to ERESs in response to E2 with the strongest associated factors being ER, the
pl160 family of coactivators, CREB binding protein (CBP), p300, and the Mediator
complex (74). Interestingly, the addition of ATP to the complexes converted them to an
active state through phosphorylation by the DNA-dependent protein kinase (DNA-PK).
Phosphorylation was shown to occur on multiple components of the identified complex,
including pS118-ER. Reduction of DNA-PK activity through either siRNA or small
molecule inhibitors led to a reduction in E2-dependent ER transcriptional activity,

highlighting the importance of phosphorylation in the ER transcriptional complex (74).
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Stimuli other than E2 were also found to have a drastic effect on the genomic
binding profile of ER. Both of the ER antagonists tamoxifen and ICI induce binding of ER
to DNA, although to a lesser extent compared to E2 (188). Unlike E2, they prevent
recruitment of RNA polymerase Il and activation of target genes which contributes to their
anti-estrogenic effects (188). Additionally, EGF activation of ER, which functions through
phosphorylation of ER at S118 (57,59,65), was found to induce a distinct ER binding
pattern compared to E2 activation (140). A common aspect of these treatments is that
phosphorylation of ER is induced, although through different kinases (see previous
section). The effects of ER phosphorylation on the ER cistrome in both ligand-dependent
and ligand-independent contexts is not well understood and will be addressed further in

this thesis.

Clinical Role of pS118-ER

Clinically, the role of pS118-ER is not well defined. Expression of pS118-ER in
primary breast cancer tumor biopsies as measured by immunohistochemistry (IHC) is
associated with better patient outcomes and is generally thought of as a marker for an
active ER signaling pathway (202,203). Additionally, a clinical trial of breast cancer
patients receiving tamoxifen found that patients with high levels of pS118-ER saw better
responses to tamoxifen treatment compared to those with low pS118-ER (204). Levels of
pS118-ER have been observed to decrease following endocrine therapies, with the
magnitude of decrease correlating with therapy response (205). In contrast, other studies
have found poorer disease-free survival in patients expressing high pS118-ER (206). A

recent large-scale IHC study of 1,036 breast cancer patient samples found a correlation
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between phosphorylated MAPK, pS118-ER, and pS167-ER, indicating an activated
MAPK pathway, but no correlation was found between any of these phosphorylation
marks and either disease-free survival or overall survival (207). While a wealth of
knowledge on pS118-ER has come from in vitro and cell line studies that demonstrate
the importance of pS118-ER in ER biology, ascertaining the clinical significance of pS118-
ER remains difficult.

Although mutations in ER leading to constitutive activity have been known for some
time (208,209), these ER mutants have recently been identified in metastatic breast
cancer tumors (210-213). The mutations occur primarily in the ligand-binding domain
near the ligand-binding pocket and are most frequently Y537S and D538G (214). These
mutations cause ER transcriptional activity in the absence of E2 (215), and their cistromes
are distinct from that of wild-type (wt) ER (216,217). Additionally, when MCF-7 cells
expressing these mutations were introduced into mice through xenografts, the mutant ER
tumors displayed increased growth and metastasis in the absence of ligand and mimicked
the growth phenotype of wt ER exposed to E2 (217). Interestingly, these ER mutants are
constitutively phosphorylated at S118 and interact with various coactivators in the
absence of ligand (216,217). Inhibition of the kinase CDK7 with the small molecule
inhibitor THZ1 led to a decrease in pS118-ER in the Y537S and D538G ER mutants, and
a combination treatment of THZ1 with ICl led to a greater decrease in the growth of mutant
ER xenografts compared to ICI treatment alone (216,217). Additionally, a translocation
between ESR1 and YAP1 which generated a fusion protein consisting of the N-terminal
AF-1 and DBD of ER and C-terminus of YAP1 was identified in patient samples (218).

This ER-YAP1 fusion protein induced growth of MCF-7 and T47-D cells in the absence
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of E2 and activated the ER target gene TFF1, suggesting that the ER AF-1 domain was
active in the ESR1/YAP1 fusion (218). However, it is not yet known whether this fusion
protein is phosphorylated at S118 or any of the other phosphorylation sites located in the

AF-1 domain.

Summary

Given the critical role played by ER in breast cancer biology, control of the
receptor’s activity is crucial for the treatment of ER-positive breast cancers. As discussed
here, pS118-ER has been implicated in both ligand-dependent and ligand-independent
activation of ER and its target genes. Additionally, pS118-ER is known to affect the DNA
binding properties of ER, but these analyses have been limited to small-scale
experiments. While the genomic binding profile of ER has been investigated in a large
range of conditions (Table 1-2), the effects of phosphorylation on its cistrome are not well
defined. Elucidating the role of pS118-ER in this manner is critical not only for the
understanding of general ER biology, but also for the treatment of metastatic breast
cancers given the constitutive nature of pS118-ER in metastatic-specific ER mutants. The
goal of my work presented here was to define the pS118-ER cistrome in MCF-7 cells and
to identify features associated with this phosphorylation. Chapters 2 and 3 of this thesis
will analyze the cistrome of pS118-ER in MCF-7 cells, with Chapter 2 focusing on
technical challenges faced in the optimization and development of the assay, and Chapter
3 focusing on the analysis of the ChlP-seq data. With the majority of S118A ER mutational
studies performed in ER-negative cells, the functional significance of pS118-ER is still

poorly understood in an ER-native cellular environment. Chapter 4 describes the
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development of an S118A ER model in the ER-positive cell line MCF-7 through CRISPR.
The studies presented in this thesis advance the ER field by performing the first in-depth
analysis of a post-translationally modified steroid receptor, and by identifying novel factors
associated with pS118-ER. Additionally, the development of the S118A MCF-7 cell line
will aid researchers with a robust tool to further ascertain the function of pS118-ER in ER

and breast cancer biology.
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Figure 1-1: Domain structure of ER protein and phosphorylation sites.

The protein translated from the ESR1 gene is 595 amino acids and consists of distinct
domains with separate functions. Known phosphorylation sites and their approximate
locations are displayed above the diagram. At the N-terminus is the Activation Function-
1 (AF-1) domain, which is generally activated in ligand-independent activation pathways
and is widely phosphorylated. The DNA binding domain (DBD) and hinge (H) region are
located in the central part of the protein. The majority of the C-terminus contains the
Activation Function-2 domain (AF-2) which itself contains the ligand-binding domain
(LBD) and is the portion of the protein that responds to ligand-dependent activation. The

AF-2 domain has fewer phosphorylation sites compared to the AF-1 domain.



31

Figure 1-1
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Figure 1-2: ER activation mechanisms and DNA binding states.

ER can be activated through two major pathways—a ligand-dependent pathway through
E2, and a ligand-independent pathway through various signaling factors (see Table 1-1).
Both activation pathways lead to phosphorylation of ER and binding of ER to DNA.
Ligand-dependent activation by E2 causes dimerization of ER, phosphorylation at S118,
binding to DNA, and degradation by the 26S proteasome. Ligand-independent activation
generally activates a phosphorylation cascade, which subsequently phosphorylates ER
and leads to DNA binding. Additionally, ER can interact with DNA through a tethering
mechanism (bottom), where ER is tethered to DNA by a linker cofactor (CoF) or other
DNA-associating protein. The role of phosphorylation in tethering mechanisms has not

been thoroughly investigated.
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Figure 1-2
Ligand-Dependent Activation Ligand-Independent Activation
Signaling Fact ‘
17R-estradiol (E2) Ig?:g"-]%Gi(; or ‘ “
e % f
(OXY)

Cytoplasm

l Phosphorylation

l Cascade



34

Figure 1-3: Schematic of ChlP-seq analysis.

After experimental treatment conditions, cells are treated with a fixing agent such as
formaldehyde, the DNA is sheared, and the factor of interest along with the attached DNA
is immunoprecipitated with an antibody (Step 1). Next, DNA fragments approximately 500
bp in length are isolated and sequenced using high-throughput sequencing technology
(Step 2). Generally, only 50 bp are sequenced on one end of each DNA fragment. These
reads are then aligned to a reference genome (Step 3). Since only one of the 5’ ends
from each fragment has been sequenced, alignment can be to the + strand (red) or the —
strand (blue). Stacking of the aligned sequences creates a peak doublet (dashed lines)
for an individual binding event. These doublets must be corrected by shifting the peaks
toward each other (Step 4) to generate one single peak. Peaks are then called throughout
the genome (Step 5) and downstream analysis is performed on these regions (Step 6).
This list of downstream analysis is not exhaustive, and other methods of analysis should

be selected based on the hypothesis being tested.
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Figure 1-3
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ER Phosphorylation Sites and Associated Kinases

Phosphorylation Site Activated by Kinase Ref.
S46/47 unk. unk. (56)
Y52 unk. c-Abl (219)
S102 E2 GSK3 (71)
S104/S106 E2 GSK3 (71)
E2 MAPK (139)
E2 cyclin A-CKD2  (220)
Tam MAPK (221)
ICI MAPK (221)
PMA MAPK (221)
S118 E2 unk. (52)
E2 CDK7 (67)
E2 GSK3 (71)
E2 IKKa (72)
E2 MAPK (139)
E2 DNA-PK (73,74)
Tam unk. (52)
ICI unk. (52)
EGF MAPK (57)
IGF-1 MAPK (57)
PMA unk. (222)
Prolactin unk. (60)
ROS MAPK (63)
Heregulin MAPK (61)
Hypoxia MAPK (64)
ER Y537S CDK7 (216,217)
S154 E2 unk. (54)
EGF unk. (54)
S167 E2 E2 (53)
EGF p90-RSK1 (223)
PI3K Akt (164)
ROS Akt (63)
PMA S6K1/MAPK (224,225)
Insulin S6K1/MAPK (224,225)
S212 E2 unk. (55)
Y219 unk. c-Abl (219)
S236 unk. PKA (143)
S282 E2 CK2 (56)
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Table 1-1 (cont.)

ER Phosphorylation Sites and Associated Kinases

Phosphorylation Site Activated by Kinase Ref.
S294 E2 unk. (55,56)
S305 unk. PKA (226)
unk. Pakl (227)
unk. Akt (163)
T311 E2 MAPK (p38) (228)
Y537 E2 calf uterus TK  (229)
E2 SRC (138)
S554 E2 unk. (55)
S559 E2 CK2 (55,56)

Abbreviations: Akt, RAC-alpha serine/threonine-protein kinase; c-Abl, cellular Abelson tyrosine
kinase; CDK2, cyclin dependent kinase 2; CK2, casein kinase 2 alpha; DNA-PK, DNA-dependent
protein kinase; E2, 17R-estradiol; EGF, epidermal growth factor; GSK3, glycogen synthase
kinase-3; ICI, ICI-182780/fulvestrant; IGF-1, insulin-like growth factor 1; IKKa, IkB kinase alpha;
MAPK, mitogen-activated protein kinase; p90-RSK1, ribosomal S6 kinase alpha-1; Pakl, p21
activated kinase 1; PI3K, phosphoinositide 3-kinase; PMA, Phorbol 12-myristate 13-acetate;
ROS, reactive oxygen species; S6K1, ribosomal protein S6 kinase beta-1; SRC, src proto-
oncogene non-receptor tyrosine kinase; Tam, 4-hydroxytamoxifen; unk., unknown
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Procedure Cell Condition Genomic Scale  Other Factors Ref.
Lines ChlPed
ChiP-chip  MCF-7 E2 promoters - (152)
MCF-7 E2 chr 21, 22 - (156)
MCF-7 E2 1.5 Gbp RNA Polll (159)
MCF-7 E2 promoters c-MYC, AcH3 (154)
MCF-7 E2 promoters RNA Polll, SRC, (153)
acH3, acH4
MCF-7 E2, Akt 1.5 Gbp - (162)
U20S+ER E2 chrl, 6 - (160)
MCF-7 E2 chr 1, 3, 6, ERR (230)
21,22, X, Y
MCF-7 E2 1.5 Gbp FOXAl (158)
MCF-7 E2 1.5 Gbp PAX2 (231)
MCF-7 EGF tiling array - (140)
MCF-7 E2 tiling array ERK2 (232)
ChIP-PET MCF-7 E2 genome-wide - (187)
ChiP-seq MCF-7 E2, Tam, ICI genome-wide RNA Polll (188)
MCF-7, E2 genome-wide RNA Polll, FOXA1, (190)
T-47D meH3, acH3
MCF-7 E2 genome-wide FOXA1, GATA3 (196)
MCF-7, E2 genome-wide FOXAL, CTCF (161)
T-47D,
ZR-75-1
mouse E2 genome-wide RNA Polll (233)
BC patient - genome-wide FOXA1 (234)
tumors
T-47D, E2 genome-wide - (235)
Ishikawa
MCF-7 E2 genome-wide - (193)
mouse E2, dex genome-wide GR (199)
mammary
MCF-7 E2, sSiIGATA3  genome-wide FOXAL, GATA3 (297)
MCF-7 siER, E2, FM  genome-wide - (236)
T-47D progesterone  genome-wide PR, p300 (237)
MCF-7 E2, ER Y537S genome-wide - (216)
MCF-7 ER Y537S, genome-wide FOXAL, acH3 (217)

D538G
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Table 1-2 (cont.)

List of Large-Scale ER-DNA Binding Studies

Procedure Cell Condition Genomic Other factors Ref.
Lines Scale ChlPed
ChiP-seq MCF-7 E2 (tc) genome-wide - (146)
MCF-7 E2 genome-wide pS118-ER (238)
MCF-7 E2 genome-wide GRHL2 (239)
ChIA-PET MCF-7 E2 genome-wide - (185)
RIME MCF-7 E2, Tam genome-wide E2F4, RXRa, COT2, (201)
KLF4, GREB1, TLE3
MCF-7, progesterone genome-wide FOXAl (237)
T-47D

Abbreviations: acH3, acetylated histone H3; acH4, acetylated histone H4; ChlA-PET, chromatin
interaction analysis by paired-end tag sequencing; ChlP-chip, chromatin immunoprecipitation on
a chip; ChIP-PET, chromatin immunoprecipitation paired-end diTag; ChlIP-seq, chromatin
immunoprecipitation followed by sequencing; chr, chromosome; c-MYC, cellular-MYC; COT2,
Chicken Ovalbumin Upstream Promoter Transcription Factor 2; dex, dexamethasone; E2, 1713-
estradiol; E2F4, E2F Transcription Factor 4; ERK2, mitogen-activated protein kinase 1; ERM,
estrogen receptor-3; FM, full media; FOXAL, forkhead box Al; GATA3, GATA binding protein 3;
Gbp, gigabase pairs; GR, glucocorticoid receptor; GREB1, growth regulation by estrogen in
breast cancer 1; GRHL2, grainyhead-like 2; ICI, ICI182,780 / fulvestrant; KLF4, Kruppel-like factor
4; meH3, methylated histone H3; p300, histone acetyltransferase p300; PAX2, paired box 2; PR,
progesterone receptor; pS118-ER, estrogen receptor-a phosphorylated at serine 118; RIME,
rapid immunoprecipitation mass spectrometry of endogenous proteins; RNA Polll, RNA
polymerase II; RXRa, retinoid X receptor a; SRC, src proto-oncogene non-receptor tyrosine
kinase; Tam, 4-hydroxytamoxifen; tiling array, Affymetrix GeneChip Human Tiling 2.0R Array; tc,
time course; TLE3, TLE family member 3, transcriptional corepressor
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CHAPTER TWO:

Analysis of pS118-ER Dynamics, Antibodies, and Initial ChIP-seq

Portions of this chapter are published in the following:

Helzer KT, Szatkowski Ozers M, Meyer MB, Benkusky NA, Solodin N, Reese RM, Warren
CL, Pike JW, Alarid ET. The Phosphorylated Estrogen Receptor a (ER) Cistrome Identifies a
Subset of Active Enhancers Enriched for Direct ER-DNA Binding and the Transcription Factor
GRHL2. Mol. Cell. Biol. 2019;39(3). doi:10.1128/MCB.00417-18.
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Abstract

Post-translational modifications are key regulators of protein function, providing
cues that can alter protein interactions and cellular location. Phosphorylation of the
estrogen receptor-a (ER) at serine 118 (pS118-ER) occurs in response to multiple stimuli
and is involved in modulating ER-dependent gene transcription. Both ligand-dependent
and ligand-independent activation mechanisms are known to induce pS118-ER,
suggesting an important role in ER signaling. Numerous in vitro studies have been
performed to analyze the effect of pS118-ER on ER-DNA binding, however the full
genome-wide binding profile (cistrome) of pS118-ER is uncharacterized. In this chapter,
| first analyze the dynamics of pS118-ER in MCF-7 cells in response to multiple known
stimuli as well as its effect on ER-DNA binding at certain genomic locations. | demonstrate
that while pS118 is not required for DNA binding, lack of phosphorylation reduces the
occupancy of ER at various binding sites. Additionally, | show that DNA binding is not
required for phosphorylation of ER, suggesting that phosphorylation occurs prior to DNA
binding. To accurately characterize the cistrome of pS118-ER, the reliability of antibodies
is tested for their ability to identify only the phosphorylated form of ER. Here | analyze the
utility of three different pS118-ER specific antibodies according to rigorous guidelines and
conclude that two are suitable for chromatin immunoprecipitation followed by sequencing
(ChlP-seq) studies. These results identify key aspects regarding the temporal dynamics

of pS118-ER and lay the groundwork for defining the pS118-ER cistrome.
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Introduction

The phosphorylation of proteins has proved to be a highly important regulator of
various protein functions including enzymatic activity, cellular localization, protein-protein
interactions, and degradation (42,44-46). The addition of a phosphate group onto a
protein via a kinase can produce a quick and often reversible alteration to the function of
the target protein. It has been estimated that 30% of the proteome is phosphorylated
(240), but more recent studies utilizing deep phosphoproteomics has demonstrated that
the proportion of phosphorylated proteins can be as high as 75% (48) highlighting the
ubiquitous role phosphorylation plays in the cell.

Members of the steroid hormone nuclear receptor family are no exception to this
vast phosphorylation activity. Estrogen receptor-a (ER) is a nuclear hormone receptor
responsible for the growth and maintenance of estrogen-dependent tissue such as the
breast. Activation of ER is controlled by binding of its ligand, 173-estradiol (E2), to the C-
terminal ligand-binding domain which leads to dimerization and binding of the ER dimer
to DNA at estrogen response elements (EREs) (128). Transcriptional machinery is then
recruited to these sites to activate gene transcription of ER target genes. ER activity can
also be altered by post-translational modifications, including phosphorylation. Multiple
phosphorylation sites have been identified on ER, most of which occur in the N-terminal
AF-1 domain (41,241). Of particular interest is the phosphorylation of ER at serine 118
(pS118-ER). Serine 118 phosphorylation is induced by E2 as well as the ER antagonists
tamoxifen and ICI 182,780 (52). Activation through pS118-ER can also occur in a ligand-
independent manner and many stimuli have been shown to produce this effect including

epidermal growth factor (EGF), reactive oxygen species, prolactin, and hypoxia
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(57,59,60,63,64,69). Numerous reports have demonstrated that pS118-ER is required for
maximal E2-stimulated ER transactivation through mutational analysis of S118 to alanine
(52,59,78,80,81). However, this response is not universal to all ER target genes, as others
have shown that activation of some E2-induced genes is not dependent on pS118-ER
(79).

Phosphorylation of ER has also been shown to affect its interaction with DNA.
Many in vitro studies have demonstrated that ER phosphorylation leads to an increased
affinity of ER for the ERE (34,66,110,135). Upon E2 stimulation, pS118-ER occupies
various ER target gene promoters (136) and recruitment of the p160 family of coactivators
at these sites is impaired in the S118A ER mutant (80). In addition to promoters, pS118-
ER has also been identified as a component of the large “MegaTrans” transcriptional
complex located at enhancer regions (242). Overexpression of the kinase Akt, which is
known to phosphorylate ER (164), led to a unique set of ER binding sites as assessed by
ChIP-on-chip, indicating that phosphorylation can cause a redistribution of ER on
chromatin (162). However, the specific ER phosphorylation sites induced by Akt were not
determined in this study.

While numerous studies have been performed to analyze the cistrome of ER in
response to different stimuli (Table 1-2), the genome-wide binding profile of pS118-ER
and how it compares to the general E2-induced ER cistrome is unknown. Part of the
reason for the lack of knowledge on pS118-ER genome occupancy is the lack of well-
characterized ChIP-grade antibodies directed toward phosphorylated substrates. Unlike
full-length proteins where multiple short epitopes can be selected throughout the protein

and tested for viable antibody production, phospho-specific antibodies must be generated
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against an epitope that contains the phosphorylation site, providing a constraint on the
number of epitopes that can be tested (243,244). Additionally, these antibodies need to
be specific for the phosphorylated substrate while avoiding interaction with the same
substrate in the unphosphorylated state. Numerous studies have noted that phospho-
specific antibodies can produce unreliable results through cross-reactivity (245,246),
emphasizing the need for phospho-antibody validation.

In this chapter, | determine the optimal conditions for performing a ChlP-seq
experiment on pS118-ER in MCF-7 cells by optimizing E2 treatment and validating three
separate pS118-ER antibodies using the standards set up by the ENCODE consortia for
ChlIP-seq antibody validation (247). All three antibodies passed the criteria, and ChiP-seq
was performed using each of the three antibodies in MCF-7 cells treated with E2.
Interestingly, although all three antibodies were validated, the ChiP-seq signal from one
of the antibodies produced a non-specific binding pattern which resembled an RNA
polymerase ll-like signal. This along with other inconsistencies from the non-specific
pS118-ER antibody lead to it being removed from further analysis. These results provide

a high-quality ChlP-seq data set and allow for the analysis of the pS118-ER cistrome.
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Results
Dynamics of pS118-ER in Response to Stimuli

Prior to performing ChIP-seq, we sought to identify the optimal E2-treatment
conditions to induce maximal pS118-ER. MCF-7 cells were grown in phenol-red free
charcoal-stripped media for three days prior to estrogen treatment. Cells were treated
with either vehicle (0.1% EtOH) or 10 nM E2 for varying amounts of time between 15 min
and 24 h. We found that maximal pS118-ER induction occurs 30 minutes post treatment
with 10 nM E2 and decreases after the 30-minute time point (Figure 2-1A). We also
observed a decrease in total ER levels with E2 treatment as reported previously (99,100).
To further investigate pS118-ER dynamics in response to other stimuli, similar time
course treatments were performed using the ER antagonist tamoxifen and the ligand-
independent ER activator EGF. Interestingly, treatment of MCF-7 cells with tamoxifen led
to sustained phosphorylation at S118 which did not decrease through the duration of the
time course (Figure 2-1B). Treatment with EGF, which is known to phosphorylate ER on
S118 (57), led to rapid induction of pS118-ER at 15 min post-treatment which then
declined for the remainder of the time course (Figure 2-1C).
pS118-ER is Required for Maximal ER Occupancy on DNA

To investigate the necessity of phosphorylation of S118 for ER-DNA binding, we
utilized MDA-MB-231 cells containing doxycycline-inducible wild-type (wt) or S118A ER
constructs. Upon expression of ER with doxycycline, the wt ER construct was
phosphorylated in response to E2 while the S118A mutant was not (Figure 2-2A). ChlP-
gPCR was performed for ER on the wt and S118A expressing cells in the presence and

absence of E2, and we found that the S118A mutant significantly decreased the E2-
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induced ER occupancy at known ER binding sites (Figure 2-2B). Interestingly, the S118A
mutant did not entirely abolish ER occupancy at these sites, indicating that
phosphorylation at S118 is not required for ER-DNA binding. These results indicate that
phosphorylation at S118 drives maximal ER occupancy but is not necessary for ER-DNA
binding to occur in response to E2.
A Functional DNA Binding Domain is Not Necessary for Phosphorylation of ER at S118
in Response to E2

The phosphorylation of ER at S118 is mediated by a variety of kinases including
MAPK, CDK7, GSK3, and IKKa depending on the stimulus (57,69,71,72,136).
Additionally, various studies have shown that ER is capable of being phosphorylated by
the DNA-dependent protein kinase (DNA-PK) holoenzyme (73,74,137). To test if DNA
binding is required for ER to be phosphorylated at S118 in response to E2, the C202/205H
ER mutant was utilized which ablates the zinc finger of the ER DNA binding domain
(16,248). HEK293 cells were transiently transfected with either wt ER or C202/205H ER
and treated with 10 nM E2 for 30 min. Both wt ER and C202/205H ER were
phosphorylated at S118 in response to E2 indicating that a functional DNA binding
domain is not required for this phosphorylation event (Figure 2-2C).
Validation of pS118-specific Antibodies for ChIP-seq

The accuracy of a ChlP-seq study is highly dependent on the efficacy of the
antibody used. Non-specific antibody interactions with other chromatin-bound factors can
cause false positive occupancy sites to be detected, which leads to inaccurate
downstream analyses and misleading conclusions. A set of criteria has been defined by

the Encyclopedia of DNA Elements (ENCODE) consortium for validation of antibodies for
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ChIP-seq (247) which consists of a primary test and a secondary test. For an antibody to
be validated it must pass one primary characterization and one secondary
characterization. The primary test consists of validating the antibody by either immunoblot
or immunofluorescence. To pass primary characterization by immunoblot, 50% of the total
signal on the blot must come from the primary band (247). Three pS118-ER specific
antibodies were tested (pS118-ER #1, Cell Signaling; pS118-ER #2, Abcam; pS118-ER
#3, Santa Cruz) for their ability to detect pS118-ER in MCF-7 cells in response to E2.
MCF-7 cells were grown in charcoal-stripped medium for three days, treated for 30 min
with E2, and analyzed by immunoblot. All three pS118-ER antibodies detected a strong
band at the correct size in the E2 treated sample with little signal in the untreated sample
(Figure 2-3A). Additionally, a majority of the signal from all three of the antibodies came
from the primary band detected. Because all three antibodies passed primary
characterization by immunoblot, immunofluorescence validation was not required.

Next, each antibody must pass one out of five secondary characterization assays.
One of these five assays is to mutate or knockdown the protein of interest to demonstrate
specificity of the antibody to the target of interest. To test the specificity of the pS118-ER
antibodies for pS118 and not any other phosphorylation site on ER, an S118A mutant ER
was utilized. MDA-MB-231 cells with a doxycycline-inducible wt or S118A ER construct
were treated with doxycycline to express ER, and subsequently treated with E2 for 30
min. Cell lysates were collected and analyzed by immunoblot with all three pS118-ER
antibodies. Induction of pS118-ER was observed by all three antibodies in the wt
construct and the S118A mutation caused a complete loss of signal with all three

antibodies tested (Figure 2-3B) indicating that the signal observed from the pS118-ER
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antibodies is specific for S118 phosphorylation and not any other phosphorylation site on
ER induced by E2. These results indicate that all three pS118-ER antibodies pass the
ENCODE guidelines for ChlP-seq analysis. To provide a comprehensive analysis of the
pS118-ER cistrome, all three antibodies were used in separate ChlP-seq experiments
and their data compared. As an added measure of validation with a secondary assay
(247), DNA motif analysis was performed on the peaks identified within each pS118-ER
ChIP-seq dataset and identified the ERE as the top binding motif in all antibodies
analyzed, further confirming their effectiveness for ChlP-seq (Figure 2-3C).
ChIP-seq of pS118-ER Using Multiple Antibodies

To investigate the inducible genome-wide occupancy of pS118-ER, MCF-7 cells
were treated with either vehicle or 10 nM E2 for 30 min and ChIP-seq was performed
using three antibodies directed toward pS118-ER and one for ER. ChIP-seq was
performed in triplicate for each antibody and peaks were called using HOMER (175).
Replicates were overlapped and sites present in each of the three replicates were used
for further analysis (Figure 2-4A). Interestingly, the variability in the pS118-ER replicates
was greater than the total ER replicates, with a large proportion of the total pS118-ER
peaks identified unique to each replicate indicating that pS118-ER occupancy may be
highly dynamic (Figure 2-4A). E2-treated ER ChIP-seq identified 44,050 ER occupancy
sites which is consistent with recent ER ChIP-seq studies (197,201). The total number of
peaks varied for pS118-ER, depending on the antibody. The E2-treated pS118-ER ChlP-
seq identified 2,054 sites with pS118-ER #1, 2,277 sites with pS118-ER #2, and 14,057
with pS118-ER #3 (Figure 2-4A, center overlaps). Multiple sites present in all three

pS118-ER ChiIP-seq experiments were validated by ChIP-gPCR (Figure 2-5A).
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Inconsistencies Observed in pS118-ER Antibodies

Both ER and all three pS118-ER ChIP-seq experiments showed an increase in
occupancy sites upon E2 treatment (Figure 2-4B). A large number of ER sites were
identified (15,905) in the absence of E2, which is consistent with a previous study
demonstrating that unliganded ER is capable of binding chromatin (236). Two of the three
pS118-ER antibodies (#2, and #3) displayed a low number of occupancy sites in the
vehicle-treated cells compared to their respective E2-treated sites as expected (Figure 2-
5B). Surprisingly, the remaining pS118-ER antibody (#1) identified a similar number of
sites in vehicle (1,653) and E2 (2,054) conditions (Figure 2-5B). The two concordant
pS118-ER antibodies showed a high amount of overlap with the ER antibody (99.7% and
94.3%, respectively), whereas pS118-ER #1 had a relatively low amount of overlap with
ER (52.2%) suggesting a non-specific interaction (Figure 2-4D). Additionally, overlapping
the peaks identified from the three pS118-ER antibodies revealed considerable overlap
between pS118-ER #2 and #3, with pS118-ER #1 identifying many unique sites (Figure
2-4C). Visualization of the ChIP-seq tracks using the UCSC Genome Browser (180)
revealed a strong intragenic signal present in the pS118-ER #1 track that was not present
in either the ER or the other two pS118-ER tracks (Figure 2-5B). Two hypotheses were
considered for this observation: [1] the signal was detecting pS118-ER which was tracking
along actively transcribed genes and [2] the pS118-ER #1 antibody was non-specifically
binding to a factor associated with these regions. The lack of the intragenic signal in the
total ER ChIP-seq and the low amount of overlap between the ER and pS118-ER #1 peak
sets (Figure 2-4D) suggested a non-specific interaction was more likely, and the following

additional observations support this claim. First, a very small proportion of ER is
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phosphorylated at S118 in an unstimulated state (Figure 2-1) and therefore the number
of pS118-ER peaks in the vehicle-treated conditions was expected to be low due to the
lack of a target for the antibody. However, the pS118-ER #1 antibody detected a high
number of peaks in the absence of E2 compared to the E2 treated condition, whereas the
other two pS118-ER antibodies did not (Figure 2-4C). Second, comparisons of this
intragenic signal to a previously published ChlP-seq analysis of RNA polymerase Il (RNA-
Pol II) in MCF-7 treated with E2 (188) showed a strong similarity between the signals
along the TFF1 and GREBL1 genes, indicating that the intragenic signal was identifying
RNA Pol Il or a factor tracking with RNA Pol Il. Additionally, the intragenic signal increased
on genes known to be induced by E2 (Figure 2-6A) and decreased on genes known to
be repressed by E2 (Figure 2-6B). All genes in the genome were analyzed for this
difference in intragenic signal and gene ontology (GO) analysis was performed on genes
identified to have a significantly increased or decreased signal upon E2 treatment. The
top GO term for genes with an increased intragenic signal was mammary gland
development suggesting a correlation with E2-induced genes. The top GO term for genes
with a decreased intragenic signal was nucleosome assembly. Interestingly, for large
genes, the difference between the vehicle and E2-treated intragenic signal was only
present at the beginning of the gene (see Figure 2-6 ESR1 and GREB1). The speed of
RNA polymerase Il has been calculated to be between 1.2 kb/min to 4.3 kb/min depending
on the study (249-251). Assuming transcriptional modulation occurs at the beginning of
the E2 treatment, with the speeds listed above the alteration to RNA polymerase I
occupancy in a 30 min treatment would be observed between 36 to 129 kb from the

transcription start site. While this range is large, the point at which the E2 intragenic signal



51

returns to vehicle levels (~50 kb from the transcription start site) falls within this range
suggesting that the intragenic signal is a mark of active transcription. Third, the intragenic
signal was observed on actively transcribed genes not known to be affected or controlled
by ER and E2 such as ACTB and the signal was not altered by E2 treatment (data not
shown). Fourth, taking the genomic locations of all peaks identified (both ER and pS118-
ER) and calculating the total tag density present at these sites from each antibody
revealed a large number of peaks identified by the pS118-ER #1 antibody which had little
or no ER occupancy, suggesting interaction with a non-specific factor (Figure 2-7A). In
contrast, the tag density of the other two pS118-ER antibodies correlated with the tag
density of ER, indicating that these antibodies were detecting the phosphorylated form of
ER (Figures 2-7B, 2-7C). Due to the non-specific signal in the pS118-ER #1 antibody and
its potential to mask pS118-ER binding events as well as create false positives, data from
the pS118-ER #1 ChiIP-seq was excluded from further downstream analysis. All three
pS118-ER ChIP-seq datasets and the ER ChlP-seq dataset are deposited in the GEO

database (GSE117569).
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Discussion

ER phosphorylation is known to play an important role in both ligand-dependent
and ligand-independent ER gene transcription. Considering the many reported stimuli that
can lead to phosphorylation of ER at S118, analyzing its function will be important for
understanding both ligand-dependent and ligand-independent activation mechanisms.
While much of the current research on pS118-ER has focused on its transcriptional
functional and cofactor interactions, the extent to which pS118-ER affects the genome-
wide binding profile of ER remains largely unknown. The work presented in this chapter
first analyzes pS118-ER dynamics in response to various stimuli and demonstrates that
phosphorylation on S118 and DNA binding are independent events. Multiple pS118-ER
antibodies were assessed for their use in ChiP-seq and initial ChlP-seq results are
presented, with evidence suggesting a non-specific interaction from one of the pS118-ER
antibodies. These results are critical for providing the most accurate cistrome analysis for
pS118-ER in MCF-7 cells.

ER is known to be downregulated by the proteasome in an E2-dependent manner
(99,100), and pS118-ER was also found to be necessary for this downregulation through
its regulation of ER ubiquitination (78,109). Consistent with these results, treatment of
MCF-7 cells with E2 caused a rapid increase in pS118-ER, followed by a decrease in total
ER levels. Treatment with tamoxifen led to sustained levels of pS118-ER and no
degradation of ER up to 4 hours post treatment, indicating that pS118-ER alone is not
sufficient to cause ER downregulation. Additionally, treatment with EGF led to a similar
phosphorylation dynamic as E2, however the ER levels were not affected by the

treatment, suggesting that the addition and removal of the phosphorylation is not sufficient
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for ER downregulation. While phosphorylation at S118 occurs in response to E2,
tamoxifen, and EGF, the set of cofactors recruited to ER in each treatment condition
varies (31,33,77,97,201) which contributes to the different responses observed to each
ligand. The E3 ligase E6-AP interacts with and ubiquitylates ER in a pS118-dependent
manner leading to its degradation by the proteasome (109,252). Mutation of serine 118
to alanine prevents E2-induced ER downregulation by preventing the interaction with E6-
AP (78,109). The results presented here suggest that E6-AP is not recruited to ER in
response to tamoxifen or EGF, given that ER levels are not altered by either treatment.
This report and others have found that phosphorylation is an early event in the ER
activation mechanism, wherein binding of ligand results in phosphorylation of ER followed
by DNA binding and activation of target genes. The data presented in this chapter indicate
that phosphorylation of ER and DNA binding occur independently, as neither is required
for the other (Figure 2-2). Past reports have indicated that ER can be phosphorylated at
S118 by the DNA-dependent protein kinase (DNA-PK), however these studies were
performed in the MELN breast cancer cell line and it is unknown if this same ER
phosphorylation mechanism occurs in MCF-7 cells (73). In a proteomics analysis of
elements bound to EREs upon E2 treatment, DNA-PK was found to interact with ER on
DNA, but the direct phosphorylation of ER by DNA-PK was not demonstrated (74). Given
the numerous kinases which have been reported to phosphorylate ER in response to E2
(Table 1-1), it is likely that a single kinase is not solely responsible for inducing
phosphorylation at S118 and that many phosphorylation pathways are activated
simultaneously by E2 which all result in ER phosphorylation at S118. While the results in

this chapter demonstrate that DNA binding is not required for pS118-ER (Figure 2-2C),
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these results do not contradict the evidence from other groups which conclude that DNA-
PK is a kinase capable of phosphorylating ER at S118.

Understanding the dynamics of pS118-ER first was critical for selecting suitable
conditions for analysis of the pS118-ER cistrome. A 30 minute treatment with E2 was
chosen due to its high levels of pS118-ER and because ER downregulation does not
substantially occur at this point. Given past inconsistencies with phospho-antibodies
(245,246,253,254) and the degree to which antibody specificity can affect ChIP-seq
analysis (255), multiple pS118-ER antibodies were assessed for their use in ChlP-seq.
Although the ENCODE guidelines for ChlP-seq antibody validation were followed (247)
and all three passed the criteria, one of the antibodies still displayed a non-specific RNA-
Pol ll-like signal. These results demonstrate the importance of scrutinizing ChiP-seq data
after the ChlP-seq experiment has been performed and suggests additional methods of
validation should be considered in addition to the assays put forth by the ENCODE
consortium. For example, in addition to an immunoblot assay, antibodies should be
validated with a conventional ChlIP assay prior to ChIP-seq since detection of the protein
of interest on an immunoblot is in a denatured environment whereas a ChlIP assay
captures the protein in its native folded conformation. Ideally, in addition to the cell line of
interest, ChIP antibody validation would be performed in a cell line not expressing the
target of interest or in conditions where the protein of interest was knocked down as a
negative control. These additional experiments would make antibody validation more
robust and add to the confidence in the data acquired by ChlP-seq. While one of the
pS118-ER antibodies did not produce accurate data, the two other pS118-ER antibodies

generated datasets for which analysis was possible. The data collected here provide the
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groundwork for analyzing the pS118-ER cistrome, and the results of this analysis are
provided in the next chapter.

Clinically, the role of pS118-ER is not well understood. Given that pS118-ER is an
indicator of an activated ER signaling pathway, the majority of studies analyzing primary
breast cancer tumors have tested pS118-ER for prognostic value in terms of overall
survival, disease-free survival, or treatment efficacy. Immunohistochemistry (IHC)
staining of these tumors has returned conflicting results, with some studies finding pS118-
ER associated with better disease outcome (202,203) or better response to tamoxifen
(204,205), whereas other reports have found a correlation between pS118-ER and
resistance to tamoxifen (206). Additionally, a recent large-scale study of primary breast
tumors analyzing multiple phosphorylation marks in the MAPK and Akt pathways
including pS118-ER and pS167-ER found no prognostic correlations between any of the
phosphorylation marks and clinical outcome (207). Interestingly, most of these studies
used the same pS118-ER antibody that produced the non-specific signal in our pS118-
ER ChIP-seq. Additionally, one study reported that some ER-negative tumors stained
positive for pS118-ER using this antibody (256). We have additionally observed non-
specific interactions with this antibody in immunofluorescence staining (data not shown)

and its non-specific interaction may underlie the discrepancies observed in clinical data.
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Figure 2-1: Temporal dynamics of pS118-ER in response to stimuli.

MCF-7 cells were hormone deprived for three days in phenol-red free DMEM
supplemented with charcoal-stripped fetal bovine serum followed by treatment with 10
nM E2 (A), 100 nM 4-hydroxytamoxifen (B), or 100 nM EGF (C) for the times specified.
Protein was isolated and analyzed by immunoblot for pS118-ER and total ER. [3-actin

served as a loading control.
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Figure 2-2: Relationship between pS118-ER and DNA binding.

(A) Western blot analysis of MDA-MB-231 cells containing doxycycline-inducible
wt ER or S118A ER. MDA-MB-231 cells were treated with 5.0 pg/mL (wt ER) or 0.5 pg/mL
(S118A ER) dox for 24 h followed by a 30 min treatment of vehicle (0.1% EtOH) or 10 nM
E2. R-actin serves as a loading control. (B) ER ChIP-gPCR in MDA-MB-231 wt ER or
S118A ER-expressing cells. Data are displayed as a percentage of input. n = 3, mean *
SD is shown. *p < 0.05. (D) HEK293 cells transfected with either vector, wt ER, or the
DNA binding ER mutant C202/205H were treated for 30 min with either vehicle or 10 nM

E2 and analyzed via immunoblot.
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Figure 2-3: Validation of pS118-ER antibodies following the ENCODE guidelines.

(A) Primary validation of antibodies. Immunoblot analysis of MCF-7 cells treated
with either vehicle (0.1% EtOH) or 10 nM E2 for 30 minutes. Three pS118-ER antibodies
(pS118-ER #1, Cell Signaling; pS118-ER #2, Abcam; pS118-ER #3, Santa Cruz) were
tested for detection of pS118-ER in the E2-treated sample and minimal detection in the
vehicle sample. Three separate blots were run, one for each antibody to avoid any
stripping and re-probing procedures. Full blots for each pS118-ER antibody are shown to
display non-specific bands detected. Expected MW for pS118-ER is ~66kDa. R-actin
serves as a loading control. (B) Secondary validation of antibodies with the S118A ER
mutant. Portions of Figure 2-2A are reprinted here for clarity. MDA-MB-231 cells
expressing either wt ER or S118A were treated with vehicle (0.1% EtOH) or 10 nM E2 for
30 minutes and analyzed by immunoblot. All three pS118-ER antibodies tested displayed
a loss of signal in the S118A mutation indicating specificity for pS118 and not other
phosphorylation sites on ER. (C) DNA Motif analysis of ChlP-seq peaks detected for each
pS118-ER antibody. HOMER de novo motif analysis (175) was performed on the peaks
identified in the E2 treated samples and the top motif identified is displayed. The presence

of the ERE indicates the specificity of the pS118-ER antibodies for ER.
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Figure 2-4: ChlP-seq peak overlaps.
ChIP-seq was performed in MCF-7 cells treated with either vehicle (0.1% EtOH)

or 10 nM E2 for 30 minutes. One antibody for total ER and three antibodies for pS118-
ER were used. Three replicates were performed for each antibody and peaks were called
using HOMER (175). Overlaps between the replicates within each antibody were
performed and only peaks present in all three replicates were used for further analysis.
(A) Overlaps between replicates in the E2-treated samples for each antibody. (B) Overlap
between vehicle and E2 peaks within each antibody. (C) Overlap between peaks detected
by the three pS118-ER antibodies in the E2-treated samples. (D) Overlap between ER

and each separate pS118-ER antibody in the E2-treated samples.
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Figure 2-5: ChlP-seq validation and visualization.

(A) ChIP-gPCR validation of select pS118-ER occupancy sites. The number after
the gene name denotes the approximate distance in bp between the region tested and
the transcription start site of the gene with a negative number being upstream and a
positive number being downstream. Data are displayed as a percentage of input. n = 3,
mean = SD is shown. *p < 0.05 vs vehicle (veh). (B) ChIP-seq track display from the
UCSC Genome Browser showing ER and pS118-ER occupancy sites at the TFF1 (top),
BRIP1 (middle), and GREBL1 (bottom) loci. For each track, vehicle (yellow) and E2-treated
(blue) are overlaid. Overlapping tracks are displayed as green. The y-axis displays tag
density normalized to 107 tags. Black bars below the tracks denote the approximate

amplicon location of primer sets used in (A).
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Figure 2-6: Intragenic signal observed in pS118-ER #1 antibody is altered by E2
on E2-responsive genes.

Visualization of ER and pS118-ER #1 (p-ER) ChlP-seq tracks on the UCSC
genome browser at selected sites. Vehicle tracks (yellow) and E2-treated tracks (blue)
are overlaid. Overlapping tracks are displayed as green. The y-axis displays tag density
normalized to 107 tags. (A) Tracks for genes known to be upregulated by E2 (CCND1,
FOS, GREB1, XBP1) display increased intragenic signal in the pS118-ER #1 track in
response to E2. (B) Tracks for genes known to be downregulated by E2 (ESR1, GATA3,
NFKBIZ, PCDH10) display decreased intragenic signal in the pS118-ER #1 track in
response to E2. The lack of a similar signal in the ER tracks indicates a non-specific

interaction in the pS118-ER #1 antibody.
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Figure 2-7: Tag density correlation between ER and pS118-ER antibodies.

All genomic locations found to contain either ER or pS118-ER occupancy were
analyzed for total tag density within each antibody and plotted. Tag density in each region
was calculated using the annotatePeaks.pl program available in HOMER (175). Each dot
on the graph represents a single genomic location. The tag density of ER was compared
to (A) pS118-ER #1, (B) pS118-ER #2, and (C) pS118-ER #3. Units for tag density are
normalized to 107 tags. The presence of data points along the y-axis in (A) suggests a

non-specific interaction.
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CHAPTER THREE:

Analysis of the pS118-ER Cistrome

Portions of this chapter are published in the following:

Helzer KT, Szatkowski Ozers M, Meyer MB, Benkusky NA, Solodin N, Reese RM, Warren
CL, Pike JW, Alarid ET. The Phosphorylated Estrogen Receptor a (ER) Cistrome Identifies a
Subset of Active Enhancers Enriched for Direct ER-DNA Binding and the Transcription Factor
GRHL2. Mol. Cell. Biol. 2019;39(3). doi:10.1128/MCB.00417-18.
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Abstract

The phosphorylation of proteins is an integral aspect of cellular function, controlling
various aspects of protein activity including sub-cellular localization, substrate
interactions, and enzymatic function amongst others. Many nuclear receptors are
phosphorylated which contributes to their activity in numerous ways. Estrogen receptor-
a (ER) is phosphorylated at S118 (pS118-ER) in response to multiple stimuli and is
involved in modulating ER-dependent gene transcription. While the genome-wide DNA
binding profile of ER is well established, surprisingly little is understood about how
phosphorylation impacts ER-DNA binding activity. To define the pS118-ER cistrome,
ChIP-seq was performed on pS118-ER and ER in MCF-7 cells treated with estrogen.
pS118-ER occupied a subset of ER binding sites which were associated with the active
enhancer mark, acetylated H3K27. Unlike ER, pS118-ER sites were enriched in GRHL2
DNA binding motifs, and estrogen treatment increased GRHL2 recruitment to sites
occupied by pS118-ER. Additionally, pS118-ER occupancy sites showed greater
enrichment of full-length estrogen response elements relative to ER sites. In an in vitro
DNA binding array of genomic binding sites, pS118-ER was more commonly associated
with direct DNA binding events compared to indirect binding events. These results
indicate that phosphorylation of ER at serine 118 promotes direct DNA binding at active
enhancers and is a distinguishing mark for associated transcription factor complexes on

chromatin.
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Introduction

Post-translation modifications play a major role in the control of protein function.
Phosphorylation in particular provides a quick and often reversible signal which can alter
protein function in a variety of ways. The majority of nuclear receptors are phosphorylated
(257) which can affect transcriptional activity, dimerization, nuclear localization, or protein
stability (52,57,78,143,258,259). Estrogen receptor-a (ER) is a member of the steroid
nuclear receptor family and is involved in the development and maintenance of estrogen-
responsive tissue such as the breast. Binding of 173-estradiol (E2) to the ligand-binding
domain of ER leads to ER dimerization followed by DNA binding and activation of target
genes. In addition to ligand-dependent activation mechanisms, ER can be activated in a
ligand-independent manner through a variety of stimuli including epidermal growth factor,
reactive oxygen species, and prolactin. A commonality between these activation
mechanisms is the phosphorylation of ER at S118 (pS118-ER). In addition to the ligand-
independent stimuli listed above, pS118-ER can be induced by E2 as well as the ER
antagonists tamoxifen and ICI 182,780 (52). Mutational analysis of S118 to alanine
(S118A), found that phosphorylation at S118 was required for maximal ER target gene
activation (59,77-81), but less is known on how pS118-ER affects ER-DNA binding.

An integral property required for the function of ER is its ability to bind DNA. Early
studies analyzing the DNA binding domains (DBDs) of the steroid receptors demonstrated
a high level of specificity between nuclear receptor DBDs and their respective response
elements (16). The ERE is classically defined as the 15 base pair (bp) palindromic
sequence 5-AGGTCA-nnn-TGACCT-3’ where “n” is any nucleotide (122,123). Studies

investigating the sequence specificity of the ERE found that even small changes in either
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the ERE sequence or the spacing between the two half-sites can drastically decrease the
affinity of ER for the modified ERE (124,129,133). ER can also associate with chromatin
indirectly through tethering mechanisms with other transcription factors including AP-1,
Sp-1, and RUNX1 (117,118,121,159,260-262). While DNA sequence appears to be the
main driver of ER affinity for the ERE, there is some in vitro evidence that pS118-ER can
increase the affinity of ER for the canonical ERE (135). Structural studies suggest that
phosphorylation events in the N-terminus of ER can be propogated through to affect the
neighboring DBD (108,110,263), thereby affecting DNA binding affinity and specificity.
Chromatin immunoprecipitation studies have shown that pS118-ER is present at the
promoters of certain ER target genes as well as at enhancers as part of the “MegaTrans”
complex as defined by Liu et al., however the genome-wide binding landscape (cistrome)
of pS118-ER has not been thoroughly investigated (136,242).

In this report, we define the pS118-ER cistrome, the first in depth analysis of a
cistrome for a post-translationally modified nuclear receptor. We found that while
relatively few pS118-ER occupancy sites were present in promoter regions, pS118-ER
did associate with both acetylated H3K27, a mark of active enhancers, as well as
upregulation of nearby genes. Further analysis revealed pS118-ER preferentially
associated with EREs as well as the binding motif for the transcription factor GRHL2
relative to all ER sites. GRHL2 occupancy was found to increase upon E2 treatment at
sites co-occupied by GRHL2 and pS118-ER, but not at sites with GRHL2 alone. We also
utilized the Specificity and Affinity for Proteins (SNAP) DNA array to assess direct versus
indirect binding events and found that direct binding events were more likely to be

occupied by pS118-ER. SNAP array analysis also revealed the presence of multiple
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potential ER binding events within single ER ChlP-seq peaks. Additionally, the number of
potential ER binding events in a binding region, identified by the SNAP array, positively
correlated with pS118-ER occupancy by ChlIP-seq. These results highlight the role of

pS118-ER at the ER-chromatin interface and as a regulator of the ER-ERE interaction.
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Results
Analysis of pS118-ER Occupancy Sites

As stated in Chapter 2, three pS118-ER antibodies were used to assess the
pS118-ER cistrome in E2-treated MCF-7 cells with one of the antibodies displaying a non-
specific interaction. The data from this antibody was removed and the remaining two
pS118-ER ChIP-seq data sets were combined into one pS118-ER data set (Figure 3-1A).
This resulted in a pS118-ER data set containing 14,063 sites, of which 13,261 (94.3%)
overlapped with ER sites. pS118-ER peaks that did not overlap with ER peaks were
considered false positives, and therefore only those pS118-ER peaks that overlapped
with ER occupancy sites were used for further analysis. The ER peaks were divided into
those sites occupied by pS118-ER (pS118-ER; 13,261 peaks) and those sites not
occupied by pS118-ER (ER-only; 30,794 peaks) for comparative analysis (Figure 3-1A).
To test if the genomic locations of pS118-ER sites differed from ER-only sites, peak
locations were analyzed and compared. Consistent with previous studies, we found that
the majority of ER-only sites were present in introns or intergenic sites with few sites
located in promoter regions (121,156,188,189). Notably, the locations of pS118-ER sites
followed this same pattern, with no enrichment seen in promoter sites compared to ER-
only sites (Figure 3-1B). Additionally, when peaks were annotated to the nearest
transcription start site, we found a similar distribution in distance to transcription start site
between ER sites and pS118-ER sites indicating that pS118-ER is not enriched in
locations closer to gene promoters relative to ER-only sites (Figure 3-1C). To test if the
phosphorylation event is associated with active sites, we analyzed and compared data

from a previous report on the active enhancer mark H3K27ac in MCF-7 cells treated with
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E2 (66, 67, GSE45822). Interestingly, we found that pS118-ER sites displayed an
increase in the H3K27ac signal compared to ER-only sites (Figure 3-1D). To test if pS118-
ER is associated with activation of genes, the pS118-ER ChIP-seq data was integrated
with previously published RNA-seq data from MCF-7 cells treated with 1 nM E2 for 24 h
(68, GSEB89888). Genes were first categorized into significantly upregulated (3,692
genes) or significantly downregulated (3,006 genes) by E2. Each gene was then analyzed
for the presence of a pS118-ER peak within 100 kb of its transcription start site (TSS).
We found that 29.9% of upregulated genes had a pS118-ER site within 100 kb of its TSS
compared to only 8.3% of downregulated genes suggesting that pS118-ER is associated
with gene activation rather than gene repression (Figures 3-1E, 3-1F). These results
indicate that while pS118-ER is not enriched in promoter regions, the phosphorylation
event does appear to be a mark of active enhancers and is associated with activation of

genes.

Motif Analysis of pS118-ER Sites Reveals Enrichment of EREs and GRHL2 Motifs
Relative to ER

Previous work has shown that other accessory factors are important for ER-DNA
interaction including the pioneer factor FOXAL, as well as tethering factors such as AP-
1, Spl, and RUNX1 (118,121,156,159,261). These factors are often identified by the
presence of their respective DNA binding motif near ER occupancy sites. To determine
enriched DNA motifs at ER and pS118-ER occupancy sites, de novo motif analysis was
performed on ER-only (30,794 sites), and pS118-ER (13,261 sites). As expected, the

most significantly enriched motif at both ER-only and pS118-ER sites was the consensus
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ERE (Figure 3-2A). Interestingly, we also found enrichment of the grainyhead-like 2
(GRHL2) motif in the pS118-ER data set (p = 1e-493) (Figure 3-2A). The GRHL2 motif
was the fourth most enriched motif in the pS118-ER data set after the ERE (p = 1e-4685),
Forkhead motifs (p = 1e-652), and NR2F2 (COUP-TFII or an ERE half-site, p = 1e-617)
(Figure 3-2A). To determine which motifs were enriched at pS118-ER sites relative to
total ER sites (44,050 peaks), differential motif analysis was performed with the MEME
suite CentriMo tool using total ER sites as background (184). This analysis revealed that
the pS118-ER sites were significantly enriched for both the ERE motif and the GRHL2
motif relative to ER sites (Figure 3-2B). Additionally, we observed an increase in GRHL2
motifs in the center of pS118-ER sites compared to ER-only sites (Figure 3-2D, GRHL2).
When we analyzed the proportion of sites that contained certain motifs in each data set,
we found that pS118-ER sites were more likely to contain an ERE compared to ER-only
sites (Figure 3-2C). On average, these EREs were positioned in the center of peaks in
both ER-only and pS118-ER occupancy regions (Figure 3-2D, ERE). We also found a
significant decrease in the proportion of pS118-ER sites containing GATA3 motifs
compared to ER-only sites (Figures 3-2C, 3-2D). Additionally, we observed a slight but
significant increase in the proportion of pS118-ER sites containing AP-2y motifs (Figures
3-2C, 3-2D). Motifs for Forkhead factors (e.g. FOXA1) were found to be enriched in both
ER-only and pS118-ER sites, but they were not found to be enriched compared to each
other (Figures 3-2C, 3-2D). These data indicate that pS118-ER sites are more likely to
contain ERE and GRHL2 DNA motifs compared to ER-only sites. Additionally, FOXA1
motifs are equally distributed between pS118-ER and ER-only sites suggesting that

FOXAL is not a differentiating factor between sites occupied by pS118-ER and ER.
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GRHL2 Occupancy Increases in Response to E2 at pS118-ER Sites

In order to determine the occupancy status of GRHL2 at pS118-ER and ER sites,
we analyzed and compared GRHL2 ChIP-seq data from a previously published report
which performed ChIP-seq on GRHLZ2 in MCF-7 cells in full media and identified 30,134
GRHL2 occupancy sites (265). When the GRHL2 sites were overlapped with ER-only and
pS118-ER sites, we found that a greater proportion of pS118-ER sites (32.1%) were co-
occupied by GRHL2 compared to ER-only sites (13.6%, Figure 3-3A). Additionally,
pS118-ER sites were found to have an increased GRHL2 signal on average compared to
ER-only sites (Figure 3-3B) indicating that GRHL2 more commonly occupies sites that
are occupied by pS118-ER. Given that pS118-ER is induced by E2 (Figure 2-1A) and that
GRHL2 associates with pS118-ER occupancy sites, we hypothesized that GRHL2
occupancy would be altered by E2 treatment. MCF-7 cells were stripped and treated with
either vehicle or E2 for 30 min and ChIP-gPCR was performed for ER, pS118-ER, and
GRHL2. Using the available ChlP-seq data for GRHL2 (265), sites were identified which
were either co-bound by pS118-ER and GRHL2, or bound by GRHL2 only. GRHL2
occupancy increased upon E2 treatment at sites co-occupied by pS118-ER and GRHL2
(Figure 3-3C), but not at sites solely occupied by GRHL2 (Figure 3-3D). These results
indicate that estrogen induces an increase in GRHL2 binding, preferentially at sites to

which pS118-ER is recruited.
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Direct ER Binding Events are More Likely to be Occupied by pS118-ER

Because of the enrichment of EREs at pS118-ER sites over ER sites (Figs. 4B,
4C), we hypothesized that pS118-ER was associated with direct ER binding events rather
than tethering events. To address this question, we utilized purified phosphorylated ER
to probe a genomic Specificity and Affinity for Proteins (SNAP) DNA binding array
(110,266). Immunoblot analysis of the purified ER used in our experiments revealed that
S118 is phosphorylated while phosphorylation at S104/106 and S294 was not detected.
S167 also appeared to be modified. Importantly, the purified receptor co-migrated with
the estrogen-induced, post-translationally modified receptor in MCF7 cell extract (Figure
3-4B) indicating that the majority of the purified receptor is modified. A custom-designed
SNAP array composed of 359,156 25-bp double-stranded DNA hairpin probes, capable
of forming B-form DNA was created to tile across 5,020 genomic regions that had been
confirmed by multiple reports to be occupied by ER (140,159,187,188,196,201,234,236).
We incubated purified, phosphorylated ER with E2, exposed the ER-E2 complex to the
array, and visualized binding of ER to the DNA features by fluorescence (Figure 3-4A).
Of the 5,020 regions tiled, Figure 3-4C depicts a representative ER occupancy site, the
GREB1 promoter, which has been identified in previous ChlP-seq studies (140), and the
individual probes which tile across its associated DNA sequence that were synthesized
on the SNAP array. The resulting SNAP intensity shows binding of pS118-ER within the
region that is dependent on the ERE site (Figure 3-4C). SNAP intensity has been shown
to correlate with the affinity of ER for its DNA binding sites (110). Due to the lack of any
accessory factors in the in vitro SNAP array assay, regions that displayed both binding

on the SNAP array and ER occupancy in our ChlP-seq data were defined as direct binding
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(Figures 3-5A, 3-5B, TFF1 promoter), whereas regions that displayed no ER binding
events on the SNAP array, but contained ER occupancy by ChlP-seq were defined as
indirect ER interactions (Figures 3-5A, 3-5B, IGF1R +130kb). Of the 5,020 genomic
regions represented on the array, 4,431 regions contained at least one probe with a
significant level of ER binding whereas 589 regions displayed no significant ER binding
(Figure 3-5C). Of the 4,431 direct ER binding regions on the SNAP array, 71.2%
(3,575/4,431) were present in the pS118-ER ChIP-seq regions (Figure 3-5C). The
remaining 589 regions represented potential indirect ER binding events and of these,
46.9% (276/589) were present in the pS118-ER ChlIP-seq regions indicating that pS118-
ER tends to associate with direct binding events rather than indirect binding events
(Figure 3-5C). Interestingly, we found that many ER occupancy sites analyzed on the
array contained multiple ER binding events throughout the region, rather than one located
at the center (Figures 3-5B, 3-5D). For example, the TFF1 promoter region which was
detected as a single ChlP-seq peak, was found to have four potential ER binding events
throughout the region (Figure 3-5B). Analysis of the number of ER binding events in each
region analyzed on the genomic SNAP array showed that 56.4% of these regions
contained two or more potential ER binding events (Figure 3-5D). When the regions were
binned by number of ER binding events, a positive correlation was found between the
number of ER binding events and the likelihood of occupancy by pS118-ER in our ChIP-
seq data further supporting the notion that pS118-ER is more likely to associate with direct
ER binding events. (Figure 3-5E).

Using the full genomic regions from the binned ER binding events of the SNAP

array, we next queried the positional and spatial relationships between the direct ER
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binding sites and inferred co-binders. First, we identified the ER binding motif as the top
motif from the binned ER binding events (Figure 3-6) and found that a more complete
ERE occurred in the regions with one peak as well as the regions with 6 or greater peaks
while a 5’-AGGTCA-3’ half-site predominated in the 2-, 3-, 4-, and 5-peak bins. These ER
binding sites were then input as the primary motif in the Spaced Motif (SpaMo) analysis
tool (267) and used to identify non-redundant neighboring secondary motifs. Based on
the number of ER binding sites, different transcription factor binding motifs occurred near
the ERE. For example, in the one-peak bin, POU5F1, VDR, and GRHL2 were the
predominant neighboring motifs occurring in 455, 423, and 337 of the ER peaks,
respectively. We next examined the gap in bps between the ERE and adjacent motifs.
Interestingly, we found that the most frequent gap between the ERE and the GRHL2 motif
was 50 bp (Figure 3-6). Previous work has demonstrated that each ER monomer of the
ER dimer binds DNA in the major groove and that the ER dimer binds predominantly on
one face of the DNA (268,269). The ER-DNA interaction can also cause bending in the
associated DNA (270,271). B-form DNA completes a helical turn approximately once
every 10 bp (272) suggesting that the 50 bp gap between the ERE and the GRHL2 motif

would allow for potential contact with the ER dimer on the same face of DNA.
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Discussion

Phosphorylation of nuclear receptors has been shown to be a critical regulator of
their various functions (257). Considering the many reported stimuli that can lead to
phosphorylation of ER at S118, understanding its function will be important for both
ligand-dependent and ligand-independent activation mechanisms. A critical step in the
ER activation pathway is its interaction with chromatin, and current studies on the effect
of pS118-ER on this interaction are limited. Here we report the analysis of the pS118-ER
cistrome in E2-stimulated MCF-7 cells and provide evidence that pS118-ER is associated
with the transcription factor GRHL2 along with direct binding to EREs. By taking a
comprehensive approach with multiple pS118-ER specific antibodies, we identified a
subset of ER occupancy sites which contain pS118-ER. While these pS118-ER sites were
not found to be enriched in promoter regions compared to ER-only occupancy sites, the
pS118-ER sites were found to be enriched in the active enhancer mark H3K27ac as well
as associated with activation of nearby genes. To our knowledge, this report is the first
comprehensive analysis of a cistrome for a post-translationally modified nuclear receptor.
Together with data that places pS118-ER as a component of the MegaTrans complex
(242), these studies support a role for pS118-ER as a regulator of ER-DNA binding and
as a mark of active enhancers.

Phosphorylation is described as an early event in the ER activation mechanism,
wherein activation by ligand results in post-translational modification followed by DNA
binding. Our data indicate that phosphorylation and DNA binding occur independently, as
neither is required for the other. Rather, phosphorylation increases ER-DNA binding at

specific enhancer sites. Studies that have performed ER ChlP-seq have reported a low
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proportion of occupancy sites within promoter regions and that most ER occupancy sites
fall greater than 20 kb away from a transcription start site (121,156,188,189). We
additionally found that pS118-ER follows this same pattern indicating that pS118-ER is
not enriched in promoter regions compared to ER-only sites (Figure 3-1B). The
mechanism by which ER can have effects on gene transcription from long, linear genomic
distances has been examined via chromatin interaction analysis by paired-end tag
sequencing, and it was found that distal ER occupancy sites could be anchored to gene
promoters even over long genomic distances (185). We found that pS118-ER sites
correlate with higher levels of H3K27ac at distal enhancers, consistent with the notion
that active phosphorylated ER regulates transcription via enhancer control.

Interestingly, we found an enrichment for the GRHL2 binding motif at pS118-ER
sites relative to ER-only sites. Overlapping pS118-ER and ER-only sites with a previously
published GRHL2 ChIP-seq data set (265) revealed that a higher proportion of pS118-
ER sites overlap with GRHL?2 sites. GRHL2 occupancy was also found to increase upon
E2 treatment at these overlapping sites, but not at GRHL2 sites devoid of pS118-ER. This
finding is supported by a recent preprint by Holding et al. which reported a genome-wide
increase of GRHL2 binding in the presence of E2 and many of the E2-induced GRHL2
occupancy sites overlapped with ER occupancy sites (273). GRHL2 is a transcription
factor involved in embryonic development and it has been implicated as both a tumor
suppressor and an oncogene depending on the cellular context (274,275). There are
limited data on its role in breast cancer, but immunohistochemistry analysis of primary
breast tumors revealed a significant positive correlation between ER positivity and

GRHL2 expression (275). GRHL2 was also found to be an interacting partner with ER
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and the pioneer factor FOXA1 using rapid immunoprecipitation mass spectrometry of
endogenous proteins (RIME) (201,265,276). The latter also showed association with the
methyltransferase MLL3, indicating a transcriptional complex with ER, FOXA1, GRHL2,
and MLL3 (265). Interestingly, when motif analysis was performed on MLL3 occupancy
sites, the GRHL2 motif was found to be significantly enriched. Unlike FOXA1 motifs which
are enriched at both ER-only and pS118-ER sites, GRHL2 motifs are enriched only at
pS118-ER binding sites raising the possibility that pS118-ER may distinguish ER
complexes containing FOXA1, GRHL2, and MLL3 from those including only FOXAL.
Increasing evidence suggests that the GRHL family of proteins (GRHL1, GRHLZ2,
and GRHL3) can act as pioneer factors as can FOXAL1 and GATAS (156,157,197,277).
The GRHL DNA binding motif was found to be enriched in regions of open chromatin as
assessed by ATAC-seq, and knockdown of all three GRHL transcription factors in MCF-
7 cells led to decreases in chromatin accessibility at GRHL target regions (277). A similar
study performed in epiblast-like cells found that knockout of GRHL2 led to a decrease in
active enhancer marks at GRHL2 occupancy sites as well as an overall decrease in
chromatin accessibility at these locations (278). GRHL2 overexpression in embryonic
stem cells resulted in an increase of these same marks (278). These findings have also
been corroborated in Drosophila grainyhead (Grh), where approximately 50% of Grh
binding sites were associated with regions of open chromatin in embryos (279).
Enrichment of GRHL2 DNA binding motifs was observed in regions nearby upregulated
genes in differentiated urothelial cells, suggesting the opening of chromatin by GRHL2
can lead to gene activation (280). We found that pS118-ER was similarly associated with

upregulated genes in E2-treated MCF-7 cells. It is intriguing to speculate that GRHL2
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could cause an opening of chromatin that could potentially allow the binding of
transcription factors, such as pS118-ER, at specific sets of target genes.

The genomic layout of transcription factor binding sites can yield important
information regarding potential complexes that may form at estrogen responsive genes.
The positional distribution of transcription factor binding sites within nucleosome-depleted
regions of enhancers has been recently shown to reflect the functional role of that factor
(281). Multiple reports have noted that ER binding sites are enriched for the co-binding of
the FOX family of transcription factors as pioneer factors, as well as the motifs of
numerous other transcription factors (118,156,159,187,200,261). Notably, we found that
the GRHL2 motif occurred most frequently 50 bp from the ERE. Our positional motif
analysis suggests that GRHL2 is close enough to be in complex with ER, and future
studies will be directed at the temporal and spatial relationship of GRHL2 with pS118-ER.

Previous studies examining the effect of phosphorylation on the ER-ERE
interaction in an in vitro context using fluorescence anisotropy reported kinase-specific
effects on ER-DNA binding affinity (135). Our group further found that a cis-trans prolyl
isomerase, Pinl, interacts with ER in a pS118-specific manner, altering the conformation
of ER and increasing its affinity for canonical EREs (110). Here we show that estrogen-
bound pS118-ER is more likely to be associated with EREs in a native chromatin
environment. These findings are in line with a recent report which showed that the most
transcriptionally necessary ER binding sites contained strong EREs (282). We would
predict that pS118-ER sites, which tend to contain ERESs at a greater frequency and have
an increased H3K27ac signal are also predictive of ER site transcriptional necessity.

Additionally, our finding that numerous ER and pS118-ER binding sites as defined by
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ChIP-seq have two or greater ER binding events possible raises the question of how
multiple ER binding events effect the regulation of their respective gene targets.

Clinically, primary ER-positive breast cancer tumor samples displaying high levels
of pS118-ER positively correlate with a more differentiated phenotype as well as better
outcomes in patients receiving adjuvant tamoxifen therapy (202,204,256,283). More
recently, the constitutively active ER mutation Y537S, which is predominantly found in
metastatic breast cancers, was found to be constitutively phosphorylated at S118
(211,213,215,216). Similarly, the ESR1/YAP1 translocation, which consists of the N-
terminal AF-1 and DBD domains of ER fused to the C-terminus of YAP1, can induce
growth in the absence of E2, suggesting a potential role for the AF-1 domain in the
translocations (218). The AF-1 domain of ER depends on pS118 for activity, though it is
not yet known if ER is phosphorylated at S118 in the ESR1/YAPL1 translocation.

Because phosphorylation at S118 is associated with constitutively active receptors
and is known to control AF-1 activity, it had been proposed that inhibition of the
phosphorylation at S118 would be a potential method for reducing the activity of ER
mutants. Indeed, recent studies using the CDK?7 inhibitor THZ1 demonstrated a decrease
in pS118-ER in MCF-7 cells expressing either wt ER or Y537S ER (216,217). Additionally,
THZ1 in combination with Fulvestrant was found to inhibit tumor growth in orthotopic
xenografts of MCF-7 cells expressing Y573S ER compared to either drug alone
(216,217). Our data suggest that inhibition of pS118-ER by THZ1 could lead to decreased
occupancy of both wt and mutant ER on ERE containing sites.

In summary, these findings demonstrate that post-translational modification of ER

by phosphorylation provides genome-wide specification of ER binding to DNA by
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preferentially occupying direct binding sites and associating with specific transcription
factors. Given that the majority of nuclear receptors can be phosphorylated (257),
understanding how these phosphorylation events contribute to their respective cistromes
will be critical for fully understanding their functions and will aid in refining targeted

therapies.
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Figure 3-1: Location Analysis of pS118-ER Sites
(A) Combination of pS118-ER sites into one dataset. E2 peaks from pS118-ER #2

and pS118-ER #3 ChIP-seq were combined into one peak set and overlapped with ER
sites. (B) Location annotation of pS118-ER and ER occupancy sites. Sites were
annotated to either a promoter region, intron, intergenic, or other. A promoter region was
defined as -1000 bp to +100 bp from a transcription start site. The outer ring displays the
distribution of ER sites and the inner ring displays the distribution of pS118-ER sites. (C)
ER and pS118-ER sites were annotated to their nearest transcription start site and binned
into various distances. (D) Average H3K27ac signal at ER and pS118-ER sites. H3K27ac
data in MCF-7 cells treated with E2 was acquired from a previous published dataset (67;
GSE45822). (E) Volcano plot of RNA-seq data from MCF-7 cells treated with 1 nM E2 for
24 h acquired from a previous published dataset (68; GSE89888). Fold change
represents E2-treated vs vehicle treated. Each dot represents a gene and red dots are
genes with a pS118-ER occupancy site within 100 kb of its transcription start site. The
horizontal dashed line denotes a cutoff of significance at p=0.001. (F) Proportion of genes
upregulated or downregulated by E2 with a pS118-ER site within 100 kb of their

respective transcription start sites.
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Figure 3-2: Motif analysis of ER and pS118-ER sites.
(A) de novo motif analysis of ER sites and pS118-ER sites using HOMER. TF,

associated transcription factor for each motif. (B) Differential motif analysis of pS118-ER
sites. Enriched motifs were searched for using the CentriMo tool in the MEME suite (184).
All ER sites (44,050) were used as the control (background) sequences and pS118-ER
sites were used as the primary input sequences. (C) Proportion of sites containing each
specific motif from ‘known’ motif analysis using HOMER. p-values from chi-squared test
are displayed when significant. (D) Distribution of specific motifs around ER and pS118-

ER sites.
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Figure 3-3: Analysis of GRHL2 Occupancy at pS118-ER Sites.
(A) Overlap of GRHL2 sites with pS118-ER sites and ER sites identified by ChIP-

seq. (B) Average GRHL2 signal at ER and pS118-ER sites. GRHL2 ChIP-seq data was
acquired from a previously published dataset (265). (C) ChIP-gPCR analysis of ER,
pS118-ER and GRHL2 after 30 min treatment with E2 at sites co-occupied by pS118-ER
and GRHL2 (n =4) or (D) occupied by GRHLZ2 only. IgG is used as a control. n = 3, mean

+ S.E. is shown. *p<0.05
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Figure 3-4: Design of SNAP array.

(A) Purified, estrogen-occupied ER was incubated with the SNAP microarray which
displays 359,156 different genomic 25 bp DNA sequences configured as double stranded
53—mer hairpins with a 3 base loop. Specific ER binding was detected by fluorescence.
(B) Phosphorylation status of purified ER. (Left) 1 pmol of purified ER was analyzed by
immunoblot and probed for phosphorylation at S104/S106, S118, S167, and S294 using
phospho-specific antibodies. Total ER is shown as a loading control. (Right) Immunoblot
demonstrating the proportion of recombinant purified ER (rER) that is phosphorylated.
The higher molecular weight shift of the majority of the recombinant purified ER is similar
to the shift seen in ER in E2-treated MCF-7 cells. (C) The SNAP DNA probes tiled 5020
genomic regions (~2 Mb of the genome) compiled from 58 published ChiP-seq data sets
from both cell lines and tumors, at 6 bp resolution. Schematic shows that direct ER binding
events at specific DNA sites across a tiled genomic region are indicated by differing
intensity values. Representative probes tiling across a section of the ChlP-seq peak at
the GREB1 promoter are shown as an example. The 6 bp tiling resolution of the DNA
probes allows for identification of the likely direct ER binding site (blue underline)

indicated by the SNAP intensity values (in red).
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A Q {7 Y Q B Purified ER Phosphorylation Status
S104/ rER _ MCF-7
S106 S118 S167 S294 E2 - - +

& | | |

phosphorylated ER - - =
R el
with E2

359,156 DNA features

%&} ‘%jjr‘; c . —
} }£ | \"@S\ \\-@’@ Chip-Seq Data

Chromosome 2
J L
[ 1
5'- ACCGGTCCTCCCGTACTGGAAGTCG ’Gb Chip-Seq Peak
TGGCCAGGAGGGCATGACCTTCAGC _ A
Tiled
Linker-Slide T SNAP Probes
I 1
Detect on AAAAAAGTGTGGCAACTGGGTCATTCTGACCTAGAAGCAACCAAAATAC Genomic
TTTTTTCACACCGTTGACCCAGTAAGACTGGATCTTCGTTGGTTTTATG
SNAP Array Sequence
AAAAAAGTGTGGCAACTGGGTCAT! SNAP Probe 1
TTTTTTCACACCGTTGACCCAGTAA, Intensity = 5.88
GTGTGGCAACTGGGTCATTCTGACCj ) SNAP Probe 2
CACACCGTTGACCCAGTAAGACTGG Intensity = 20.48

CAACTGGGTCATTCTGACCTAGAAG SNAP Probe 3
L . GTTGACCCAGTAAGACTGGATCTTC Intensity = 26.18
Binding site

features GGTCATTCTGACCTAGAAGCAACCA' SNAP Probe 4
CCAGTAAGACTGGATCTTCGTTGGT Intensity = 10.28

TCTGACCTAGAAGCAACCAAAATAC SNAP Probe 5
AGACTGGATCTTCGTTGGTTTTATG Intensity = 1.43




96

Figure 3-5: SNAP array analysis reveals direct and indirect ER binding events

(A) Schematic for identifying direct and indirect binding events. If a site shows
binding in both ChiP-seq and the SNAP array, it is categorized as a direct binding event.
If a peak identified in ChiP-seq is not detected on the SNAP array, it is categorized as an
indirect binding event. (B) Representative examples of a direct and indirect binding event.
(Top) ChiP-seq signal from ER and pS118-ER at the TFF1 promoter and a site within the
IGF1R gene. Color key and y-axis is the same as in Fig 2C. (Bottom) Relative ER binding
intensity at these regions on the SNAP array. Each region contains multiple DNA probes
tiled across the region. (C) Breakdown of regions assayed on the SNAP array. Pie charts
display the proportion of regions assayed on the SNAP array and present in either the
pS118-ER or ER-only ChIP-seq sites. Analysis revealed that directly bound sites were
more likely to be occupied by pS118-ER rather than ER. (D) Distribution of the number of
ER binding events present in the SNAP array genomic regions assayed. The number of
ER binding events was calculated for each genomic region and is displayed as a
histogram. A relative ER binding intensity of 5 was used as a cutoff for a binding event.
(E) Proportion of SNAP array regions present in ER or pS118-ER ChlP-seq sites. SNAP
array regions were binned by the number of ER binding events and these regions were

overlapped with ER and pS118-ER sites.
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Figure 3-6: Neighboring motif analysis on SNAP array regions.

Spaced motif analysis using the MEME suite SpaMo tool (267) identifies the
neighboring motifs (“inferred secondary motif logo”) around ER binding sites binned by
number of potential ER binding events on the SNAP array. Displayed are the top motif
found followed by motifs neighboring the top motif. Listed under each adjacent motif is
the number of peaks with the respective motif nearby and the most frequent gap between

the ERE and the motif in bps.
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CHAPTER FOUR:
Development of an S118A ER knock-in MCF-7 model and its effects on ER

stability
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Abstract

Estrogen receptor-a (ER) is a key driver of breast cancer growth and development
and has been a major target for treatment of the disease. ER function is heavily controlled
through post-translation modifications such as phosphorylation and ubiquitylation.
Phosphorylation of ER at S118 (pS118-ER) is known to regulate ER transcriptional
function as well as ER protein stability. Most of the studies analyzing the function of
pS118-ER through mutational analysis of serine 118 to alanine utilized expression of this
mutant in ER-negative cells to avoid interactions with the endogenously expressed wt ER
as would occur in ER-positive cell lines. While these studies have been vital for
investigating the function of pS118-ER, the cellular contents are variable between cell
lines and it is not known if the phenotypes observed are specific to the cell line or if they
translate to a native ER-positive cell environment. Recent advances in CRISPR/Cas9
technology have made single base pair knock-in mutations more efficient in cell lines and
have allowed for the interrogation of mutations in their endogenous environments. Here,
we describe the generation of an S118A ER knock-in MCF-7 model and examine its effect
on E2-dependent gene regulation and ER stability. Consistent with previous reports, we
find that E2-dependent ER downregulation is impaired in the S118A model, indicating
that ER degradation is regulated by pS118-ER in MCF-7 cells. Interestingly, we found
that downregulation of the ESR1 gene by E2 was also impaired in the S118A model,
suggesting that control of ER levels by pS118-ER is not limited to post-translational
mechanisms. These results confirm the role of pS118-ER in ER regulation and provide a

tool for investigating the function of pS118-ER in an ER-positive cellular environment.
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Introduction

Estrogen Receptor-alpha (ER) is a steroid nuclear receptor responsible for the
growth and maintenance of estrogen-dependent tissues such as the breast. ER is the
major driver of many breast cancers, with approximately 70% of primary breast cancers
expressing ER (4). Upon stimulation with 173-estradiol (E2), ER homodimerizes, binds
to chromatin at estrogen response elements, and recruits coactivators or corepressors to
effect target gene expression (89). One of the target genes repressed by ER is its own
gene, ESR1 (104,105). The level of ER in the cell is highly regulated, with an E2-
dependent feedback loop causing a decrease in ESR1 synthesis, mRNA levels, ER
protein levels, and an increase in ER ubiquitylation (78,99,103,107,108,110). This
negative feedback loop relies heavily on the phosphorylation of ER at serine 118 (pS118-
ER). Phosphorylation at this site occurs in response to E2, as well as many ER agonists
and antagonists such as tamoxifen, 1CI-182780, and epidermal growth factor (EGF)
(52,57). Recent studies found that the interaction of ER with the E3 ubiquitin ligase E6-
interacting protein (E6-AP) is dependent on pS118-ER (109,284). Additionally, the
peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pinl) interacts with ER in a
pS118-ER-dependent manner. When phosphorylated, the peptide bond between pS118
and P119 on ER can be isomerized by Pinl, which in turn disrupts the interaction with
E6-AP, leading to stabilization of ER (109). These data are supported by computational
modeling of ER dynamics which found that pS118-ER is the key axis around which ESR1
and subsequent ER protein levels are regulated (107). At the transcriptional level, pS118-
ER is required for maximal expression of various ER target genes in response to E2,

whereas other target genes were found to be independent of pS118-ER (79). Similarly,



103

mutation of serine 118 to alanine results in a reduction of E2-stimulated ER occupancy
on DNA as measured by chromatin immunoprecipitation (ChlP). Notably, the S118A
mutant is still able to bind DNA upon E2 treatment indicating that pS118-ER is not
required for DNA binding (80,238). However, a major caveat of these S118A mutational
analyses is the performance of the experiments in ER-negative cell lines, usually
HEK293, MDA-MB-231, or HelLa. These cell lines do not require ER for growth and
survival, whereas the ER-positive MCF-7 cells are highly dependent on ER for survival
(285). The introduction of ER into a cellular environment which does not require ER could
affect the interpretation of observations seen in the S118A mutants. Development of an
MCF-7 cell line expressing the S118A ER mutation while lacking the wt ER is therefore
critical for determining the role of pS118-ER in breast cancer cells that rely on ER for
survival and will allow for a more direct comparison to be made for the effects of

phosphorylation on ER biology.

Within the past five years, genome editing using Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) along with the endonuclease CRISPR associated
protein 9 (Cas9) has allowed for highly specific mutations to be made in an organism’s
genome. While CRISPR/Cas9 technology is useful for creating knockout cell lines,
generation of a knock-in cell line, especially a homozygous mutation which requires the
introduction of a specific mutation into two alleles, has been less effective. Recent
advances in CRISPR/Cas9 technology including the optimization of sgRNA design and
the utilization of ribonucleoprotein (RNP) delivery via electroporation have made it more
feasible to develop homozygous mutations in cell lines (286). Utilizing these recent

advances, we developed two clones of the MCF-7 cell line expressing the S118A ER
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mutation. Using these clones, we show that the S118A mutation partially prevents the
downregulation of ER protein upon E2 treatment, consistent with previous reports.
Interestingly, we additionally found that the S118A mutation is not capable of
downregulating the ESR1 gene upon E2 treatment, indicating an essential role for pS118-

ER in the coordinated E2-induced ER downregulation response at multiple levels.
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Results
Development of an S118A ER knock-in MCF-7 cell line

In order to investigate the role of pS118-ER in MCF-7 cells, we designed a
CRISPR/Cas9 strategy using homology directed repair (HDR) to knock-in the S118A ER
mutation (Figure 4-1). The codon for S118 lies within exon 2 of ESR1 and a short guide
RNA (sgRNA) was designed to direct Cas9 cleavage as close as possible to the desired
mutation. Recent advances in CRISPR/Cas9 technology have found a strong inverse
correlation between (a) the distance in base pairs between the Cas9 cleavage site to the
desired mutation and (b) the successful incorporation of the mutation through HDR (286).
Additionally, the introduction of silent mutations which ablate either the PAM sequence or
the sequence to which the sgRNA anneals increases HDR efficiency by preventing
additional editing after the initial edit (286). The successful introduction of these silent
mutations along with the desired mutation creates a Cas9-resistant mutant for the specific
sgRNA designed. Using this strategy, we chose a sgRNA that directs Cas9 to cut 4 bp
away from the desired mutation site (Figure 4-1A). To mutate the S118 to alanine, a single
bp change of T to G was introduced to change the serine codon (TCG) to alanine (GCG).
Mutation of the PAM sequence (NGG) at the 3’ end of the sgRNA was not a feasible
strategy because mutation of either guanidine would cause a missense mutation in
proline 115. Therefore, we designed the 120 bp HDR donor sequence to contain three
silent mutations in addition to the desired S118A mutation which would decrease the
affinity of the sgRNA for its analogous genomic annealing site (Figure 4-1A, 4-1B). The
introduction of the S118A mutation also introduces a novel Sfol restriction digestion site

such that the wt ESR1 sequence (GTCGCC) cannot be digested by Sfol, whereas the
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mutated S118A ESR1 can (GGCGCC) (Figure 4-1C). Using the designed sgRNA and the
HDR donor, we electroporated 5.0x10° MCF-7 cells with a ribonucleoprotein complex
consisting of purified Cas9 with the sgRNA and the HDR donor sequence containing the
desired mutations. As a control, MCF-7 cells were separately electroporated with purified

Cas9 and the HDR donor sequence, but without a sgRNA to direct Cas9.

Prior to single cell selection, the transfected populations were screened for the
presence of the S118A mutation. Primers flanking the mutation site were used to amplify
the region and the amplicon was subjected to Sfol digestion. Upon Sfol digestion, the cell
population transfected with the sgRNA showed the presence of the inserted mutation
whereas the control cells did not (Figure 4-2A). Additionally, the presence of the mutation
was preserved through cell passages, indicating that negative selection was not occurring
to the S118A ER mutants (Figure 4-2B). The cells transfected with sgRNA were then
sparsely plated in a 10 cm plate at 100 to 1000 cells per plate to isolate single cell clones.
Upon screening, two clones were identified which displayed complete digestion by Sfol,
indicating a homozygous clone (Figure 4-2C). Sequencing confirmed the presence of the
S118A mutation in both clones, with one clone incorporating all four of the mutations from
the HDR donor, and the other incorporating three of the four mutations (Figure 4-2D).

These two clones will be referred to as S118A cl.1 and S118A cl.2, respectively.

To confirm that the S118A clones expressed an ER lacking the ability to be
phosphorylated at S118, we subjected both clones to an E2 treatment and probed for
pS118-ER via immunoblot. Cells were estrogen-deprived for three days prior to a 30-min
E2 treatment, which has been shown to induce the highest levels of pS118-ER in MCF-7

cells (136,238). As expected, both S118A clones were not phosphorylated at S118 in
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response to E2 whereas the parental MCF-7 cells did display pS118-ER (Figure 4-2E).
Importantly, both S118A clones expressed ER at the correct size suggesting that no other
major alterations were made to ER during the editing process. These results show that
two MCF-7 S118A knock-in clones were generated, each with no detectable wt ER

present by sequencing or by immunoblot for pS118-ER.

S118A Mutation Prevents E2-Dependent ER Downregulation

Previous investigations have shown that ER protein is downregulated upon E2
treatment through the ubiquitin-proteasome pathway and that this response is dependent
on pS118-ER (78,99-101). The studies identifying pS118-ER as a mediator of E2-
dependent ER downregulation were performed by expressing S118A ER in HEK293 cells,
an ER-negative cell line, which could affect the interpretation of the results in ER-positive
cell lines. To test if pS118-ER similarly plays a role in downregulation of ER by E2 in MCF-
7 cells, we treated the two MCF-7 S118A ER clones with either vehicle (0.1% EtOH) or
10 nM E2 for 24 h and measured protein expression by immunoblot. We also treated the
S118A ER clones with 100 nM Tam and 100 nM ICI-182780 for 24 h to assess the
effectiveness of ER antagonists on the stability of S118A ER. Similar to previous studies,
the downregulation of the S118A ER mutants by E2 was attenuated indicating that the
mechanisms governing pS118-ER-dependent downregulation of ER by E2 are consistent
between MCF-7 cells and the studies performed in ER-negative HEK293 cells (Figure 4-
3). Stabilization of ER was observed in the S118A ER clones upon treatment with 4’-
hydroxytamoxifen, consistent with previous reports (287-289). Treatment of both mutant
S118A ER clones with ICI-182780 lead to degradation of the receptor at similar levels as

the wt parental MCF-7 cells indicating that the degradation of ER by ICI-182780 is
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independent of the ER phosphorylation status at S118 (Figure 4-3). These results
demonstrate that pS118-ER is indeed an important modification for E2-dependent ER
downregulation in MCF-7 cells and corroborate the data observed in HEK293 cells

expressing S118A ER (78).

S118A Mutation Prevents E2-Depedent ESR1 Downregulation

In addition to the post-translational downregulation of ER protein by E2, the gene
encoding for ER, ESR1, is also downregulated upon E2 treatment (104-106). To
determine if ESR1 transcriptional regulation by E2 is affected by pS118-ER, we treated
the two MCF-7 S118A ER clones with 10 nM E2, 100 nM tamoxifen, or both for 24 h and
analyzed mRNA levels by gRT-PCR. Interestingly, while we observed a downregulation
of ESR1 mRNA in response to E2 in the wt parental MCF-7 cells as expected, both MCF-
7 S118A ER clones failed to downregulate ESR1 at a significant level upon E2 treatment
(Figure 4-4, ESR1). Previous studies have also shown that pS118-ER plays a role in the
expression of various ER target genes, however these studies were performed in the ER-
negative cervical cancer cell line HeLa rather than an ER-positive breast cancer cell line
(79). We analyzed the expression of a number of ER target genes in the MCF-7 S118A
mutant clones in response to E2 and found that while the S118A mutation did not abolish
the ability of E2 to induce TFF1 and GREB1, the fold change over vehicle control
observed in both S118A clones was significantly decreased compared to the parental wt
MCF-7 cells indicating dependence on pS118-ER for maximal induction by E2 (Figure 4-
4). Another ER target gene, PGR, showed partial dependence on pS118-ER for maximal
induction, as one clone (MCF-7 S118A cl.1) showed no effect on E2 induction compared

to the wt parental MCF-7 cells and the other clone (MCF-7 S118A cl.2) showed a



109

reduction in its E2 activation (Figure 4-4). Analysis of GATA3 found that the E2-induced
downregulation observed in the wt parental cells was abrogated in one clone (S118A cl.2)
but still present in the other (S118A cl.1) (Figure 4-4, GATAS3). Treatment with the ER
antagonist tamoxifen in combination with E2 reduced the E2 gene induction of TFF1 and
GREBL1 at similar levels in the wt parental and S118A clones (Figure 4-4). E2 induction
of PGR was not affected by tamoxifen in the wt parental cells whereas expression was
attenuated in the S118A clones (Figure 4-4). These studies demonstrate that E2-
dependent ER downregulation in MCF-7 cells is affected by the S118A ER mutation at

both the protein and mRNA levels.
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Discussion

Control of cellular ER level is known to be a highly regulated process and
alterations from this regulation can lead to aberrant gene expression and growth (98,290).
Past studies show that overexpression of ER alone is sufficient to induce ER target gene
activation as well as growth independent of ligand (98). ER levels are controlled at
multiple stages including mRNA production (104), protein stability through
phosphorylation (78,109) and ubiquitylation (99,100). Previous studies demonstrate that
pS118-ER is required for E2-induced ER downregulation (78) along with maximal ER-
target gene activation (52,69,79). More recently, computational analysis of ER dynamics
found that pS118-ER was a key component for regulating ESR1 and subsequently ER
protein levels (107). While these and other past studies have greatly contributed to the
current understanding of pS118-ER function, these studies frequently analyzed the effect
of pS118-ER through introduction of the S118A ER mutant in ER-negative cells lines
which contain a different cellular environment compared to the ER-positive MCF-7 cell
line. Given the dependence of MCF-7 cells on ER, analyzing the impact of the S118A ER
mutation in the context of an MCF-7 background is important for determining its function.
Here, we report the development of an S118A ER MCF-7 cell line and show that the
mutation abrogates E2-dependent ER downregulation at both the protein and mRNA
levels.

Upon treatment with E2, ER is ubiquitylated and degraded by the 26S proteasome
(99-101). E2-dependent ubiquitylation occurs near the beginning of the AF-2 region on
residues K302/K303 (291) and additional deletion analysis of ER found that removal of

the AF-1 region prevents E2-induced ER downregulation even though the ubiquitylation
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sites are still present (78). Subsequent mutational analysis of the phosphorylation sites in
the AF-1 region identified S118 as the key residue responsible for ER protein degradation
in response to E2 (78). The S118A mutation prevented E2-induced ER downregulation
whereas mutations of the other AF-1 phosphorylation sites S104/106A or S167A did not.
These studies were all performed in HEK293 cells, an ER-negative human embryonic
kidney cell line commonly used in cellular biology. Even within breast cancer cell lines,
choosing the correct cell line to use for each experiment is critical and can alter
interpretations and conclusions (292), therefore testing these results in an ER-positive
cell line is important to understanding the function of pS118-ER in a native ER
environment. Using the S118A ER MCF-7 cell line generated in this study, we confirm the
observation from Valley et al. which demonstrates that the S118A mutation prevents E2-
induced ER downregulation (78). We similarly found that degradation of ER by ICI
182,780 was not affected by the S118A mutation, consistent with previous reports (78).
The corroborating results observed in both HEK293 cells expressing ER constructs and
the S118A ER MCF-7 cell line suggest that the machinery necessary to degrade ER in
response to E2 is present in both cell lines. The E3 ligase E6-AP is known to serve both
as a coactivator for ER as well as a ubiquitin-ligase responsible for ubiquitylating ER in
response to E2 (252,293). Additionally, E6-AP associates with ER in a pS118-ER
dependent manner (109) to promote ubiquitylation and degradation of ER. E6-AP is
expressed at detectable levels in both HEK293 and MCF-7 cells (294—296) indicating that
this mechanism may be responsible for the pS118-ER dependent degradation seen in

both cell lines. Further analysis will need to be performed to confirm these hypotheses.



112

We also observed an increase in ER levels in response to tamoxifen in both wt
MCF-7 and the S118A ER mutant MCF-7. Previous studies have reported stabilization of
ER by tamoxifen (287-289) and here we report that this stabilization is not affected by
phosphorylation of ER at S118. Interestingly, treatment of MCF-7 cells with tamoxifen has
been shown to inhibit expression of E6-AP potentially through autoubiquitylation (295).
Given that E6-AP ubiquitylates and degrades ER (252,293), reduction of E6-AP levels
and therefore decreased ER ubiquitylation and degradation could be a potential
mechanism for the stabilization of ER by tamoxifen.

In addition to abrogated ER protein downregulation in the S118A ER mutant, we
observed the loss of E2-dependent ESR1 transcriptional downregulation normally seen
in wt ESR1 (Figure 4-4). In the HEK293 model, Valley et al. showed no change in ESR1
levels upon E2 treatment when wt ER was transfected into HEK293 (78). This
discrepancy is likely due to the control of ESR1 gene by a plasmid construct. While it is
unclear if HEK293 cells express endogenous ER when exogenous ER is introduced, the
MRNA analysis of this system is confounding since the primers used to detect ESR1
cannot differentiate between the mRNA produced endogenously and that produced by
the introduced plasmid construct. Control of ESR1 expression via a plasmid does not
contain the endogenous machinery in the ESR1 promoter region or the additional intronic
regions, therefore E2 cannot control expression of ESR1 from a plasmid if these
additional components are required. In the system generated here, elements of the
surrounding ESR1 locus are still intact and provide a more accurate depiction of ESR1
control through stimuli such as E2. In the S118A MCF-7 model, ESR1 downregulation is

impaired indicating that pS118-ER plays an important role in ER autoregulation at the
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transcriptional level. ER is known to bind to the ESR1 promoter as well as enhancer sites
around the ESR1 loci (106). Additionally, the ER AF-1 region is a major hub of interaction
for cofactors such as the p160 family of coactivators as well as p300 (77,88,92-95).
Phosphorylation of ER at S118 is also known to regulate the interaction with these
cofactors (77), suggesting that the control of the ESR1 gene may also be dependent on
the interaction of ER with these cofactors on the ESR1 promoter.

Many studies have been performed to elucidate the role of pS118-ER by
introducing an S118A ER mutational construct into ER-negative cell lines. Through these
studies, pS118-ER has been shown to regulate ER transactivation (52,69,79), ER protein
levels (78), and coactivator interactions (77). Other strategies have been adopted to
investigate the effects of the S118A ER mutation in MCF-7 such as combining shRNA
knockdown of ER with transfection of ER mutants with limited success (81). The S118A
ER MCF-7 model developed here will serve as an important tool for investigating the
effect of pS118-ER on breast cancer biology by providing a more accurate and relevant
ER environment. Additionally, given the numerous sites which are post-translationally
modified on ER (41), this strategy can be expanded to analyze the functions of these sites

in the context of an MCF-7 cellular background.
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Figure 4-1: Schematic of S118A Mutational Strategy.

(A) Specific mutations were selected for insertion of the S118A mutation in the
ESR1 gene. The wild-type codon coding for a serine (TCG) was mutated by a single bp
change to code for an alanine (GCG) shown in red. Additional mutations shown in blue
were silent and prevented the sgRNA from binding once the mutations were inserted. A
novel Sfol restriction site (underlined) was introduced in the mutation for screening by
PCR. (B) Schematic showing the inability of the Cas9/sgRNA ribonucleoprotein complex
to anneal to the mutated sequence. (C) The wt amplicon could not be digested by Sfol
and produced a 615 bp fragment. Insertion of the mutation introduced a novel Sfol site

which allowed the amplicon to be cut into two fragments of size 152 bp and 463 bp.
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Figure 4-1
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Figure 4-2: Isolation of S118A ER Clones.

(A) PCR analysis of transfected cell populations. Parental MCF-7 and MCF-7 cells
with no gRNA were used as controls. Genomic DNA was isolated and Sfol digestion
performed. Arrow denotes processed band at the expected 463 bp indicting presence of
the mutation in the S118A gRNA cell population. (B) MCF-7 S118A cell populations were
passaged and multiple passages were analyzed for presence of the S118A mutation. The
expected band at 463 bp is denoted by the arrow. (C) After single cell isolation and
screening, two clones were identified with homozygous insertions of the S118A mutation
indicated by full digestion by Sfol. As a positive control, both wt and S118A PCR
amplicons were tested for digested by Kpnl. Expected fragment sizes for Kpnl digest are
255 bp and 360 bp. (D) Sequencing chromatogram of S118A clones confirming insertion
of the S118A mutation. (E) Immunoblot analysis of S118A clones treated with E2 for 30
min. Both S118A do not induce phosphorylation at S118 whereas the wt does display

pS118-ER.
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Figure 4-2
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Figure 4-3: S118A mutation prevents E2-dependent ER protein downregulation.

Parental MCF-7 and S118A clones were estrogen-deprived for three days in
phenol-red free DMEM supplemented with 10% serum-stripped FBS followed by
treatment with vehicle (0.1% EtOH), 10 nM E2, 100 nM 4-hydroxytamoxifen, or 100 nM
ICI 182,780 for 24 hr. Protein was isolated and analyzed by immunoblot. -actin served

as a loading control. Band marked with an asterisks (*) on the ER blot is non-specific.
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Figure 4-4: S118A ER mutation prevents downregulation of the ESR1 gene by E2.

Parental MCF-7 and S118A ER clones were estrogen-deprived for three days
followed by treatment with vehicle (0.1% EtOH), 10 nM E2, 100 nM tamoxifen (Tam), or
E2 and Tam at the same concentrations for 24 hours. RNA was isolated and analyzed by
gRT-PCR. Relative expression was calculated using the AACT method using the RPLPO
gene as a housekeeping gene. Data are normalized to EtOH control. *p<0.05 compared

to EtOH.
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CHAPTER FIVE:

Conclusions and Future Directions
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Conclusions

The phosphorylation of proteins has proven to be a critical regulator of protein
function. Since the discovery of ER as a phosphoprotein (50), and the subsequent
identification of S118 as a phosphorylation site (52) much has been learned regarding the
role of pS118-ER in ER transactivation and ER stability. While evidence points to pS118
affecting the DNA binding of ER to EREs and select sites in the genome, prior to this
study the genome-wide analysis of pS118-ER occupancy had not been thoroughly
investigated. The goal of this work was to fill in this gap in knowledge by defining the
pS118-ER cistrome and identifying defining characteristics of pS118-ER sites compared
to the general ER cistrome.

While many stimuli are known to induce phosphorylation of ER at S118 (Table 1-
1), E2 was used in this work to describe how canonical ligand-dependent signaling is
involved in directing pS118-ER specific DNA binding. Initial observations made
investigating the necessity of pS118 for ER binding found that the S118A mutation does
not abolish DNA binding but does reduce the induction of ER occupancy by E2 compared
to the wt receptor indicating that pS118-ER is required for maximal ER occupancy.
Additionally, through the use of an ER mutant which does not bind DNA, phosphorylation
of ER at S118 was found to be independent of DNA binding, suggesting that
phosphorylation occurs prior to the association of ER with chromatin.

After defining the pS118-ER cistrome in MCF-7 cells using a comprehensive
approach with multiple antibodies, analysis of the pS118-ER sites through their
comparison to ER sites revealed many similarities and differences. Numerous reports

analyzing the ER cistrome found that a small proportion of ER occupancy sites fall within
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promoter regions (121,156,188,189). Consistent with these observations, few pS118-ER
occupancy sites were found to be located in promoter regions with the majority of sites
located in introns or intragenic regions, indicating that pS118-ER does not localize to
promoters relative to total ER. Although most of the pS118-ER sites fall far in linear
genomic distance from transcription start sites, pS118-ER occupancy sites were enriched
for the active enhancer mark H3K27ac (264) indicating that pS118-ER associates with
active enhancers. Additionally, integration of the pS118-ER cistrome data with RNA-seq
data from MCF-7 cells treated with E2 found that a higher proportion of upregulated genes
had a pS118-ER occupancy site within 100 kb of their respective transcription start site
compared to downregulated genes. These results suggest that pS118-ER is a more
transcriptionally active form of ER compared to unphosphorylated ER and is associated
with gene activation.

Motif analysis of pS118-ER occupancy sites revealed an enrichment of the ERE
as well as the DNA binding motif for the transcription factor GRHL2 compared to ER sites.
Further investigation into GRHL2 using previously published GRHL2 ChIP-seq data (265)
found a greater proportion of GRHL2 occupancy sites overlapped with pS118-ER
occupancy sites compared to ER sites. Additionally, upon E2 treatment GRHL2
occupancy increased at sites occupied by both pS118-ER and GRHL2, but not at GRHL2
occupancy sites absent of pS118-ER. While an association between ER and GRHL2 has
been demonstrated in past studies (201,265,275), this report is the first to identify the
association between pS118-ER and GRHL2. These results demonstrate that GRHL2 and
pS118-ER localize to similar sites on the genome, and that E2 can increase GRHL2

binding as sites where pS118-ER is recruited.
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Identification of the ERE as an enriched motif at pS118-ER sites compared to ER
sites prompted the investigation of the role of pS118-ER in direct and indirect DNA
binding. Using a customized in vitro DNA-binding array composed of small DNA
segments tiling across selected ER binding sites from the human genome, purified
pS118-ER was used to assess binding to these locations. Comparing the data between
the genomic DNA array and the pS118-ER ChiIP-seq data allowed for the identification of
potential direct and indirect pS118-ER binding events. This analysis revealed that pS118-
ER preferentially associates with direct binding rather than indirect binding, suggesting
that pS118-ER acts as a key anchoring factor for the subsequent formation of protein
complexes on chromatin.

In the process of performing this work, it was found that the selection of antibody
used for ChIP-seq is critical and can impact downstream analysis. To create a
comprehensive analysis of the pS118-ER cistrome, three different antibodies were used
for ChlP-seq, and although all three passed the validation guidelines proposed by the
ENCODE consortium (247), one of the antibodies produced a non-specific signal which
is described in Chapter 2. This antibody produced false-positive pS118-ER peaks and
demonstrates that adherence to the ENCODE guidelines does not guarantee meaningful
positive results from an antibody. The data here suggest that future phospho-specific
ChiP-seq experiments should critically evaluate the utility of the antibody before
performing ChlP-seq, and even after ChlP-seq is performed to validate results using
additional analysis.

An additional goal of this work was to expand the tool set available to researchers

for analysis of pS118-ER, specifically in the ER-positive MCF-7 breast cancer cell line.
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Much of the foundational work on pS118-ER was performed in ER-negative cell lines
expressing the S118A ER mutant. A common criticism of these experiments is that the
environment of ER-negative cell lines may not replicate what is occurring in a cell line
dependent on ER expression, such as MCF-7. To address this issue, CRISPR/Cas9
technology was utilized to create two homozygous clones of MCF-7 cells expressing the
S118A ER mutant. Using these engineered cells it was confirmed that the S118A ER
mutation prevents downregulation of ER protein by E2, consistent with previous reports
performed in HEK293 cells (78). Additionally, downregulation of the ESR1 gene by E2
was also abrogated in the S118A ER mutant cells, indicating that E2-dependent ER
downregulation is not limited to post-translational mechanisms. Given that these cells
express S118A ER from the endogenous ESR1 gene locus, these results provide a more
relevant environment for the study of pS118-ER in ER biology.

An updated model of pS118-ER signaling and its role in DNA binding is presented
in Figure 5-1. In the ligand-dependent signaling pathway, E2 binds to ER in the nucleus
causing dimerization of ER. ER can then bind to DNA, interact with cofactors, and become
phosphorylated at S118. The unphosphorylated form of ER is more associated with
indirect DNA binding, whereas ER phosphorylated at S118 binds directly to DNA at sites
enriched for the GRHL2 motif and the active enhancer mark H3K27ac. The
phosphorylation at S118 is necessary for E2-dependent proteasome-mediated
degradation of ER as well as repression of its gene, ESR1. While the work presented in
this thesis has advanced the scope of knowledge on pS118-ER, there is much more to
be learned and many additional questions have arisen from this study which will be

discussed in the following section.
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Overall Discussion and Future Directions
Expansion of ER phospho-cistrome to other phosphorylation sites and analysis of the
ER “phospho-code”

The work in this thesis presents the cistrome of pS118-ER and observes many
characteristics associated with pS118-ER. However, this is only one of many
phosphorylation sites identified on ER. With 17 phosphorylation sites identified on ER
(Figure 1-1; Table 1-1), the maximum combinations of phosphorylation states is
theoretically 217 = 131,072, assuming all sites are independent of each other. Although
the actual number of phosphorylation states is likely fewer due to dependence between
the phosphorylation sites and the low abundance of some phosphorylation events, this
variety of combinations could allow for many functional outcomes which can fine tune the
role of ER in a reversible manner. How do these multiple phosphorylation sites on ER
coordinate to affect ER function? Understanding this ER “phospho-code” could help to
refine our understanding of phospho-ER biology, as confounding data, especially at the
clinical level, demonstrates that identifying pS118-ER status alone is not sufficient for
understanding ER function or predicting patient outcomes (202,204,207,283). While
select phosphorylation sites have been investigated individually in detail, very few studies
have analyzed effects of multiple phosphorylation events in tandem on functional
outcome. Analysis of these combinations is mainly limited to antibody-based techniques
and mutational analysis. For ER, most phospho-specific research has focused on pS118,
pS167, and pS104/106 due to the robustness to which they are induced, and the
availability of antibodies targeting these phosphorylation sites. Many of these antibody-

based methods analyze total ER protein population, and it is highly probable that many
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different phospho-ER combinations are present in a cell at one time. Analysis of pS118-
ER in MCF-7 has estimated that 67% of ER is phosphorylated at S118 in response to E2
(65). This analysis was performed by western blot which is a population analysis, so it is
not clear whether 100% of the cells in the population have 67% of their ER
phosphorylated, or 67% of the cells in the population have 100% of their ER
phosphorylated, or any value between these ranges. Either way this suggests that there
are different pools of ER existing simultaneously within the cell which are
unphosphorylated or phosphorylated at different sites. These varying pools of ER could
have differing effects on the function of ER.

In terms of how the ER phospho-code affects ER-DNA binding, analysis of the
pS167-ER cistrome in response to E2 could provide additional insights into how
phosphorylation governs the interaction of ER with chromatin. Past studies have found
that phosphorylation of ER at S167 also affects ER-DNA binding (53,135) and comparing
the pS167-ER cistrome to the pS118-ER cistrome can identify sites occupied by both
pS118 and pS167 as well as sites specific to each of these ER phospho-forms. While the
work presented here found an association between GRHL2 and pS118-ER, sites specific
to pS167-ER could identify associations with other important factors involved in ER
transcriptional function on DNA which interact specifically with pS167-ER. Other analysis
which were performed in this work on the pS118-ER cistrome, if repeated on the pS167-
ER cistrome could lead to additional insights on how different phosphorylation events
further regulate the association of ER with chromatin.

In addition to analyzing the cistromes of other phosphorylation sites on ER,

performing ChlP-seq on MCF-7 cells in response to other pS118-ER-inducing stimuli will
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reveal insights into ligand-independent activation of ER. Many stimuli are known to
activate ER through phosphorylation in a ligand-independent manner (Table 1-1), but how
the ER or pS118-ER cistrome is altered in these conditions is largely unknown. Previous
work showed that the ER cistromes between EGF-induced ER and E2-induced ER are
distinct, with a moderate amount of overlap in between (140). Given that both of these
stimuli lead to phosphorylation of ER at S118 (52,57), | would predict that the ER
occupancy sites overlapping between the E2-induced sites and EGF-induces sites would
be enriched for pS118-ER. Performing ChlP-seq for pS118-ER in cells stimulated with
EGF or other stimuli which induce pS118-ER and comparing sites with pS118-ER sites
identified in response to E2 would identify sites which are more dependent on pS118-ER
compared to all ER sites.

Not limiting to ER, many of the other nuclear receptors are phosphorylated
including AR (288,297), PR (298,299), GR (300,301), ERR (302), TR (303,304), all
PPARSs (305), RARa (306), RARY (307), RXR (308), and VDR (309). Like ER, many of
these phosphorylation sites lie within the N-terminal AF-1 domain of each respective
receptor (257). Extensive cistromic analysis of AR, GR, and PR has been performed, but
to date no phospho-specific cistrome has been analyzed for any of these nuclear
receptors. Given the extensive role phosphorylation plays in the function of many nuclear
receptors, phospho-specific cistromic analysis of the nuclear receptors listed above could

reveal additional roles in their chromatin interactions.

Analysis of GRHL2 and its role in ER function
In this work, analysis of motifs enriched in the pS118-ER cistrome compared to the

ER cistrome discovered the DNA binding motif for the transcription factor grainyhead-like
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2 (GRHL2). A major question remaining from this thesis is what is the significance of
GRHL2 in ER and pS118-ER signaling? GRHL2 is one of the three proteins in the
grainyhead-like transcription factor family in mammals with the others being GRHL1 and
GRHL3. The GRHL family of transcription factors is involved in epithelial development
and GRHL2 has recently been associated with many cancers, particularly hormone
dependent cancers (310-313). For example, an analysis of primary breast cancer tumor
samples found a correlation between ER status and GRHL2 expression with ER-positive
tumors expressing more GRHL2 on average than ER-negative tumors (275). Additionally,
the GRHL2 motif was found to be associated with tumor-specific ER binding sites
compared to ER binding sites in normal breast cells (314). Upon discovery of the GRHL2
motif enrichment at pS118-ER sites, it was hypothesized that pS118-ER or GRHL2 may
be mediating the occupancy or transcriptional activity of the other. Work performed in
Chapter 3 of this thesis found that treatment of MCF-7 cells with E2 leads to an increase
in GRHL2 occupancy at sites occupied by pS118-ER and GRHL2, but not at GRHL?2 sites
absent of pS118-ER. A more recent study corroborated these observations by performing
ChiP-seq on GRHL2 in MCF-7 treated with E2 and found that GRHL2 occupancy
increased at many sites across the genome (239). These results suggest that E2
treatment and subsequent pS118-ER induction and DNA binding can lead to increased
accessibility for GRHL2 at pS118-ER sites which contain the GRHL2 motif. Recent
studies have classified the role of GRHL2 as a pioneer factor which is defined as a factor
with the ability to promote open chromatin structures thereby allowing additional
transcription factors to bind (315,316). Knockdown of all three GRHL family members led

to a loss of DNA accessibility at GRHL binding sites as assessed by the Assay for



131

Transposase-Accessible Chromatin using sequencing (ATAC-seq) method supporting
the role of the GRHL family of proteins as pioneer factors (277). In this sense it is also
possible that GRHL2 may serve as a pioneer factor for pS118-ER. Conventional ChIP-
gPCR for ER and pS118-ER has been attempted in MCF-7 cells with GRHL2 knocked
down, and occupancy of both ER and pS118-ER is not significantly affected between the
control and the GRHL2 knockdown (Appendix C; Figure C-5). However, it is possible that
the sites selected do not respond to a GRHL2 knockdown and more sensitive techniques
like ChlP-seq may need to be performed to fully assess the effect of GRHL2 knockdown
on ER and pS118-ER occupancy.

In addition to ER, the androgen receptor (AR) has also been associated with
GRHL2. Using a technique called Rapid Immunoprecipitation Mass spectrometry of
Endogenous proteins (RIME) which allows for the unbiased analysis of proteins
associated with a specific factor on chromatin (201,276), GRHL2 was identified as an AR
interacting protein (317). GRHL2 was subsequently identified as an AR target gene with
GRHL2 mRNA and protein expression increasing upon dihydrotestosterone (DHT)
treatment in multiple AR-positive cell lines. Additionally, GRHL2 and AR were found to
regulate each other, with knockdown of AR or GRHL2 in LNCaP cells leading to loss of
expression of the other (317). Given that ER and AR are both in the hormone receptor
family, it was hypothesized that ER may be regulated by GRHL2 in a similar manner.
GRHL2 knockdown was performed in MCF-7 cells treated with and without E2 for 24
hours and expression of ER was analyzed by immunoblot. Loss of GRHL2 did not lead
to changes in ER expression at the protein level and its loss did not affect the

downregulation of ER by E2 (Appendix C; Figure C-3). Expression of AR and E-cadherin
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was also assessed as expression of these two proteins was downregulated upon GRHL?2
knockdown in the report by Paltoglou et al. (317). In MCF-7 cells, loss of GRHL2 did not
have any effect on either AR or E-cadherin expression (Appendix C; Figure C-3),
indicating that GRHL2 may be functioning differently in MCF-7 and LNCaP cells.

Additionally, the E2 response of ER-target genes was analyzed in the GRHL2
knockdown system. Genes known to be upregulated (CCND1, GREB1, PGR, TFF1) or
downregulated (ERBB3, ESR1, GATA3) by E2 were analyzed in MCF-7 cells treated with
E2 or vehicle along with GRHL2 knockdown. All genes tested displayed the expected
response to E2, but no significant difference in E2 activation or repression was observed
in the GRHL2 knockdown (Appendix C; Figure C-4). Interestingly, although the GRHL2
gene locus contains many pS118-ER and ER occupancy sites as identified from the ChIP-
seq studies in this thesis, expression of GRHL2 was not affected by E2 treatment
(Appendix C; Figure C-1, C-4D). While these ER-target genes were chosen due to their
known response to E2, this was done regardless of the presence of a nearby GRHL2
binding site and it is possible that other ER-target genes not assessed here are affected
by GRHL2 knockdown. A more effective strategy would be to select genes with strong
ER and GRHL2 occupancy sites within a certain proximity and to analyze expression of
those genes in the GRHL2 knockdown. Alternatively, RNA-seq could be performed on
GRHL2 knockdown cells with and without E2 to analyze the effect of GRHL2 loss on E2-
dependent gene expression in an unbiased manner.

Due to the overlap between GRHL2 and pS118-ER sites, it was hypothesized that
GRHL2 and pS118-ER interacted with each other in a complex. Co-immunoprecipitation

(Co-IP) between GRHL2 and either pS118-ER or ER was attempted in our lab on MCF-
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7 cells treated with E2 with limited success due to antibody issues. While our group has
not been able to detect an interaction between GRHL2 and ER by Co-IP, other studies
have been successful. Like AR, a RIME analysis of ER in MCF-7 cells identified GRHL2
as an interacting protein (201). GRHL2 was identified in all three ER RIME replicates and
none of the five negative control replicates. This interaction was not investigated further,
as it was one of many proteins identified in this study, but it provides strong evidence that
ER and GRHL2 interact in a complex in MCF-7 cells. More recently, computational
analysis of ER transcriptional networks combined with ER ChlP-seq data across multiple
E2 time points identified GRHL2 as an ER cofactor involved in eRNA production (239).
This study was able to Co-IP GRHL2 with ER in both MCF-7 and T47D cells. While these
experiments demonstrate an association between ER and GRHL2, it is still unknown in
this interaction is dependent on pS118-ER. Given the increased overlap observed
between pS118-ER and GRHL2 compared to ER and GRHL2 found in this work, | would
hypothesize that the interaction between GRHL2 and ER is dependent on pS118-ER. The
S118A ER MCF-7 cells developed in Chapter 4 of this thesis would be an ideal model to
test this hypothesis. Co-IP of GRHL2 and ER can be performed in the wt MCF-7 cells and
the S118A ER cells to test if the interaction between ER and GRHL2 is dependent on
phosphorylation of ER at S118.

In addition to ER, other ER-associated factors involved with histone modification
have been associated with GRHL2. A RIME experiment performed on the pioneer factor
FOXAL identified the histone lysine methyltransferase MLL3 as the top FOXAL-
interacting factor (265). ChiP-seq of MLL3 and subsequent motif analysis of MLL3

occupancy sites found an enrichment of the GRHL2 DNA binding motifs, similar to the
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results found in this thesis on pS118-ER. The FOXA1 RIME also identified GRHL2 as a
FOXAL1 interacting protein. Comparisons of ChlP-seq data for MLL3, FOXA1, and GRHL2
found that nearly all MLL3 sites we co-occupied by either FOXAL1 or GRHLZ2, indicating
that either of these factors may mediate MLL3 occupancy on chromatin. These data
suggest that GRHL2 may be involved in the recruitment of MLL3 causing the deposition
of the histone marks H3K4mel and H3K4me2 which are associated with enhancers
(318). To test this, GRHL2 knockdown can be performed in MCF-7 cells and H3K4mel
or H3K4me2 status can be analyzed by ChIP-gPCR at specific ER enhancers or by ChiIP-
seq in an unbiased manner. A loss of H3K4 methylation at specific sites would indicate a
loss of enhancer activity. Conversely, GRHL2 was found to interact with and inhibit the
histone acetyltransferase activity of the ER coactivator p300 (319). The transcriptional
activity of ER is enhanced by p300 (88,320) and it was found that 43.5% of p300 target
genes were repressed by knockdown of GRHL2 (319). While this study identified
inhibition of p300 by GRHL2, no experiments were performed involving ER despite its
well-known association with p300. Although many associations have been made between
ER and GRHL2, few mechanistic analyses have been performed to determine the role of
GRHL2 in ER biology. Investigating the role of p300 inhibition by GRHL2 in ER signaling

may provide insight this understudied field.

Analysis of pS118-ER function using the S118A MCF-7 model

The lack of a reliable model to study the S118A ER mutation in an ER-positive cell
line prompted the generation of the S118A ER MCF-7 cell line using CRISPR technology
(see Chapter 4). Many biological questions can be addressed on the various functions of

pS118-ER using this new model, a few of which are selected and discussed here.
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While the work described in Chapters 2 and 3 identified sites occupied by pS118-
ER in MCF-7 cells, it did not determine which sites were dependent on pS118-ER for ER
occupancy. A few pS118-ER occupancy sites were tested in MDA-MB-231 cells
expressing S118A ER (Figure 2-2B) and were found to have partial dependence on
pS118-ER. To address this question, ChIP-seq for ER could be performed in the S118A
ER MCF-7 cells and the cistromes between S118A and wt ER can be compared. This
experiment would determine which ER binding sites are dependent on pS118-ER and
would expand on this thesis work which mainly defines where pS118-ER is present and
does not assess pS118-ER dependence on a genome-wide level. In this work, only a few
individual sites were analyzed for their dependence on pS118-ER in an ER-negative cell
line expressing the S118A mutation and these sites were found to be dependent on
pS118-ER for maximal occupancy (Figure 2-2B). These experiments would not only
expand the analysis of pS118-dependece on ER occupancy to a genome-wide level, it
would also be performed in the ER-positive MCF-7 breast cancer model allowing for the
effect of S118A ER on ER occupancy to be assessed in an ER-native environment.
Additionally, using the S118A ER MCF-7 cells would alleviate the need for phospho-
antibodies, as the general ER antibody can detect both wt and mutant S118A ER. While
comparisons within the same antibody are preferable to comparisons between antibodies,
one drawback is be that similar levels of receptor need to be present in both the wt and
the S118A ER cell lines to accurately determine differences between the two cistromes.
One of the clones developed here (S118A cl.2) displays lower levels of ER which would

affect the number of peaks detected in a ChIP-seq experiment so using S118A cl.1 which
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has ER levels more closely resembling the wt control would be more ideal for these
experiments.

Many ER-associating cofactors are known to interact with ER in a pS118-specific
manner (see Chapter 1). These studies have been limited by their analysis on a protein-
by-protein basis, and the full spectrum of pS118-depednent interacting proteins in MCF-
7 cells is not known. With the development of the RIME technique to analyze protein
complexes on DNA through mass spectrometry (201), analysis of wt ER and S118A ER
MCF-7 cells using this technique could lead to the identification of additional factors
dependent on pS118-ER for interaction with ER in an unbiased manner. This could be
used to not only verify previously reported pS118-dependented interactions, but also to
identify novel interactors which are difficult to detect by co-immunoprecipitation.
Identification of novel pS118-specific interactors could lead to a deeper understanding of
pS118-ER function.

Phosphorylation of ER at S118 has been implicated in the ubiquitylation and
degradation of ER in response to E2 (78,109). Studies from this thesis work confirmed
that the S118A ER mutation prevents ER from downregulation by E2 (Figure 4-3). The
pS118-ER cistrome presented here has additionally demonstrated that pS118-ER is
highly involved in ER occupancy, particularly at active enhancers. ER activity on certain
E2-responsive promoters is known to be cyclical (145) and proteasome-mediated
turnover is required for this cycling to occur (321). Given these links between ER
degradation, phosphorylation, and DNA binding, | hypothesize that the S118A mutation
prevents release of ER from DNA after it is bound. The time points for pS118-ER

occupancy analyzed by ChIP-gPCR and ChiIP-seq in this thesis work were all at 30
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minutes E2 treatment and only concerned initiation of ER-DNA binding. Using the S118A
ER MCF-7 model developed here, a time course ChIP-gPCR comparing wt ER and
S118A ER could determine if the S118A mutation affects the cycling of ER on E2-
responsive gene promoters as well as the release of ER from DNA by analyzing later time
points. The observation that pS118-ER is required for maximal occupancy on DNA and
maximal gene expression in response to E2 could be explained by the prevention of DNA
release in the S118A mutation, as a single round of ER binding and transcriptional
activation would be detected, but further rounds of ER cycling could not be performed to
achieve maximal ER binding and transcription of target genes.

Numerous other biological questions regarding pS118-ER could be addressed
here to either confirm previous analyses of S118A ER in ER-negative cell lines or to
investigate novel functions of pS118-ER. Importantly, the development of this S118A ER
MCF-7 cell line provides a tool to analyze the function of pS118-ER in the widely used

MCE-7 breast cancer model.

Connecting pS118-ER ChlP-seq peaks to gene regulation

ChiP-seq has revolutionized the study of chromatin-protein interactions by
expanding the scope of analysis from single genomic locations to a genome-wide level.
It has allowed for unbiased identification of protein-DNA interactions and has contributed
to the overall understanding of chromatin structure and protein complex formation on
DNA. However, ChlP-seq does have limits which have still not been fully addressed.
While ChlIP-seq experiments can provide the binding locations of transcription factors
across the genome, it cannot assign the functionality of a site to a specific gene.

Generally, attempts to tie binding sites to gene regulation have consisted of annotating
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peaks to the nearest gene transcription start site. This works well for binding sites which
fall within promoter regions or are in close proximity to a gene, but with many transcription
factors such as ER, most of the binding sites occur at distal regions which cannot easily
be assigned to a gene by a simple distance measurement. In this thesis work, it was
demonstrated that genes upregulated by E2 were more likely to have a pS118-ER
occupancy site within 100 kb of their respective transcription start sites, however direct
connections between specific pS118-ER sites and genes were not determined. It is also
unknown if pS118-ER sites are more necessary than ER sites for gene regulation. This
could be addressed in various ways.

Recently, a method called Enhancer-interference (Enhancer-i) was developed to
investigate the relationship between enhancers and gene regulation (282,322). It consists
of a catalytically dead Cas9 (dCas9) combined with the repressive domains of KRAB and
the SIN3A interacting domain of MADL1 (SID). The dCas9/repressor complex is directed
to specific enhancer sites using sgRNAS to inactivate them and gene expression can be
assessed. This method could be used to determine which pS118-ER or ER sites are
important for expression of a gene within a certain range. The TFF1 locus is a good model
region to test this as there are limited ER and pS118-ER occupancy sites to assess, and
TFF1 is the only ER target gene in the vicinity. Selecting pS118-ER and ER sites around
the TFF1 locus and designing guides to direct selective repression at each site could
determine which binding sites are most important for TFF1 expression. These
experiments could also ascertain if pS118-ER sites are more necessary for gene
activation compared to ER sites. Given the association of pS118-ER with the active

enhancer mark H3K27ac, | would hypothesize that inactivating pS118-ER occupancy
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sites around an E2-activated gene would decrease its activation more than inactivation
of an ER site.

Another method of gene regulation that was not addressed in this work was the
formation of chromatin loops to drive gene transactivation. ChlP-seq data is displayed on
a linear genome, whereas the three-dimensional architecture of chromatin is more
complex, involving interactions between sections of the genome which are far in linear
distance. These looping structures are known to link enhancers to promoter regions and
the presence of a chromatin loop correlates with gene activation (323). A method called
Chromatin Interaction Analysis by Paired-End Tag sequencing (ChIA-PET) was
developed to identify chromatin interactions mediated by ER at a genome-wide level
(185). This study found that ER was involved in extensive chromatin looping which was
induced by E2. Loss of ER led to the loss of these chromatin loops indicating that ER is
an important mediator for loop formation. A remaining question from this work is how does
pS118-ER impact the formation and activity of these ER-dependent chromatin loops?
Given the presence of pS118-ER at active enhancer sites and the correlation between
chromatin loops and gene activity, | would hypothesize that pS118-ER is more likely to
be found at looping sites compared to unphosphorylated ER. If ER-driven chromatin loops
are dependent on pS118-ER, it could explain how pS118-ER is required for maximal gene
transcription of ER target genes (59,77-81), as these genes could be partially activated
from ER binding to the promoter, but transcription could not be further enhanced through
looping of enhancer sites to the promoter. This could be tested using the S118A ER MCF-
7 model developed in Chapter 4. Individual looping sites could be analyzed by chromatin

conformation capture (3C) or global looping could be assessed by Hi-C (324) or ChlA-
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PET between the wt and S118A ER to determine if pS118-ER plays a role in ER-
dependent chromatin looping.

Of the methods described above, ChlA-PET or Hi-C would allow for the entire
pS118-ER interaction network to be determined at a genome-wide level without a readout
for gene transcription, whereas Enhancer-i would be utilized on a gene-by-gene basis to
determine specific interactions between enhancers and promoters and the gene in
guestion. Identification of these binding site-gene pairings would be useful and could aid
in analysis of ER or pS118-ER cistromes performed in patient tumors by identifying
enhancer sites in control of aberrantly expressed genes. ER occupancy sites specific to
breast cancer patient tumors have been identified (234,314), but specific genes

associated with these unique binding sites have not been determined.

Control of gene expression by multiple ER binding events within a single ChiP-seq peak

Interestingly, it was observed that many pS118-ER occupancy sites which were
defined as a single ChIP-seq peak contained multiple potential pS118-ER binding sites
within the peak when analyzed by the in vitro DNA binding array. It was assumed that a
single ChlP-seq peak would be generated from a single binding site located in the center
of the peak, however this was not found to be the case in all instances. All genomic
locations assayed on the array were analyzed for the presence of pS118-ER peaks and
it was found that while many sites (31.9%) contained one pS118-ER binding site located
roughly in the middle of the peak, the majority of sites (56.4%) contained two or greater
potential pS118-ER binding events. Analysis of these sites found a positive correlation

between the number of ER binding events present and the percent of sites occupied by



141

pS118-ER (Figure 3-5E). At the extreme end of the spectrum, one pS118-ER occupancy
site, which in ChiP-seq data displayed as a single peak, contained 35 possible pS118-
ER binding locations throughout the 1,030 bp region analyzed on the DNA array. This site
is located in an intron in the CRAMP1 gene on chromosome 16. Analysis of the DNA
sequence in this binding region found that it contained 53 instances of an ERE half site
(AGGTCA) with only two of these being part of a full ERE (Figure 5-2). The number of
half sites in this region is greater than the number of binding sites detected from the array
analysis because the 25 bp probe length can accommodate multiple half sites which are
ultimately detected as one binding event. It is unknown what the biological function of a
large number of half sites in a small region is, but one explanation could be that this site
requires a low but constant level of ER occupancy for its specific function, as ER binds to
a half ERE with lower affinity than a full ERE. Although this example describes an outlier,
there are 480 ER ChIP-seq peaks which contain 4 or more potential ER binding sites
within their respective ChlP-seq peaks as assessed by the array (Figure 3-5D).
Additionally, because of space limitations on the array, all ER and pS118-ER occupancy
sites were not analyzed so this number is likely higher. These observations bring up the
interesting question of how multiple ER binding events in a single region affect ER activity.
One hypothesis is that an increased number of ER binding events allows for increased
transcriptional control, as sites with a single ER binding event would function in a binary
manner (Figure 5-3B). Previous reports have found that the addition of multiple EREs
upstream of a reporter gene increased expression of the reporter in response to E2 (155),
however this was performed with perfect EREs and in a reporter construct void of many

endogenous chromatin components. Similarly, while the data collected from the in vitro
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DNA binding array detects binding events at an increased resolution compared to ChIP-
seq, analysis is limited to simple protein-DNA interactions in the absence of histones or
any accessory factors that would aid in DNA binding. With the data generated here, a
correlation between the number of ER binding events and nearby gene induction by E2
could be assessed. | would hypothesize that a greater number of ER binding events would
correlate with an increase in gene expression on its associated gene. The number of ER
binding events in a peak could also be correlated with other marks known to be associated
with active enhancers such as H3K27ac (264), p300 (325), and eRNA production (194)
to determine if these multi-ER binding sites are also correlated with increased
transcriptional activity. Mechanistically, it is unknown if the function of multiple ER binding
events within a single binding site is to allow binding of multiple ER dimers simultaneously,
or simply to increase the probability of at least one ER dimer binding to the region, and
thus activating transcriptional activity (Figure 5-3A). Further research should be
performed in this area to determine how these multi-ER binding regions function to control

gene regulation.

Concluding Remarks

Prior to this thesis work, the effects of pS118-ER on ER-DNA binding at a genome-
wide scale were unknown. Here, the cistrome of ER phosphorylated at S118 is described,
providing insight into the role of pS118-ER in ER biology. These analyses found that
pS118-ER is located at a subset of ER occupancy sites and that pS118-ER associates
with active enhancers, the transcription factor GRHL2, and direct DNA binding.

Additionally, development of the S118A ER MCF-7 knock-in cell line confirmed the role
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of pS118-ER in E2-dependent ER degradation in MCF-7 cells and further found that
downregulation of the ESR1 gene by E2 is similarly affected by the S118A mutation,
indicating that E2-dependent ER downregulation is not limited to post-translation
mechanisms. Taken together, these experiments greatly expand the current knowledge
on pS118-ER and provide a basis to build further research on ER phosphorylation and its

role in breast cancer.
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Figure 5-1: A revised model for pS118-ER function.

In the ligand-dependent signaling pathway, E2 binds to ER in the nucleus causing
dimerization of ER. ER can then bind to DNA, interact with cofactors, and become
phosphorylated at S118. ER phosphorylated at S118 binds directly to DNA at sites
enriched for the GRHL2 motif and the active enhancer mark H3K27ac. Indirect ER binding
is more associated with ER not phosphorylated at S118. The phosphorylation at S118 is
necessary for proteasome-mediated degradation of ER as well as repression of its gene,

ESR1.
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Figure 5-1

17R-estradiol (E2)
@ ..
Q@90

Cytoplasm



146

Figure 5-2: A multi-ER binding site in the CRAMP1 gene.

SNAP array analysis found 35 potential ER binding events located in a single
pS118-ER ChlIP-seq peak located in an intron of the CRAMP1 gene on chromosome 16.
Sequence analysis of the binding region found 53 instances of a half ERE (5’-AGGTCA-

3’, underlined and bolded).
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Figure 5-2
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AGGTCACAGAAAGGTGGACTGAGGTCACACAGGTCATCTAGAGATGGATTGAGGTCACAT
GGAGGTCACGGGGAGGTGAACTGAGGTCACAGAGAGGTCACGTAGAAGTGGATTGAGGT
CACACAGAGGTCATGGGGAGGTGGACTGAGGTCACAGGTCATGTAGAGCTGGATTTAGG
TCACACAGAGGTCACAGGGAGGTGGACTGAGAGGTCACGGAGAGGTAGACTGAGAGGTC
ATGGGGAGGAGGACTGAGAGCTTC




148

Figure 5-3: Potential Model of ER function in multi-ER binding sites.

Many ER occupancy sites as defined by ChlP-seq were found to have multiple
potential ER binding events within a single ChlP-seq peak (see Figure 3-5D). (A) The
TFF1 promoter is occupied by pS118-ER and has four pS118-ER binding sites as defined
by the in vitro SNAP array (See Chapter 3, Figure 3-5). It is not known if all these sites
can be bound by ER simultaneously or if only one can be bound at a time. (B) The
presence of more ER binding sites within a promoter or enhancer may give the site more
variability in gene transcription, whereas a site with only one ER binding event would act

in a binary manner.
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Materials and Methods
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Cell Culture

MCF-7, MDA-MB-231, HEK293, and the MCF-7 S118A ER cell lines were maintained in
high-glucose (4.5 g/L) Dulbecco’s modified Eagles Medium (DMEM; Mediatech,
Manassas, VA) containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100
pg/mL streptomycin incubated at 10% CO2 and 37°C. Prior to estrogen treatments, cells
were grown for three days in stripping media consisting of phenol-red free DMEM
supplemented with 10% charcoal-stripped FBS, 100 U/mL penicillin, 100 pg/mL

streptomycin, 4 mM L-glutamine, and 1 mM sodium pyruvate.

Drug Treatments

Prior to all drug treatments, cells were estrogen deprived by culturing for three days in
phenol-red free DMEM supplemented with 10% charcoal-stripped FBS, 1%
penicillin/streptomycin, 1% sodium pyruvate, and 2% L-glutamine. Cell were then treated
with vehicle (0.1% EtOH), 10 nM 17B-estradiol, 100 nM 4’-hydroxytamoxifen, or 100 nM
ICI-182780 for various amounts of time depending on the experiment. For dual 17[3-
estradiol and 4’-hydroxy tamoxifen treatments, the same concentrations as above were

used.

Western Blot Analysis

Post-treatment, cells were washed with PBS and lysed in-well with 2x SDS sample buffer
(120 mM Tris-HCI, 20% glycerol, 2% SDS, 2% [3-mercaptoethanol, 0.01% bromophenol
blue, pH 6.8) followed by boiling at 95°C for 10 min. Protein concentrations were

quantified using an RC DC kit (Bio-Rad, Hercules, CA) and equal levels of protein were
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run on a 10% SDS-PAGE gel. Blots were transferred to a PVDF membrane followed by
blocking with 5% milk in TBST (50 mM Tris-HCI, 150 mM NaCl, 0.1% Tween 20).
Antibodies and their primary incubation conditions can be found in Table 6-1. All
antibodies were diluted in 5% milk in TBST and incubated with blots overnight at 4°C.
Blots were washed 3 x 20 min in TBST followed by 1 h incubation with either sheep a-
mouse IgG HRP (NA931V, GE Healthcare, 1:3000) or donkey a-rabbit IgG HRP
(NA934V, GE Healthcare, 1:3000) diluted in 5% milk in TBST. Blots were washed 3 x 20
min in TBST followed by 1 x 20 min wash in TBS. Blots were then exposed to Clarity
Western ECL solution (BioRad) followed by exposure to autoradiography film (HyBlot CL,

Denville Scientific).

RNA analysis

For all cell types analyzed, cells were seeded in a 12-well plate at a concentration of
2.0x10° cells per well and estrogen deprived for three days as described above. After
estrogen deprivation, cells were treated with 10 nM E2, 100 nM Tam, or a combination of
E2 and Tam for 24h. RNA was then isolated following the specifications of the QIAGEN
RNeasy Mini Kit (QIAGEN, cat. No. 74106) and cDNA was generated using the BioRad
iScript cDNA Synthesis Kit (BioRad, cat# 1708891) .Equal volumes of samples were
analyzed on a 96-well PCR plate (BioRad, cat# HSP9601) with BioRad SYBR Green
Master Mix (BioRad, cat# 1708882) using the BioRad CFX Connect Real-Time System
gPCR machine. Primers sequences used can be found in Table 6-2. Genes were

normalized to the housekeeping gene RPLPO using the ACT method followed by
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normalization to the vehicle control. Statistical analysis was performed using Student’s t-

test with p-values below 0.05 considered as significant.

MDA-MB-231 ER Constructs

MDA-MB-231 cells stably expressing a doxycycline inducible wild-type (wt) or S118A ER
construct were generously provided by Dr. Amy Fowler and were maintained in DMEM
as described above in cell culture. Cells were stripped prior to estrogen treatment as
described in cell culture methods. On the second day of stripping, cells were treated with
doxycycline at either 5.0 pg/mL (wt ER construct) or 0.5 pg/mL (S118A ER construct) and
incubated for 24 hours (h) at 37°C and 5% CO2. Doxycycline concentrations were
optimized to express similar levels of protein between constructs. After 24-hour incubation

with doxycycline, cells were treated for their respective experiments.

Transfection Procedure for HEK293 Cells

HEK293 cells were stripped for three days as described in cell culture methods. After
stripping, 5.0 x 10° cells were seeded in 6-well plates in penicillin-free, streptomycin-free
stripping media and incubated overnight at 37°C and 5% CO.. Plasmids containing either
wt ER-HA, C202/205H ER-HA, or LHL-CA vector were used for transfections. The LHL-
CA vector controls expression of its constructs through the cytomegalovirus-3-actin fusion
promoter and is described elsewhere (326). Cells were transfected for 5 h with 5 ug of
DNA using Lipofectamine 2000 (ThermoFisher Scientific). Post transfection, media was
replaced with stripping media containing penicillin and streptomycin and incubated

overnight at 37°C and 5% CO:a. Cells were then treated with either ethanol vehicle (0.1%
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EtOH) or 10 nM E2 for 30 min, harvested, and analyzed by immunoblot as described in

Western blot analysis.

Chromatin Immunoprecipitation

MCF-7 cells were stripped as described in cell culture methods. Cells were then treated
with either vehicle (0.1% EtOH) or 10 nM E2 for 30 min. After treatment, cells were
washed with PBS and then crosslinked with 1.5% formaldehyde for 15 min at room
temperature followed by quenching with 0.125 mM glycine for 5 min. All buffers used for
preparation of chromatin contained PMSF (1 mM), aprotinin (10 pg/mL), leupeptin (10
pg/mL), and NaVOas (200 nM). Cell pellets were subjected to nuclear isolation by
resuspending in 1 mL Nuclear/Chromatin Preparation (NCP) Buffer 1 (10 mM EDTA, 0.5
mM EGTA, 10 mM Hepes pH 6.5, 0.25% Triton X-100) followed by centrifugation at 1650
x g for 5 min at 4°C. The pellets were resuspended in 1 mL NCP Buffer 2 (1 mM EDTA,
0.5 mM EGTA, 10 mM Hepes pH 6.5, 200 mM NacCl) followed by centrifugation at 1650
x g for 5 min at 4°C. The pellets were then lysed in 1 mL lysis buffer (1% SDS, 5 mM
EDTA, 50 mM Tris-HCI pH 8.1) and sonicated three times for 15 seconds (s) at 15%
maximum power (Fisher Scientific 550 Sonic Dismembrator). Samples were allowed to
cool on ice between each sonication. Sonicated samples were centrifuged at 10000 x g
at 4°C, and the supernatant was collected. Aliquots were taken prior to
immunoprecipitation (IP) for use as inputs. For each IP, 100 pL of sonicated chromatin
solution was taken and diluted 10-fold with IP dilution buffer (1% Triton X-100, 2 mM
EDTA, 150 mM NacCl, 20 mM Tris-HCI pH 8.1). The diluted chromatin solution was

precleared for 2 h at 4°C with 20 uL 50% Protein A Sepharose Beads (CL-4B, GE
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Healthcare), 2 pg/mL herring sperm DNA, and 5 pg/mL BSA. After the preclearing
incubation, chromatin was centrifuged at 1000 x g to pellet beads and the supernatant
was collected. Precleared chromatin was subjected to IP with 1 pg antibody to ER (HC-
20, sc-543; Santa Cruz), pS118-ER #1 (16J4; Cell Signaling), pS118-ER #2 (ab32396;
Abcam), pS118-ER #3 (sc-12915; Santa Cruz), GRHL2 (HPA004820, Sigma, St. Louis,
MO), or normal rabbit IgG (sc-2027; Santa Cruz) and incubated overnight at 4°C while
rotating. To each sample, 45 pL of 50% Protein Sepharose A beads was added and
incubated for 1 h at 4°C. The precipitated complexes were washed once with 1 mL TSE
| buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH 8.1, 150 mM
NacCl), once with 1 mL TSE Il buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI pH 8.1, 500 mM NacCl), once with 1 mL TSE Ill Buffer (0.25 M LIiCl, 1% NP-40,
1% sodium deoxycholate, 10 mM Tris-HCI pH 8.1), and twice with 1 mL TE (10 mM Tris-
HClpH 8.1, 1 mM EDTA). Chromatin complexes were extracted from beads by incubating
in 75 pL Extraction Buffer (1% SDS, 0.1 M NaHCO3) for 30 min with vortexing every 5
min. Extraction was repeated 3 times and the extractions were pooled. Samples were
reverse crosslinked by incubating at 65°C overnight. DNA was purified using the QIAquick
PCR Purification Kit (Qiagen; Hilden, Germany) and 1 uL of the purified DNA was
analyzed via qPCR. Data are calculated as a percent of input. Primers used for ChiIP-
gPCR are included in Table 1.

For ChIP-seq, 10 x 10 cm plates per condition of MCF-7 cells were stripped as
described in cell culture methods and then treated with either vehicle or 10 nM E2 for 30
min. Samples were prepared as above and the remaining ChlP-seq procedure was

performed as previously described (327). Antibodies used for ChiP-seq were as follows:
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ER (HC-20, sc-543, Santa Cruz), pS118-ER #1 (16J4, Cell Signaling), pS118-ER #2
(ab32396, Abcam), pS118-ER #3 (sc-12915, Santa Cruz). ChlP-seq was performed in
triplicate for each antibody. Peaks were called as previously described (327) and aligned
to the human genome (hg19). Only those peaks which were present in all three replicates
were utilized for further analysis. All data files are deposited in the GEO repository

(GSE117569)

Motif Analysis and Peak Annotation

Motif analysis was performed using Hypergeometric Optimization of Motif EnRichment
(HOMER; (175). Motifs of length 8, 10, 12, and 15 were searched for in the de novo
analysis and the size parameter was set to 200 (-size 200). Peak annotation was
performed using the annotatePeaks.pl program from HOMER and the basic annotations
were used. Differential motif analysis was performed using the CentriMo tool in the MEME
suite (184). Neighboring secondary motif analysis was performed using the SpaMo

analysis tool (267).

Specificity and Affinity for Proteins (SNAP) Array

The Genomic SNAP array was bioinformatically designed (Proteovista LLC, Madison, WI)
to tile across ER binding sites compiled from 58 ChlP-seq datasets across conditions,
cell lines and tumors. To identify high-confidence ER binding sites, genomic regions were
culled from these datasets to include ER binding regions from at least five manuscripts,
reported from two independent authors, and represented in both cell lines and in tumors

(140,159,187,188,196,201,234,236). These criteria identified a set of ER genomic
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sequences that were used to design SNAP probes, tiling across 5020 genomic regions
at 6 bp spacing. The array also contains positive and negative controls for ER
binding. Purified, estrogen-occupied ER (ThermoFisher Scientific) was incubated with the
SNAP microarrays (synthesized by Agilent Technologies) and binding was detected by

fluorescence and analyzed according to established protocols (110).

Development of MCF-7 S118A knock-in CRISPR cell lines

Generally, the protocol for “Alt-R CRISPR-Cas9: Delivery of ribonucleoprotein
complexes in Jurkat T cells using the Neon Transfections System” was followed, with
modifications for MCF-7 cells (IDT). Parental MCF-7 cells were brought up at a low
passage (p2) and were cultured for 3 days prior to transfection. The sgRNA duplex was
formed by combining 2.2 pL of 200 yM crRNA (5-TGCAGGAAAGGCGACAGCTG-3,
IDT) with 2.2 pL of 200 uM ATTO-550 tracrRNA (IDT, cat# 1075927) and 5.6 pL nuclease-
free IDTE Buffer pH 7.5 (IDT, cat# 11-01-02-02). The mixture was heated to 95°C for 5
min and then cooled to room temp. The ribonucleoprotein complex was formed by
combining 0.5 pL sgRNA duplex with 0.5 L of 36 uM Cas9 nuclease (IDT, cat# 1081058)
per reaction and incubating at room temp for 20 min. MCF-7 cells were counted, washed
with 1xXPBS, and resuspended in Resuspension Buffer R (ThermoFisher, provided in
Neon Transfection System Kit, cat# MPK1096) to 7.5x10° cells/uL. For each
electroporation, 1 pL of the Cas9/crRNA/tracrRNA ribonucleoprotein complex, 1 uL of
single-stranded donor template (ssODN) at 100 uM (5-
CCCCCACTCAACAGCGTGTCTCCGAGCCCGCTGATGCTACTGCACCCG CCGCCG

CAATTGGCGCCGTTCCTGCAGCCCCACGGCCAGCAGGTGCCCTACTACCTGGAG
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AACGAGCCCAGC-3’), 2 uL of 10.8 uM Alt-R Cas9 Electroporation Enhancer (IDT, cat#
1075915), and 8 uL of MCF-7 cell suspension at 7.5x10° cells were combined. Cells were
electroporated with 10 L of the transfection mixture using the Neon Transfection System
(ThermoFisher, cat# MPK5000) with a 10 uL tip using a pulse voltage of 1250V, pulse
width of 20 ms, and pulse number of 2. As a control, MCF-7 cells were transfected with
Cas9 and the ssODN but no sgRNA. Cells were allowed to recover for 7 days in a 12-well
plate containing DMEM without penicillin/streptomycin (pen/strep) before continuing
culturing in DMEM with 1% pen/strep. Both S118A and control cells were expanded, and
genomic DNA was isolated using the QIAGEN DNeasy Blood & Tissue Kit (QIAGEN, cat#
69506). Isolated DNA was tested for insertion of the S118A mutation by PCR with primers
flanking the mutation site (fwd: 5-GCCAACGCGCAGGTCTA-3’; rev: 5'-
AAGCGCCCCGTGTTTATTTG-3’) and a subsequent diagnostic digest with Sfol (NEB,
cat# R0606S). Insertion of the ER S118A mutation introduces a novel Sfol digestion site.
To isolate clones, cells were sparsely seeded in a 10 cm plate (100-1000 cells/plate)
containing a 1:1 ratio of fresh DMEM and 0.22 um filtered MCF-7 conditioned media.
Clones were picked, expanded, and screened for the ER S118A mutation as described

above.

Sequencing MCF-7 S118A knock-in cell lines

Sequencing of the mutation site within clones of interest was performed by first amplifying
a 2,539 bp region around the mutation site (Fwd: 5-CGTCCTCCAGCACCTTTGTA-3’;
Rev: 5-TCCCCTCTGTATTTGACCAGG-3’). Samples were run on a 1% agarose gel and

the major band at ~2.5 kb was excised and purified using the QIAGEN DNeasy Blood &
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Tissue Kit (QIAGEN, cat# 69506). The isolated DNA was then sent to the University of
Wisconsin Biotechnology Center for Sanger sequencing using the forward primer from

the Sfol digestion (5-GCCAACGCGCAGGTCTA-3’)

GRHL2 siRNA Transfection

MCF-7 cells were stripped for two or three days as described in cell culture procedure
prior to sSiRNA transfection. For each transfection, 10 pmol GRHL2 siRNA (Santa Cruz,
sc-77606) or control siRNA (QIAGEN AllStars negative control, cat# SI03650318) was
added to 100 pL Opti-MEM (ThermoFisher, cat# 11058021). Additionally for each
transfection, 3 uL Lipofectamine 2000 (ThermoFisher, cat# 11668027) was added to 100
pL OPTI-MEM. The siRNA and Lipofectamine solutions were added in equal volumes
and allowed to sit at room temperature for 20 minutes. Cells were trypsanized and seeded
into a 12-well plate at a concentration 2.0x10° cells per well using phenol-red free DMEM
supplemented with 10% charcoal dextran stripped FBS and no penicillin/streptomycin.
200 pL of the siRNA/Lipofectamine solution was added directly to the suspended cells in
the 12-well plate and mixed well by pipetting up and down. Transfected cells were
incubated at 37°C and 10% CO: for 24 hours. Cells were then treated according to their

respective experiments.

Statistical Methods
For gPCR, p-values were calculated using a two-sided Student’s t-test. For comparisons
of distributions, a chi-squared test was performed. P-values less than 0.05 were

considered statistically significant.



Table 6-1: Primary Antibodies Used for Western Blots
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Target Vendor Catalog Concentration
AR Cell Signaling #5153 1:1000
E-Cadherin BD Biosciences 610181 1:1000

ER Santa Cruz sc-543 1:1000 — 1:2500
GRHL2 Sigma HPA004820 1:1000
pS104/106-ER Cell Signaling #2517 1:1000
pS118-ER #1 Cell Signaling #2511 1:1000
pS118-ER #2 Abcam ab32396 1:1000
pS118-ER #3 Santa Cruz sc-12915 1:1000
pS167-ER Cell Signaling #5587 1:1000
pS294-ER Abcam Ab207602 1:1000

3-actin Sigma AC-15 1:5000




Table 6-2: Primer Sequences used for gRT-PCR

Gene Name Sequence (5' - 3" Ta (°C)
CCND1 714f ATCTACACCGACAACTCCATC 60
901r TGTTCTCCTCCGCCTCTG
ERBB3 702f GAGATGCTGAGATAGTGGTGAAG 57
820r GATGGTCTTGGTCAATGTCTGG

ESR1 1518f CCTGATGATTGGTCTCGTCTG 57
1702r GGCACACAAACTCCTCTCC

GATA3 1429f ACAAAATGAACGGACAGA 60
1259r GTGGTGGTCTGACAGTTC

GREB1 fwd ATTTGTTTCCAGCCCTCCTT 60
rev GTGGTAGCCGAGTGGACAAT

GRHL2 1319f GGGTCCTTGACATTGCCGAT 57
1405r GCCTCTTCATTCACGTCCCA

PGR 1720f GCTGTCATTATGGTGTCCTTAC 55
1796r GTAGTTGTGCTGCCCTTCC

RPLPO 657f GACAATGGCAGCATCTACAAC 60
759r GCAGACAGACACTGGCAAC

TFF1 17f CGCCTTTGGAGCAGAGAG 60
166r ACCACAATTCTGTCTTTCACG

VIM 1015f ACACCCTGCAATCTTTCAGACA 60
1090r GATTCCACTTTGCGTTCAAGGT

ZEB1 fwd GTGGCGGTAGATGGTAAT 60

rev

CTGTTTGTAGCGACTGGA
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Table 6-3: Primer Sequences used for ChIP-gPCR

Location Fwd/Rev Sequence Ta (°C)

BRIP1 +140 kb Fwd CAATGTGCACCACCAGCAAA 60
Rev GAATGTGGGCATGACCTCCC

E2F6 -32 kb Fwd CTGATCTGGGGCACACTGAC 60
Rev CAGAGGAGACAAAACGGGCA

GREB1 -1732 Fwd AGGGCAGAGCTGATAACGTC 60
Rev AGAATGACCCAGTTGCCACA

TFF1 +8 kb Fwd GTTTACTGCGCATTTCCGGG 60
Rev AGGCTGACAACTCCTTCAGC

TFF1 -200 Fwd GCTGATAGACAGAGACGACATG 60
Rev CTTCTGCAGTGAGTACAGTATTTACC

MAFTRR -6 kb Fwd GTCAGCTGAGACAAGAGTGGAA 60
Rev GTTACCACGAATGGCAAAGC

PFDN4 -12 kb Fwd GGACGTCTTTGATGCCTTGTC 60
Rev AAGCCCCAGGACATGAGGTA

SETBP1 +81 kb  Fwd GACCTGGCCCCATTGTTGTA 60
Rev CCAGCTGGCCCAGTTCATTA
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Appendix A:

Ubiquitlyation of Nuclear Receptors: New Linkages and Therapeutic Implications

This work has been published in:

Helzer KT, Hooper C, Miyamoto S, Alarid ET. Ubiquitylation of nuclear receptors: new
linkages and therapeutic implications. J. Mol. Endocrinol. 2015;54(3):R151-167.
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Abstract

The nuclear receptor superfamily is a group of transcriptional regulators that
controls multiple aspects of both physiology and pathology and are broadly recognized
as attractive therapeutic targets. While receptor-modulating drugs have been successful
in many cases, the discovery of new drug targets is still an active area of research,
because resistance to nuclear receptor-targeting therapies remains a significant clinical
challenge. Many successful targeted therapies have harnessed the control of receptor
activity by targeting events within the nuclear receptor signaling pathway. In this review,
we explore the role of nuclear receptor ubiquitylation and discuss how the expanding roles
of ubiquitin might be leveraged to identify additional entry points to control receptor

function for future therapeutic development.
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Exploiting NR signaling to identify new avenues of drug discovery

Nuclear receptors (NRs) comprise a family of transcriptional regulators that control
multiple physiological processes including growth, development, reproduction and
metabolism through the control of gene expression (328,329). The founding member of
the family, estrogen receptor-a. (ERa), was identified via its high affinity binding to
radiolabeled ligand, estradiol (15,330). Following the cloning of the glucocorticoid
receptor (GR, NR3C1)(331,332), numerous other nuclear receptors were identified and
combined into a superfamily composed of a total of 48 receptors in mammals including
estrogen receptors a (ERa; NR3A1) and B (ERB, NR3A2), thyroid hormone receptor (TR,
NR1A1), progesterone receptor (PR, NR3C3), androgen receptor (AR, NR3C4), retinoic
acid receptor (RAR, NR1B1-3), retinoic X receptor (RXR, NR2B1-3), Vitamin D receptor
(VDR, NR1I1), Peroxisome proliferator-activated receptors (PPAR, NR1C1-3), and a
number of orphan receptors with no known ligands (333). The receptors share a similar
architecture consisting of an intrinsically disordered N-terminus, which in some receptors
encodes a ligand-independent transactivation domain, a central DNA binding domain
containing two zinc finger motifs, and a C-terminal ligand-binding domain (LBD). The LBD
mediates multiple receptor functions including ligand-binding, dimerization, co-regulator
interactions, and ligand-dependent transcriptional activation function. It is no surprise then
that research has focused largely on the LBD and the modulation of receptor actions
through both endogenous and synthetic ligands (334,335).

Originally, NRs were considered a relatively simple signal transduction pathway in
which receptors sensed the activating signal and directly mediated the response in the

nucleus through direct DNA binding. Though fundamentally correct, the broadening
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knowledge of components in the nuclear receptor activation mechanism have greatly
expanded the model and simultaneously expanded the opportunity to control receptor
function. In the contemporary model for ligand-activated NRs, ligand binding releases
inactive receptors from heat shock protein complexes and alters receptor conformation
to facilitate the recruitment of multi-protein transcriptional complexes. The activated NR
transcriptional complex can include co-regulators (activators and repressors), chromatin
modifying and remodeling complexes and components of the basal transcriptional
machinery. To date, over 300 co-regulators have been identified (336, www.nursa.org).
The addition of a temporal component to receptor transcriptional complexes further
expands the potential combinatorial regulation of receptor function (145,337). Advances
in the NR field made through the dissection of the molecular events regulating receptor
function have contributed significantly to the drug discovery tool box which now includes
agents targeting receptors at multiple levels including co-activator interactions (338—-340),
dimerization, subcellular localization (341) and DNA binding (342—-345).
Post-translational modification (PTM) is another regulatory mechanism governing
NR function. PTMs represent an important cross-talk mechanism for other signaling
pathways and also contributes directly to receptor transcriptional function. In the case of
ERa, all domains of the receptor can be phosphorylated in response to ligand and/or
growth factor cascades (51,52,59,143,208,226,346—-348). Studies in breast cancer cell
models have demonstrated that phosphorylation can impact multiple aspects of receptor
function including protein stability, dimerization, DNA binding, and co-activator
preferences (66,78,135,138,139,143,349-351). ERa is also subject to other

modifications including acetylation (35), methylation (36,37), SUMOylation (40,352), and
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palmitoylation (353). Readers are referred to a recent comprehensive review of ERa post-
translational modifications (41). Importantly, ERa and other NRs are targets of
ubiquitylation, a post-translational modification that closely interfaces receptor protein
status and transcriptional function at multiple levels of the receptor signaling pathway.
Nuclear Receptor Ubiquitylation

Ubiquitin is a small 76-residue protein that modifies target substrates by covalent
attachment of its C-terminal carboxyl group to a lysine residue on the target protein
substrate (i.e., "ubiquitylation™). The specificity of ubiquitylation is controlled by three
classes of enzymes (354-356). E1 activating enzymes bind two ubiquitin moieties
through a cysteine residue in an ATP-dependent mechanism, creating a high-energy
thioester bond. The E1 enzyme then transfers the ubiquitin to an E2 conjugating enzyme,
also through a thioester linkage. Lastly, the E3 ubiquitin ligases transfer ubiquitin from the
E2 conjugating enzyme, directly or indirectly, to the substrate. There are two classes of
ubiquitin ligases which determine the transfer mechanism of ubiquitin onto the target
substrate. Homologous to E6-AP C-terminus (HECT) ligases accept ubiquitin from E2
conjugating enzymes and transfer ubiquitin to the substrate, whereas Really Interesting
New Gene (RING) finger ligases facilitate E2-substrate interaction but do not physically
transfer ubiquitin (357). To date, two E1 activating enzymes (UBA1, UBAG6), 35 E2
conjugating enzymes, and over 600 E3 ligases have been reported in humans (357-362).
The most well-characterized ubiquitin modification is polyubiquitylation of substrates via
K48 linkages. This polyubiquitin chain is formed when the lysine 48 residue of one
ubiquitin is attached to the C-terminal glycine residue of another. In general, K48-linked

polyubiquitin chains target substrate for degradation by the 26S proteasome. Moreover,
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it was the discovery of proteasome-dependent degradation of NRs that identified
ubiquitylation of receptors as a potential regulatory module.

Early studies investigating the degradation of NRs via the proteasome showed
clear evidence that the ubiquitin proteasome pathway mediated the down-regulation of
many NRs upon binding of their respective ligands. The first studies investigating the
ubiquitin proteasome pathway in NR biology showed that proteasome inhibitors disrupted
ligand-mediated decreases in ERa protein (99-101). Pulse-chase analysis showed that
the half-life of endogenous ERa protein in pituitary cells was reduced from 3 hours to 1
hour upon treatment with 173-estradiol and this estradiol-induced degradation could be
prevented with proteasome inhibitors (99). In vitro studies revealed that ubiquitin-
activating E1 enzymes (UBAL1) as well as ubiquitin-conjugating E2 enzymes (UbcH5 and
UbcH7) could result in accumulation of high molecular weight conjugates (100). Ligand-
dependent ubiquitylation of endogenous ERa was demonstrated by Wijayaratne and
McDonnell (287). Subsequently, it was observed that retinoic acid receptor y2 (RARy2)
and retinoic acid receptor a (RARa) were down-regulated in response to their ligand, all-
trans-retinoic acid, and the down-regulation was blocked by proteasome inhibitors,
MG132 and lactacystin (308,363). Thyroid hormone receptor (TR), glucocorticoid
receptor (GR), and mineralocorticoid receptor (MR) were also found to be downregulated
in response to ligand binding via a similar pathway (364—366). These studies, along with
many others, pointed to the ubiquitin-proteasome pathway as one of the key regulators
of NR protein turnover. Interestingly, the studies with proteasome inhibitors also
implicated the ubiquitin-proteasome pathway in the regulation of transcription (321,367).

It should be noted, however, that the 26S proteasome degradation pathway is not unique
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to NRs, and inhibition of such a vital cellular function can lead to both inhibition and
activation of other signaling pathways, production of reactive oxygen species, and
induction of apoptosis (368—370). The role of ubiquitylation and proteasome activity in
transcription is further complicated as NR turnover can be disassociated from
transcriptional activity in certain contexts (78,308,371), and proteasome inhibitors can
also affect NR expression at the transcriptional level and indirectly lead to downstream
changes in NR target gene expression (372,373). Due to the confounding effects of
proteasome inhibitors, the study of NR degradation shifted in the past decade to the
identification of E3 ligases responsible for targeting NRs for ubiquitin-mediated
proteasomal degradation. Considering the relative specificity between ubiquitylation
machinery and their substrates, there is potential for the development of new drugs
targeting these interactions which could alter the transactivation or degradation of NRs.
Table 1 provides a summary of known E3 ligases implicated in the control of NR proteins.
The following section will focus on three ligase types that are implicated in the control of
multiple NR’s as representatives of conserved activities within the NR signaling cascade
(Figure 1).
CHIP ligase

One of the most common E3 ligases involved in the ubiquitylation and degradation
of NRs is the Carboxyl-terminus of Hsc70-interacting protein (CHIP; Table 1). CHIP is a
tetratricopeptide repeat (TPR) containing protein that associates with heat shock proteins
to cause a decrease in ATPase activity. This association ultimately decreases the
efficiency of the chaperone and impairs its function (374). Many NRs are held stable in

their unliganded state by chaperone complexes which include Hsp70 and Hsp90 (375).
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CHIP interacts with the TPR site of Hsp90 and incorporates itself into the NR-Hsp90
heterocomplex causing remodeling that favors degradation of the Hsp90 substrate. In the
context of specific NRs, CHIP can ubiquitylate GR and directly target it for degradation by
interacting with the S5a subunit of the proteasome (376). Disruption of Hsp90 using
molecular inhibitors has also been shown to cause down-regulation of ERa and PR in a
proteasome-dependent manner (377-379). The key observation that CHIP—null cells
retain the ability to down-regulate ERa in the presence of estrogen and that CHIP
depletion by siRNA caused ERa to accumulate in the absence of ligand identified CHIP
as an important ligase in basal ligand-independent NR protein stability (380). These
studies identified CHIP as an essential ligase in basal ligand-independent NR protein
stability. Other NRs also appear to be poly-ubiquitylated by CHIP, including ERB, AR, GR,
and MR suggesting that ubiquitylation of NRs by CHIP is a conserved mechanism (381—
384). Therefore, the control of NRs by CHIP represents specific ligase activity at one of
the earliest steps in NR signaling, controlling basal NR expression and receptor
availability prior to ligand binding, nuclear localization, and transcriptional activation.
Mdm2 and E6-AP ligases

The RING finger-containing E3 ligase mouse double minute 2 (Mdm2) has been
implicated in the control of transactivation and turnover for many NRs, including AR, ERa,
ERB, and GR (Table 1, references therein). Mdm2 is most commonly known for its role in
the control of the tumor suppressor p53 via ubiquitylation and subsequent degradation
(385). Early studies analyzing the interaction between Mdm2 and p53 revealed that
phosphorylation of Mdm2 by the serine/threonine protein kinase Akt was required for both

translocation of Mdm2 to the nucleus and its ability to ubiquitylate p53 (43,386). Akt was
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also found to phosphorylate AR which resulted in the suppression of AR target genes as
well as the inhibition of AR-mediated apoptosis (288). These results prompted the
hypothesis that phosphorylation of AR by Akt leads to Mdm2-dependent, ubiquitin-
proteasome degradation of AR. Indeed, AR was shown to be ubiquitylated by Mdm2 and
subsequently degraded by the proteasome and this action was dependent on the E3
ligase activity of Mdm2 as well as the phosphorylation of Mdm2 by Akt. Phosphorylation
of AR at S515 by cdk7 kinase also leads to the recruitment of Mdm2 (387). Impairment
of AR phosphorylation, using an S515A mutant, blocks AR transactivation through defects
in the recruitment of transcriptional machinery. Interestingly, this mutant caused the
preferred recruitment of CHIP over that of Mdm2 (387). These results suggest that
phosphorylation is a common step necessary for AR ubiquitylation and degradation.
Mdm2 has also been implicated in other NR pathways. Like AR, Mdm?2 is recruited
to ERa and B complexes associated with phosphorylation (78,284,388). Overexpression
of Mdm2 in MCF-7 breast cancer cells stimulates growth while knockdown of Mdm2
inhibits growth with varying stimuli (371,389,390). In the case of ERB, Mdm2 works in
concert with the coregulator, CREB-Binding Protein (CBP) to form a complex that results
in ubiquitylation and ultimate degradation of ERB. Degradation of ERa. is also increased
with Mdm2 over-expression, but in the case of ERa, degradation mediated through Mdm2
requires p53 (371). The requirement of p53 in ubiquitylation have also been shown for
GR and Hdm2 (human homologue of Mdm2) (391). Interestingly, unlike ERB, the Mdm2-
CBP complex was unable to target ERa for degradation. These observations suggest that

receptor ubiquitylation by Mdm2 is mediated through complex formations with
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coactivators, and that the specificity of the coactivator complex dictates the receptor
target.

The HECT E3 ligase E6-AP is itself a NR coactivator and can direct the turnover
of PR and ER (392). Like Mdm2, E6-AP ubiquitylation of ERa and (3 is dependent on
phosphorylation of receptors (109,284). Thus, ubiquitin ligases can direct receptors for
degradation directly via recognition of post-translational modifications on the receptor, as
in the study of Mdm2 and AR, or indirectly via co-regulator complexes. This presents the
possibility of utilizing the ubiquitin system to target subpopulations of receptor based on
post-translational modifications or coactivator complexes (Figure 1).

BRCA1/BARD1 and RNF31 (HOIP) ligases

While most E3 ligases associated with the ubiquitylation of NRs involve the
addition of polyubiquitin chains, BRCA1/BARD1 and RNF31 have both been shown to
monoubiquitylate ERa (393,394). Monoubiquitylation results in the addition of one
ubiquitin moiety on a given lysine residue on the receptor, which increases the molecular
weight of the protein by ~8kD. Multiple lysine residues on the receptor can also be
simultaneously monoubiquitylated (i.e. multiubiquitylation) giving the appearance of a
“ladder” or “smear” which are often difficult to distinguish from a polyubiquitin ladder or
smear in Western blot analysis. BRCAL contains a RING domain at its N-terminus and
its heterodimerization with BARD1 is required for its E3 ligase activity. Mutations in the
BRCAL RING domain that abolish the BRCA1/BARD1 E3 activity have been identified as
cancer-predisposing (395), indicating that the E3 ligase activity is required for its function
as a tumor suppressor. BRCA1 has been shown to regulate ERa and PR transcriptional

activity and both of these NRs were shown to be ubiquitylated by BRCA1/BARD1
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(393,396). Interestingly, in vitro studies revealed that ERa was monoubiquitylated by
BRCA1/BARD1. This monoubiquitylation was dependent on the E3 ligase activity of
BRCAL and cancer pre-disposing BRCA1 mutations (C61G and C64G) were shown to
abolish the ability of BRCA1 to monoubiquitylate ERa. The site of monoubiquitylation on
ERa was identified through mass spectrometry to be K302, however, the K302A ERa
mutant was still monoubiquitylated in vitro. The adjacent lysine residue, K303, can be
targeted for monoubiquitylation in lieu of K302 (393). The function of ERa
monoubiquitylation by BRCA1/BARD1 is still unknown, although is it hypothesized to play
a role in inhibition of ERa transcriptional activity (397).

More recently, PR has been shown to be a substrate for BRCA1/BARD1-mediated
ubiquitylation. Unlike ERa, PR was observed to be polyubiquitylated rather than
monoubiquitylated (396). Overexpression of wild-type BRCA1l lead to increased
polyubiquitylation of PR followed by degradation by the 26S proteasome whereas
overexpression of a mutant BRCAL deficient in its E3 ligase activity could not induce
polyubiquitylation. However, the distinction between polyubiquitylation and
multiubiquitylation was not resolved leaving the possibility that PR is multiubiquitylated by
BRCA1/BARD1. BRCAl1 was also shown to effect PR transcriptional activity when
overexpressed (396).

RNF31—also known as HOIP or ZIBRA—was originally identified as an
upregulated gene in breast cancer (398). RNF31 has also emerged as a critical
component of LUBAC (linear ubiquitin assembly complex) that is implicated in NF-kB
signaling (see below). Knockdown of RNF31 decreased estrogen-dependent growth as

well as cell cycle progression of MCF-7 breast cancer cells (394). These studies also
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revealed a positive correlation between RNF31 levels and ERa levels, indicating that
RNF31 could be stabilizing ERa. Overexpression of RNF31 caused an increase in ERa-
mediated transcription as measured by luciferase assay while siRNA knockdown of
RNF31 decreased ERa-mediated transcription. Importantly, these effects were shown to
be dependent on the E3 ligase activity of RNF31. ERa was found to be monoubiquitylated
by RNF31 suggesting that the monoubiquitylation of ERa is regulating its transcriptional
activation (394). The control of ERa by RNF31 and BRCA1/BARD1 suggests that there
may be other NRs regulated in the same manner via monoubiquitylation. Moreover, given
that RNF31 can act in the context of the LUBAC E3 ligase complex, it is plausible that
linear (or M1-linked) polyubiquitylation also plays a regulatory role in NR function (see
below).
Polyubiquitin chains with non-classical ubiquitin linkages

With the exceptions above, most E3 ligases thus far revealed add polyubiquitin
chains to their respective NR substrate and direct them to the proteasome for
degradation; however, there are both degradative and non-degradative functions of
ubiquitin, the latter of which is only beginning to be explored in the NR field. In addition to
K48-linked polyubiquitin chains described above, an emerging “ubiquitin code” (399)
exists at the forefront of the ubiquitin field wherein polyubiquitin chains can form through
ubiquitin-ubiquitin linkages at six other lysine residue—K6, K11, K27, K29, K33, or K63—
in addition to K48 (Figure 2). Each type of polyubiquitin chain has been shown to be
present in vivo through analysis by mass spectrometry (400). Moreover, the N-terminal
methionine residue of ubiquitin can serve as a target of ubiquitin to assemble polyubiquitin

chains with "M1-linkage". Many substrates can also be multiubiquitylated at multiple
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lysine sites. Finally, different types of ubiquitin configuration could occur in a single
substrate (i.e., "mixed" ubiquitin linkages). The different linkages can regulate protein
activities in different contexts, including cell signaling, cell cycle regulation, DNA damage
repair, and lysosomal degradation, among others (Figure 2). The role for these less
commonly studied forms of polyubiquitin linkages in NR regulation is a virtually untapped
area of research.

A New Frontier in Ubiquitylation

One example of atypical ubiquitin regulation of NR function was reported for the
AR. Xu et al. discovered that the androgen receptor (AR) was polyubiquitylated by the E3
ubiquitin ligase, RNF6, in prostate cancer cells (401). Identified as an interacting partner
of AR in GST-pull down assays, RNF6 overexpression leads to an increase in
polyubiquitylated AR without changes in AR protein levels. In vitro ubiquitylation assays
revealed that RNF6 added K6- or K27-linked polyubiquitin chains to the AR. The authors
went on to show that overexpression of RNF6 increased the recruitment of co-factors,
specifically ARA54, to androgen response elements (AREs), which suggests the
possibility that specific ubiquitin linkages may contribute to the specificity of coregulator
complexes on DNA. This may have implications in hormone-refractory prostate cancer
where RNF6 has been shown to be overexpressed (401).

The study of RNF6 in AR biology provides a proof of principle that atypical ubiquitin
chains can contribute to NR transcriptional function, but the array of potential linkages
that remain unexplored provides a great opportunity for the NR field to better characterize
the functional role of different ubiquitin moieties in the cell. The ability to tightly regulate

NR activation with ligand provides the potential to study the formation of different ubiquitin
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linkages in a controlled biological setting. Lessons from the NF-kB field provide a valuable
guide into the potential of the “ubiquitin code”. It is well documented that ubiquitin
regulates multiple steps in the NF-kB signaling pathway using both degradative and non-
degradative polyubiquitin chains (402). NF-kB signaling is initiated by activation of cell
surface receptors, such as the tumor necrosis factor receptor (TNFR) family or the toll-
like receptor (TLR) family, which leads to the activation of the IkB kinase (IKK) complex
and subsequent phosphorylation and degradation of IkB (Inhibitor of kB). Degradation of
IkB releases cytoplasmically sequestered NF-kB to migrate to the nucleus to initiate
transcription. Coupling of the activated cell surface receptors to the IKK complex involves
K63- and M1-linked polyubiquitin chains on adaptor proteins that are assembled on
activated cell surface receptors. An E2, Ubc13/Uevl1A, can specifically assemble K63-
linked polyubiquitin chains in conjunction with multiple E3s belonging to the TRAF (TNFR
associated factor) family, such as TRAF3 and TRAF6. As briefly mentioned above,
LUBAC, composed of the catalytic HOIP (HOIL-1-interacting protein), regulatory HOIL-
1L (heme-oxidized IRP2 Ub ligase-1L) and SHARPIN (SHANK-associated RH domain
interacting protein in postsynaptic density) assembles M1-linked polyubiquitin chains. In
a simplified model, these K63 and M1-linked polyubiquitin chains are recognized by
TAB2/3 (TAK1 binding proteins 2 and 3), regulatory subunits of TAK1 (TGFB-activated
kinase 1), and NEMO (NF-kB essential modulator), a regulatory subunit of the IKK
complex (403) to induce TAK1l-dependent IKK activation. The active IKKB then
phosphorylates IkB which allows it to be recognized by B-TrCP E3 ligase, and

polyubiquitylated with K48-linked polyubiquitin chains for targeting to the 26S
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proteasome. In this example, the non-degradative polyubiquitin chains couple the cell
surface receptor to key components of the activation mechanism.

The RNF6 study in AR suggests that non-degradative polyubiquitin chains may
interface with NR activation mechanism at the level of co-activators, but other
components of the NR signaling pathway (post-translational modifications, dimerization,
DNA binding) are all potential interactions that have not yet been tested. Reciprocally,
despite the great strides in the ubiquitin field toward uncovering and characterizing
nondegradative ubiquitin roles, the currently limited functional assignments for the
different ubiquitin linkages are likely an underestimation of its involvement in signaling.
The limited studies of ubiquitin linkages in other biological contexts, including the NR field,
is due in large part to the difficulty to detect and quantify proteins modified by specific
ubiquitin linkages. Three major techniques for detecting different ubiquitin linkages
include linkage specific antibodies, mutagenic analysis/genetic complementation, and
mass-spectrometry that could be applied to the analyses of NRs.

Linkage-specific antibodies. Antibodies are available for K48, K63 or M1 linkages

from commercial sources. The antibodies can be used in immunoprecipitation (IP)-
Western analysis wherein a specific receptor of interest is immunoprecipitated under
denaturing conditions followed by Western blot analysis using one of these linkage-
specific ubiquitin antibodies to detect ubiquitin modified proteins via specific linkages.
These approaches added to the understanding of linkage-specific roles in NF-kB
signaling by providing a function for non-degradative ubiquitin chains (404,405) and DNA
repair (406). Depending on the quality of the antibodies, a large amount of NR may need

to be immunoprecipitated to be detected by these chain-specific antibodies.
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Mutagenesis: Atypical ubiquitin linkages can also be implicated by overexpression
or knockdown/knockout approaches to attenuate specific E2 (e.g. Ubc13 for K63 chains)
and E3 components (e.g. LUBAC subunits for M1 chains). In addition, mutating specific
lysines in ubiquitin to arginine and either over-expressing or genetically complementing
these mutant species in cells has helped to define a cellular role for different ubiquitin
linkages. For example, Xu et al. showed that the involvement of non-degradative K63-
linked polyubiquitin chains in NF-kB signaling by generating a knock-in system to replace
endogenous ubiquitin with a K63R mutant form (407). Interestingly, the use of this system
allowed them to determine which stimuli (interleukn-13, but not TNFa) required K63-
linked ubiquitin chains in the activation of NF-kB. While transient expression analysis with
ubiquitin mutants may be readily applicable, generation of stable cell lines harboring
mutant ubiquitin replacing endogenous ubiquitin is exceedingly challenging due to the
presence of multiple genes that encode ubiquitin and the impacts on cell viability when
certain ubiquitin mutants (e.g. K48R) are employed (407).

Mass spectrometry: In the process of ubiquitylation, the C-terminal tail of ubiquitin

is typically attached to a lysine residue on its target substrate. Trypsin digestion of the
ubiquitylated protein will result in a peptide where by a Gly-Gly motif is attached to a Lys
residue on the substrate. In a similar fashion, polyubiquitin chains formed through specific
Lys residues on ubiquitin also result in unique peptide sequences surround the Lys
linkage, which allow for detection of different ubiquitin linkages (408). For example,
Nishikawa et al. have used this method to identify that BRCA-1/BARD-1 is able to
generate K6-linked polyubiquitin chains in vitro (409). One of the major caveats to using

mass-spectrometry is that it requires a large amount of ubiquitylated product for
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identification. Thus, the majority of ubiquitylated substrates used for this technique have
been generated from in vitro ubiquitylation of recombinant substrates. Moving into cells
requires a large amount of starting material (e.g., 50-100 x10° cells or 20-50 150mm
plates) (410,411), which is feasible for cell line studies but may be limiting in the analysis
of primary cells isolated from animal sources or patient samples. The use of anti-di-Gly
antibodies is useful in the enrichment of ubiquitylated peptide species following trypsin
digestion to reduce the complexity of MS analysis (412).

The role of ubiquitin in NR function is just in its infancy and despite some of the
current technical challenges, understanding how this protein modification regulates NR
function may open new avenues of research and therapeutic design. There are many
critical reagents being generated (e.g., antibodies that specifically detect different
ubiquitin linkages (413,414)), new techniques being developed (e.g., advanced, sensitive
and quantitative MS analyses (415-417)) and specific ubiquitin E2s, E3s and
deubiquitinases (DUBs) that act on specific ubiquitin linkages (361,418,419). These
advances have had tremendous impact on the NF-kB signaling field in particular and may

in the future have a similarly profound impact on NR family of proteins.

Current and future ubiquitin-targeting therapeutics

The examples provided above indicate the potential for targeting multiple steps
(protein folding, coactivator interactions, transcriptional function) in the NR signaling
pathway via control of ubiquitylation. Clinical approaches in cancer therapy have thus far

focused on inhibiting the 26S proteasome (420). Bortezomib (Velcade, PS-341) is a
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general proteasome inhibitor that is FDA approved for the treatment of multiple myeloma.
Second generation proteasome inhibitors have also been developed including
Carfilzomib, which was approved in 2012 for multiple myeloma patients that are refractory
to bortezomib therapy (421). While the preclinical data supports the efficacy of
proteasome inhibitors in other cancer types, the results outside of hematological
malignancies have been disappointing (422). Hence, efforts to more specifically target
the ubiquitylation machinery and their substrates are underway. A glimpse into this
potential with relevance to the NR field is provided by studies of SCF-Skp2 and p27kiL,
Skp2 is an F-box protein and component of the Skpl-Cullinl-F-Box (SCF) ubiquitin E3
ligase complex. It is overexpressed in human cancers and deregulation of Skp2 is
implicated in progression through loss of control of cell cycle control and transcription
(423-425). Skp2 ligase activity was shown to be dependent on phosphorylation which
can be induced by 17B-estradiol, leading to ubiquitylation of p27kPl (426,427). The loss
of nuclear p27¥P! has been shown to occur in 17B-estradiol-induced type | endometrial
carcinogenesis (426). Using a small molecule screen, specific agents have been
identified that block Skp2-dependent ubiquitylation of p27kPl  thus preventing its
degradation. Treatment of 17B-estradiol-induced endometrial carcinoma cell lines with
these small molecules resulted in increased levels of p27<Pl along with decreased
proliferation (428). These experiments demonstrate that alterations of E3 ligase activity
using small molecule inhibitors could be a viable strategy for future therapeutic
development. Parenthetically, ERa is also a target for Skp2 ligase activity and high Skp2
expression in human tumors correlates with loss of ERa-negative status (351). By

extension, the regulation of Skp2 may have broader implications in ER-dependent
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diseases. To date, three E3-targeting drugs have been approved by the FDA, and all
three target the same enzyme, Cereblon (CRBN). CRBN is a part of the Cul4-Rbx1-
DDB1-CRBN E3 ubiquitin ligase complex and the three drugs that target CRBN—
thalidomide, lenalidomide, and pomalidomide; commonly referred to as IMiDs
(immunomodulatory drugs)—bind to CRBN and promote the recruitment of substrates,
including lkaros (IKZF1) and Aiolos (IKZF3), which are subsequently ubiquitylated and
degraded (429-432). Currently these drugs are approved for multiple myeloma therapy
(433,434).

Therapeutic targeting of NRs have been successfully developed by capitalizing on
the in-depth knowledge of NR signaling and transcription. Likewise, development of
ubiquitin-targeting drugs requires knowledge of substrates and their role in the
pathogenesis of disease. The marriage of NR and ubiquitin fields presents the opportunity
to move two potential therapeutic approaches forward by dually capitalizing on this rapidly

advancing field.
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Figure A-1: A model of conserved roles of the ubiquitin proteasome pathway in
NR signaling.

The primary function ascribed to ubiquitin in NR signaling is targeting receptors to the
proteasome. Shown is a simplified NR signaling pathway in which receptor (R) is
activated either by ligand or by kinases from growth factor or membrane bound NRs.
Receptors held bound by heat shock proteins can be targeted for degradation by the 26S
proteasome following ubiquitylation by E3 ligases, such as CHIP. Upon binding ligand,
receptors undergo dimerization (homo- and heterodimerization are not distinguished
here) and can be decorated by multiple post-translational modifications including
phosphorylation, shown as a star. Phosphorylated receptors can be directly recognized
by E3 ligases, ubiquitylated, and directed to the proteasome for degradation.
Alternatively, post-translationally modified receptors can be incorporated into active
transcriptional complexes of variable co-regulator components, represented by a grey
multiprotein-complex. The make-up of the co-regulator/receptor complexes can recruit E3
ligases that direct ubiquitylation and degradation of the transcriptional complex. In the
degradative pathways, post-translational modifications and co-regulator complexes guide

E3 targeting that allows subpopulations of receptors to be selectively degraded in cells.
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Figure A-2: A schematic of the cellular processes in which different polyubiquitin
chain species have been implicated based on linkage type.

The different types of ubiquitylated species are represented as cartoons in the left-hand
column. Polyubiquitin chains can be organized into a “closed” or “open” conformation
based solely on the type of linkage that connects them. A (*) symbolizes that structural
data is currently unavailable for these linkages; however, modeling of these structures
predicts the conformation of each chain type. Cellular roles are determined based on the
identification of each chain type in a specific cellular process. Currently the function of
many of these chains is still unknown. This list is not meant to be comprehensive but

rather to highlight the many diverse roles of ubiquitin.
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Figure A-3: A hypothetical model of non-degradative ubiquitin in NR signaling.

Non-degradative polyubiquitin chains can serve as protein assembly scaffolds. Examples
shown in the middle and right panels are assemblages described in NF-kB signaling and
DNA damage repair. Based on these models, we speculate the potential for non-
degradative ubiquitin chains providing similar scaffolding in NR signaling, bringing
together tertiary complexes with enzymatic activity to post-translationally modify receptor
or other coregulator proteins to affect transcription. Such scaffolds could also bring other
ubiquitin-binding domain (UBD) proteins into the NR complex without directly binding to

NR.
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Table A-1: E3 Ligases Involved in NR Ubiquitylation

Class of

Nuclear Receptor E3 Ligase Ligase Type of Ub References

Estrogen Receptora E6-AP HECT poly (252,293)
CHIP RING poly (461)
Mdm2 RING poly (371)
BRCA1/BARD1 RING mono (393)
EFP RING poly K48 (462)
SPOP RING poly (463)
RBCK1 RING ? (464)
CUEDC2 ?* ? (465)
Skp2 RING poly (351)
RNF31 RING mono (394)

Estrogen Receptor  CHIP RING poly K48 (383)
E6-AP HECT poly (284)
Mdm2 RING poly (388)

Androgen Receptor Mdm2 RING poly 47)
CHIP RING poly (381)

poly-K6 or

RNF6 RING -K27 (400)
Siah2 RING poly K48 (466)
UBR1 RING ? (467)
Skp2 RING poly (468)

Glucocorticoid

Receptor Hdm2 RING poly (391)
CHIP RING poly (382)
FBXW7 RING poly (469)
UBR1 RING ? (467)

Progesterone

Receptor CUEDC2 ?* ? (470)
BRCA1/BARD1 RING poly (396)

Retinoic Receptora FLRF (Rnf41)  RING ? (471)

Mineralocorticoid

Receptor CHIP RING poly (384)

PPARy Siah2 RING poly (472)

Thyroid Hormone

Receptor ? (364)

Estrogen-Related
Receptors Parkin RING poly (473)
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Table A-2: NR Coregulators that Contain RING Finger Domains

Coregulator Ring Finger Receptor References
Designation

ARNIP RNF199 AR (474)

BRCAl RNF53 ER, PR (396,475-477)

EFP RNF147 ER (462,478)

MAT1 RNF66 ER, PPARy (479,480)

RNF8 RNF8 RXR (481)

RLIM RNF12 ER (482)

TIF1 RNF82, RNF96 RXR, RAR, ER, (483-485)

VDR, AR, TR
SNURF RNF4 AR, GR, PR, ER (486-488)

Abbreviations: RNF, Ring Finger protein; ARNIP, Androgen receptor N-terminal
Interacting Protein; BRCAL, breast cancer type 1 susceptibility protein; EFP, Estrogen-
responsive Finger Protein; MAT1, Menage-a trois homologue 1; RLIM, Ring finger
protein, LIM Domain Interacting, TIF1, Transcriptional intermediary factor, SNURF,

SNRPN Upstream Reading Frame, see references.
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Appendix B:
17R-Estradiol and 1C1182,780 Differentially Regulate STAT5 Isoforms in Female

Mammary Epithelium, With Distinct Outcomes

This appendix contains select text and data produced for the following report in
collaboration with Dr. Fatou Jallow and Dr. Linda Schuler:
Jallow F, Brockman JL, Helzer KT, Rugowski DE, Goffin V, Alarid ET, Schuler LA.

17B-Estradiol and 1C1182,780 Differentially Regulate STAT5 Isoforms in Female
Mammary Epithelium, With Distinct Outcomes. J Endocr Soc 2018;2(3):293-309.
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Prolactin (PRL) and estrogen cooperate in lobuloalveolar development of the mammary
gland and jointly regulate gene expression in breast cancer cells in vitro. Canonical PRL
signaling activates STAT5A/B, homologous proteins that have different target genes and
functions. Although STAT5A/B are important for physiological mammary function and
tumor pathophysiology, little is known about regulation of their expression, particularly of
STAT5B, and the consequences for hormone action. In this study, we examined the effect
of two estrogenic ligands, 17B-estradiol (E2) and the clinical antiestrogen, 1C1182,780
(ICI, fulvestrant) on expression of STAT5 isoforms and resulting crosstalk with PRL in
normal and tumor murine mammary epithelial cell lines. In all cell lines, E2 and ICI
significantly increased protein and corresponding nascent and mature transcripts for
STAT5A and STAT5B, respectively. Transcriptional regulation of STAT5A and STAT5B
by E2 and ICI, respectively, is associated with recruitment of estrogen receptor alpha and
increased H3K27Ac at a common intronic enhancer 10 kb downstream of the Stat5a
transcription start site. Further, E2 and ICI induced different transcripts associated with
differentiation and tumor behavior. In tumor cells, E2 also significantly increased
proliferation, invasion, and stem cell-like activity, whereas ICI had no effect. To evaluate
the role of STATS5B in these responses, we reduced STAT5B expression using short
hairpin (sh) RNA. shSTAT5B blocked ICI-induced transcripts associated with metastasis
and the epithelial mesenchymal transition in both cell types. shSTAT5B also blocked E2-
induced invasion of tumor epithelium without altering E2-induced transcripts. Together,
these studies indicate that STAT5B mediates a subset of protumorigenic responses to
both E2 and ICI, underscoring the need to understand regulation of its expression and

suggesting exploration as a possible therapeutic target in breast cancer.
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In this study, | assisted in analyzing the occupancy of ER at the Stat5a and Stat5b
lociin response to E2 and ICI 182,780. First, to investigate estrogenic regulation of STAT5
isoforms, the effect of E2 and ICI on STAT5A/B transcription in TC11 cells was examined.
Initial analysis of Statba and StatS5b mRNA showed that E2 and ICI had differential effects
on the two Stat5 isoforms. E2 induced Stat5a, whereas ICI induced StatSb mature
transcripts (Figure B-1A, Figure B-1B), consistent with the observed changes in levels of
these proteins. To assess whether these are direct transcriptional effects, nascent RNA
was evaluated. Similar to the mRNA, E2 induced nascent Stat5a transcripts, whereas ICI
induced nascent Stat5b transcripts (Figure B-2A, Figure B-2B), confirming a contribution
for transcriptional regulation. Therefore, we investigated the ability of these ligands to
recruit ERa to genomic sites near the Stat5a/Stat5b locus. ER ChlIP-sequencing data
from Miranda et al. (199) (GEO dataset GSE46123) on a mouse mammary carcinoma
cell line treated with E2 for 30 minutes identified five ER occupancy sites in the
Stat5a/Stat5b locus within 50 kb of either the Stat5a or Stat5b coding regions (Figure B-
1). We performed ChIP-gPCR on cells treated with Veh, E2, or ICI for 30 minutes and
observed a robust increase in ERa occupancy at site Stat5a 10k after either E2 or ICI
treatment (Figure B-2C). The remaining sites tested (Stat5b 51k, Stat5b 34k, Stat5a 6k,
Statba 27k) showed no substantial change in ER occupancy compared with vehicle upon
treatment with either E2 or ICI (Figure B-2C). H3K27 acetylation (H3K27Ac), a marker
associated with functional ERa binding sites (194,264), was similarly increased by both
E2 and ICI at the Stat5a 10k site (Figure B-2D). These data show that both E2 and ICI
can recruit ER and induce consequent H3K27 acetylation at a common intronic site 10k

from the Stat5a transcription start site, with distinct effects on STAT5A and 5B expression.
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Figure B-1: Location of ER occupancy sites around the Stat5a/5b genomic locus.
ER ChlIP-seq data from Miranda et al. (199) was analyzed for locations of ER
occupancy around the Stat5a and Stat5Sb locus. The transcriptional start site for Statba
and the upstream start site for StatSb (exon 1b) are shown. ER occupancy sites have
been labeled by their proximity to the nearest transcription start site of either Stat5a or

Stat5b.
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Figure B-2: Estrogen and ICI recruit ER to the Stat5 genomic locus in TC11 cells.
(A, B) Serum-starved TC11 cells were treated with Veh, E2, or ICI for 3, 6, or 24

hours, as shown. Levels of mature (solid bars) and nascent (stripped bars) Stat5a and
StatSb transcripts were determined by qRT-PCR and normalized to 18S RNA. Mean
changes relative to levels in Veh-treated cells + SD are shown. N = 3. Significant
differences were determined by two-way ANOVA, followed by the Tukey posttest
(differences in levels of mature transcripts from Veh, *P < 0.01, **P < 0.0001; differences
in levels of nascent transcripts from Veh, #P < 0.001, ##P < 0.0001). (C) Serum-starved
TC11 cells were treated with Veh, E2, or ICI for 30 minutes; ChIP was performed as
described in the Materials and Methods. Mean * standard error of the mean is shown. N
= 3. Significant differences from Veh were determined by one-way ANOVA, followed by
the Tukey post hoc test (*P < 0.05) using percent input values. (D) H3K27Ac ChIP at the
Stat5a 10 kb site. TC11 cells were treated as described in panel C. H3K27ac data were
normalized to total H3 followed by normalization to Veh. Statistical differences from Veh
were calculated by Wilcoxon signed-rank test, N = 6; mean + standard error of the mean

(*P < 0.05).
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Appendix C:

Additional GRHL2 Experiments
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In Chapter 3, motif analysis was performed on pS118-ER occupancy regions and
it was found that the GRHL2 motif was enriched at pS118-ER sites compared to ER-only
sites (Figure 3-2). This appendix contains experiments performed to determine if GRHL2
plays a role in ER signaling. Other studies have reported an interaction between ER and
GRHL2 through co-immunoprecipitation or RIME experiments (201,239), but no
experiments had been performed to test if GRHL2 in involved in E2-dependent ER gene
transcription or if GRHL2 or ER control expression of the other. Analysis of the ER and
pS118-ER ChIP-seq data revealed that the GRHL2 locus contain many ER and pS118-
ER occupancy sites within 50 kb of its transcription start site (Figure C-1), suggesting that
GRHL2 may be an ER target gene. However, MCF-7 cells treated with E2 for 4 hours
showed no change in GRHL2 mRNA levels, indicating that E2 does not control GRHL2
(Figure C-4D). Additionally, GRHL2 protein is not affected by E2 treatment for 24 hours
(Figure C-3A). To test if loss of GRHL2 had an effect on ER expression, an siRNA protocol
for knocking down GRHL2 was optimized (Figure C-2; see Chapter 6 for methods). First,
GRHL2 knockdown was performed in MCF-7 cells using 80 pmol siGRHL2 as described
in methods section (Chapter 6) and substantial knockdown was achieved (Figure C-2A).
Next, to analyze the length of time the GRHL2 knockdown lasts, MCF-7 cells were
transfected as before, and after 24 hours the media was replaced and cells were allowed
to grow for between one to five days followed by protein isolation and analysis by
immunoblot. GRHL2 knockdown was achieved at day 1 and lasted throughout the time
course to day 5 (Figure C-2B). Time points longer than 5 days have not been tested.
Additionally, a dose response of siGRHL2 was performed to test if lower amounts of

SIGRHL2 can produce similar levels of GRHL2 knockdown. MCF-7 cells were transfected
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with varying amounts of sSiGRHL2 and analyzed by immunoblot. Knockdown of GRHL2
was achieved at amounts as low as 10 pmol siGRHL2 and the knockdown appeared to
be as efficient as 80 pmol siGRHL2 (Figure C-2C). With the GRHL2 knockdown
optimized, the effects of GRHL2 knockdown on ER function was analyzed. GRHL2
knockdown was found to have no effect on ER protein levels or the downregulation of ER
by E2 (Figure C-3). A previous report found that the loss of GRHL2 decreased levels of
androgen receptor (AR) and E-cadherin (E-Cad) in LNCaP cells (317). Given that ER and
AR are in the same nuclear receptor family, it was hypothesized that AR and E-Cad would
similarly be lost in MCF-7 cells upon loss of GRHL2. However, the loss of GRHL2 in MCF-
7 cells led to not change in the levels or AR or E-Cad (Figure C-3) indication that the
GRHL2 signaling axis is not the same between MCF-7 and LNCaP cells. Gene analysis
of ER target genes was also performed in GRHL2 knockdown MCF-7 cells. While many
genes known to be upregulated and downregulated by E2 were tested, no genes were
found to be affected by GRHL2 knockdown (Figure C-4A, C-4B). Additional genes known
to be regulated by GRHL2 (VIM and ZEB1) were also tested, but no significant differences
were observed (Figure C-4C). GRHL2 levels were found to be reduced to approximately
40% of the control levels (Figure C-4D) suggesting that low levels of GRHL2 may still be
present, and a full knockout of GRHL2 may need to be performed to confirm the results
observer here. To test if loss of GRHL2 had an effect on DNA occupancy of ER or pS118-
ER, MCF-7 cells were transfected with either control or siGRHL2 followed by treatment
with vehicle (0.1% EtOH) or 10 nM E2 and ChIP-gPCR was performed on a set of sites
known to be occupied by both GRHL2 and pS118-ER. Similarly, knockdown of GRHL2

had no statistically significant effect on the occupancy of ER or pS118-ER in either control
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of E2 conditions (Figure C-5). Although not statistically significant, GRHL2 occupancy

tended to increase upon E2 treatment in line with results from Figure 3-3C.
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Figure C-1: ER and pS118-ER Occupancy Sites are Present at the GRHL2 Locus.
UCSC Genome Browser view of ER and pS118-ER ChlP-seq tracks at the

GRHL2 locus. Vehicle (yellow) and E2 treated (blue) tracks are overlapped and
overlapping regions are displayed as green. Various ER and pS118-ER occupancy sites

are labeled with grey lines.
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Figure C-2: GRHL2 knockdown efficiency in MCF-7 cells.
(A) MCF-7 cells in full media were transfected with 80 pmol siGRHL2 for 24 hours

as described in materials and methods (see Chapter 6). Protein was collected and
analyzed by immunoblot. (B) Time course analysis of siGRHL2. MCF-7 cells were
transfected with 80 pmol siGRHL2 for 24 hours. After transfection media was replaced
and cells were allowed to grow for 1 to 5 days followed by protein isolation and analysis.
(C) MCF-7 cells were transfected with varying amounts of siGRHL2 for 24 hours and
protein was analyzed by immunoblot. No lipofectamine 2000 was used in the negative
control and the 0 pmol treatment contains lipofectamine but with no siGRHL2. A long and

short exposure of GRHL2 is shown.
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Figure C-3: Effect of GRHL2 knockdown on ER and other proteins known to be
regulated by GRHL2 in LNCaP cells.

MCF-7 cells were stripped for three days followed by transfected with 80 pmol
SiGRHL2 for 24 hours. Cells were then treated with either vehicle (0.1% EtOH) or 10 nM
E2 for 24 hours and protein was collected and analyzed by immunoblot. Androgen
receptor (AR) and E-Cadherin (E-Cad) were analyzed as these were found to be

regulated by GRHL2 in LNCaP cells (317).
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Figure C-4: GRHL2 knockdown analysis of ER target genes.
MCEF-7 cells were stripped for three days followed by transfected with sSiGRHL2 for

24 hours. Cells were then treated with either vehicle (0.1% EtOH) or 10 nM E2 for 4 hours
and RNA was isolated. Genes known to be (A) upregulated or (B) downregulated by E2
were tested for alteration by siGRHL2. Additionally, genes known to be affected by
GRHL2 loss (C) were analyzed. (D) GRHL2 knockdown efficiency from siGRHL2. Three

replicates are shown.
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Figure C-5: ER and pS118-ER ChIP in GRHL2 knockdown MCF-7 cells.

MCF-7 cells were stripped for three days and transfected with siGRHL2 as previously
described (see Chapter 6 for methods) followed by treatment with 10 nM E2 for 30 min.
Chromatin immunoprecipitation was performed for ER, pS118-ER, and GRHL2 in the
presence and absence of E2. Four regions were tested for occupancy of each of these
factors (displayed on left). No statistical differences were observed between respective

SiCTRL treatments and siGRHL2.
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Appendix D:

Analysis of Breast Cancer Cells Isolated from Pleural Effusions
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This appendix contains data relating to the isolation and analysis of breast cancer
cells from pleural effusions or ascites collected from patients with metastatic breast
cancer and was done in collaboration with the lab of Dr. Amy Fowler. The MCF-7 cell line
was originally isolated from a pleural effusion performed on a patient with ER-positive
breast cancer (17,18) and the goal of this project was to isolate breast cancer cells from
patients receiving a similar procedure and to analyze the expression and activity of ER
and pS118-ER in these cells. Patients were enrolled from the University of Wisconsin
Carbone Cancer Center who had ER-positive primary breast cancer which had
metastasized to various sites. Each patient’s age, metastasis sites, and fluid type are
shown in Table D-1. The cells are named WICC cells after the Wisconsin Carbone Cancer
Center. Upon receiving the pleural effusion or ascites, cells were pelleted at 500 x g and
the supernatant was removed. The cell pellet was resuspended in TAC buffer (150 mM
NH4Cl, 170 mM Tris-HCI, pH 7.4) and incubated at 37°C for 10 min to lyse red blood cells.
The remaining cells were pelleted, and the supernatant removed. These cells were then
washed three times with 1x PBS, counted, and either frozen down or plated into various
medias for growth. Upon initial isolation of the cells, samples were taken to perform
protein analysis and to test for ER status. WICC1 though WICC9 were tested for
expression of ER and pS118-ER. WICC4 was not analyzed due to insufficient material.
WICC1, WICC5, WICC6, and WICC9 were found to be ER-positive and expressed ER at
similar levels to MCF-7 (Figure D-1). All ER-positive WICC cells were also found to
express pS118-ER, indicating that ER is being activated in some manner. To test if ER
was actively bound to DNA, cells from WICC1 and WICC9 cells were collected during

isolation and ChIP-gPCR was performed. A number of sites known to be occupied by ER
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and pS118-ER in MCF-7 cells were tested and all sites were similarly observed to be
significantly occupied by ER and pS118-ER in both WICC1 and WICCS9 cells compared
to the IgG control (Figure D-2). The presence of pS118-ER and the occupancy observed
on DNA of both ER and pS118-ER in the WICC cells indicate that although these patients
have been treated with anti-estrogen therapies, ER still appears to be active to some

extent.



Table D-1: WICC Patient Information

Patient ID Age Met Sites Fluid Type
WICC1 62 Bone, Brain Pleural Effusion
WICC2 59 Bone Ascites

WICC3 59 Bone Pleural Effusion
WICC4 57 Liver Ascites

WICC5 58 Bone Pleural Effusion
WICC6 57 Brain Ascites

WICC7 56 Liver Ascites

WICCS8 62 Omentum, Bone  Ascites

WICC9 75 Chest Walll Ascites

214
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Figure D-1: Protein Analysis of WICC Cells.

After isolation of cells from pleural effusions, cells were lysed and protein was
guantified. Equal amounts of protein were analyzed by immunoblot and blot was probed
for ER and pS118-ER. The ER band is denoted with an arrow. WICC4 cells were not

analyzed due to insufficient material.
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Figure D-2: ER and pS118-ER Occupy DNA in WICC1 and WICC9 cells.

Upon isolation of cells from WICC1 and WICC9 pleural effusions, cells were fixed
in suspension with 1.5% formaldehyde and chromatin immunoprecipitation was
performed for ER and pS118-ER on three technical replicates for each cell line. I1gG is
used as a control. Known ER and pS118-ER occupancy sites as identified from the ER
and pS118-ER ChIP-seq study in this thesis were analyzed for occupancy in the WICC
cells. Data are calculated as a percent input. Student’s t-test was performed on percent

input values and an asterisk (*) denotes p<0.05 compared to IgG control.
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