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CHANGES IN ESTROGEN RECEPTOR ALPHA (ERa) PHOSPHORYLATION IN HUMAN T CELLS

An Abstract of the Thesis by
Samantha Meneely

Estrogen has two receptor proteins, estrogen receptor alpha (ERa) and estrogen
receptor beta (ERB). ERa can undergo multiple post-transcriptional modifications
(PTMs); however, relatively little is known about the function and regulation of any of
the PTMs that ERa can potentially undergo, especially in vivo. In total, 19
phosphorylation sites have been identified in ERa thus far, and most sites contain a Ser-
Pro motif. Different pathways are responsible for the phosphorylation of different sites.
These pathways include mitogen-activated protein kinase (MAPK) signaling, lkappaB
kinase complex alpha (IKKa), cyclin-dependent kinase 7 (CDK7), a subunit of
transcription factor Il H, protein kinase B (PKB), glycogen synthesis kinase-3 beta
(GSK3B), mammalian target of rapamycin (mTOR/p70S6K), ribosomal s6 kinase (Rsk),
and casein kinase Il. Here, phosphorylation of three sites between resting and activated
human T cells are compared. T cells were purified and total proteins were extracted
from both resting and activated T cells. Changes in ERa were investigated via
immunoprecipitation and Western blot. The amount of phosphorylation at each site was
compared between resting and activated T cells, and the amount of phosphorylated
receptor was adjusted to the total ERa in each sample. The results for a sample size of
ten indicated that when ERa is at 100%, Ser 104/106 resting T cells are 89.30% and

active are 92.00%, Ser 118 resting T cells are 80.08% and activated are 87.54%, and Ser



167 resting T cells are 86.44% and activated are 78.35%. Statistical analysis revealed the
results were significant for both resting and activated T cell for ERa Ser 118 and Ser 167,
but not for Ser 104/106 in those same conditions. These results provide a baseline for
studying the phosphorylation changes in SLE patients. It is known that the MAPK-
ERK1/2 pathway is abnormal in SLE; therefore, it is hypothesized there will be a

decrease in phosphorylation in activated T cells compared with control.
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CHAPTER |

INTRODUCTION

Estrogen and its Receptors

Estrogen, a class of female steroid hormones, induces cellular changes to
different mechanisms throughout the body (1). The systems include the bone, brain,
uterus, breast tissue, ovaries, heart, and fat (1). The hormone serves as a ligand for two
specific receptor proteins termed estrogen receptor alpha (ERa) and estrogen receptor
beta (ERB) (2). These nuclear receptor complexes are dynamic transcription factors that
can shuttle between the cytoplasm and nucleus in order to bind to specific DNA
sequences of target genes and alter transcription rates (3, 4, 5). ERa and ERP bind
estradiol, a type of estrogen, with equal affinity, and both receptor subtypes interact
with the estrogen-response element (ERE), an inverted-repeat DNA sequence found in
the promoter regions of many estrogen-responsive genes and regulates the expression
of ER-dependent genes (4, 5). Dimerization of the ER is required for transcriptional
activity and in cells that express both receptor subtypes ERa and ERPB, can form
heterodimers (5). ERa is unusual among nuclear hormone receptors, in that its turn-over

rate is more rapid than other nuclear receptors with a half-life of approximately 4 hours
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in breast cancer cells and in normal target tissues such as the uterus, indicating dynamic
regulation by modulating factors (6, 7, 8, 9). In contrast, ERP has a half-life of 8 hours
and is predominately expressed in glanulosa cell-derived tissues, and to the lesser
extent in mucinous tissue of epithelial origin (1, 10, 11).

Steroid receptors (SR) share a common structure of a carboxyl-terminal ligand
binding domain (LBD) and an amino-terminal domain (NTD) (3) (Appendix A). The LBD is
linked by a hinge region (H) to a highly conserved DNA-binding domain (DBD),
comprising the hormone response element, and contains a hormone-dependent
coactivator interface called activation function 2 (AF2) (3). Coactivators have a common
signature motif, LXXLL, with which they can interact with ERain a hormone dependent
manner (4, 12). Crystallography shows that, when an antagonist, such as tamoxifen,
binds to the LBD, helix 12 itself occupies the coactivator binding site, rendering ERa
inactive (4, 13, 14, 15). In contrast, the NTD contains a hormone-independent
coactivator interface AF1 (3). In a nonligand-bound state, helix 12 is highly mobile, and
upon binding of an agonist it takes a more fixed position, stabilizing the conformation of
ERa. Coactivators also bind to the AF1 domain of ERaq, in a ligand-independent manner
(4). Structural changes of ER can influence coregulator binding and hence potentially the
response to ligands (4). However, in the presence of hormone antagonists, the ER
undergoes a conformational change that facilitates co-repressor binding (5). The
balance between activators and repressors may be a key concept for understanding the

ER-regulated gene expression (5).



The NTD contains the majority of phosphorylation sites, which are
phosphorylated by a wide range of kinases (2, 3, 16). Many of these sites identified in
receptors isolated from hormone-treated cells contain serine-proline motifs (Ser-Pro)
which can be recognized by the peptidyl prolyl isomerase (Pin1), which facilitates in
protein folding (2, 3, 16). Net phosphorylation of the receptors also increases in
response to hormone (2). Thus, in addition to inherent change of charge,
phosphorylation of these sites can result in the isomerization and subsequent alteration
of receptor structure (3).

Receptors respond differently in the presence or absence of hormones. For
instance, ERa is predominantly nuclear in the absence of hormone, whereas in response
to hormone treatment it undergoes nuclear localization (2). Without the hormone,
several of the nuclear receptors, including the ER, are unable to bind to corepressors (5).
In the classical mechanism of estrogen action, estrogens diffuse into the cell and bind to
the receptor, which is located in the nucleus. This nuclear estrogen-ER complex binds to
the ERE sequences directly or indirectly through protein-protein interactions with
activator protein 1 (AP1) or specificity protein 1 (SP1) sites in the promoter region of
estrogen-responsive genes, resulting in recruitment of coregulatory proteins to the
promoters, increased or decreased mRNA levels and associated protein production, and
a physiological response (1). This classical, or genomic, mechanism typically occurs over
the course of hours. In contrast, estrogen can act more quickly (within seconds or

minutes) via nongenomic mechanisms through other non-ER plasma membrane-



associated estrogen-binding proteins, resulting in cellular responses such as increased

levels of Ca?* or nitric oxide (NO), and activation of kinases (1).

Phosphorylation and Cell Signaling

SRs and their associated cofactors can be phosphorylated on multiple sites by a
wide range of kinases, which regulate various functions such as protein stability,
hormone sensitivity, DNA binding, subcellular localization, and protein interactions (3).
These functions can determine the timing, specificity, and extent of SR target gene
regulation (3). The specific response of SRs to the cognate ligands is largely influenced
by the cellular context including the levels of active kinases and phosphatases in
addition (3, 17, 18). Thus, at least some aspects of tissue specific actions of SRs are
controlled by cell signaling pathways (3).

SRs exhibit an increase in receptor phosphorylation and, in the classical pathway,
form homodimers that bind to response elements on DNA and recruit a series of
coactivator complexes that modify chromatin to facilitate transcription of target genes
(3). Although the majority of identified phosphorylation sites are serines (Ser), a few
threonines (Thr) and tyrosines (Tyr) also have been identified (3) (Appendix B). In
general, phosphorylation of serine residues in the AF1 domain of ERa appears to
influence the recruitment of coactivators, resulting in enhanced ER-mediated
transcription (19). Phosphorylation of sites within or outside the AF1 region may affect

the AFa dependent binding of cofactors as well (4). Site-specific SR phosphorylation has
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been studied extensively in ERa and to a lesser extent in ERB (3). In the case of the ER,
ER-mediated gene transcription is tissue and cell-specific and can be coordinately
regulated by nongenomic signaling (5). In total, 19 phosphorylation sites have been
identified in ERa thus far, and most sites contain a Ser-Pro motif (3, 4). This however, is
not the case for Ser 167, which does not reside in a Ser-Pro motif (4).

There is the potential that phosphorylation not only causes a change in charge,
but results in isomerization of the peptide bond, substantially altering receptor
structure (2). Phosphorylation of the ER may change the three-dimensional structure of
the protein. Unfortunately, thus far no full-length ERa has been crystalized (4). Due to
the inability to study the crystalized structure, it is complicated to characterize the
structural changes upon ligand binding or PTMs, such as phosphorylation (4).
Furthermore, a conformational change due to phosphorylation could have
consequences for the action of estrogens and antiestrogens (4).

In addition to phosphorylation, ERa can undergo other PTMs, which include
acetylation, ubiquitination, and sumoylation (20, 21). However, relatively little is known
about the function and regulation of any of the PTMs that ERa can potentially undergo
and even less is known about their relevance in vivo (20). Phosphorylation plays a major
role in the regulation of receptor stability, although the mechanisms for regulation
appear to be receptor specific (2). Multifaceted mechanisms underlying estrogen action
have been identified, including: multiple ERs and variants; multiple subcellular
localization sites; multiple transcription coactivators and corepressors; multiple PTMs;

multiple levels of cross talk with other signaling pathways; and multiple levels of control
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of ER expression, including proteasomal-mediated degradation (20). Nevertheless, the
studies support the idea that specific phosphorylation events within SRs can influence
receptor localization, stability, dimerization, and transcriptional activity (3). The
phosphorylation of ERa can affect DNA binding, for example, by inhibiting dimerization
of the receptor, and can influence ERa activity by changing the binding of coactivators
or the orientation of components of the transcription factor complex (4).

Most of the phosphorylation changes studied to date have been done in breast
cancer, especially in the resistance to tamoxifen. The three sites studied in this research
project were Serine 104/106 (Ser 104/106), Serine 118 (Ser 118), and Serine 167 (Ser
167). Interestingly, within the A/B domain of ERa, often only small effects on
transcriptional function were observed when one site, e.g. Ser 104, Ser 106, and Ser 118
was mutated to eliminate phosphorylation (20, 22). The results illustrated that when the
three sites were mutated, they appeared to be additive, giving an approximately 50%
reduction in transcriptional activity (20). This showed that combinations of
phosphorylation sites affected activity more than individual sites alone (20, 23, 24).
Additionally, and more importantly, lack of phosphorylation of all of these sites does not
eliminate estrogen-induced ERa transcriptional activity (20). Furthermore, other data
suggests that it is the combination of phosphorylation sites within ERa rather than any
one individual site that may be important for mediating effects of any individual kinase
(20). This concept illustrates that combinations of PTMs of ERa rather than individual
sites may be of primary importance in affecting function and response to endocrine

therapies is emerging (20, 25, 26).



Ser 118 is one of the most reported phosphorylation sites of ERa, in part because
phosphorylation of this site causes reduction in mobility of SDS-PAGE gels, and thus the
level of phosphorylation at this site could be detected before the development of site
specific phosphoantibodies (3, 4). Phosphorylation, at least at Ser 118, has been
suggested to be involved in protein turnover via a proteasome-mediated mechanism
(20, 27, 28). However, proteasome-mediated turnover of steroid receptors has been
shown to be essential for the dynamic and cyclical nature of receptor occupancy on
target gene promoters, which is in turn critically important for transcriptional activity
(20, 29).

Different pathways are responsible for the phosphorylation of different sites.
Estrogen induces mitogen-activated protein kinases (MAPK) signaling, which is essential
for cell proliferation (5). Ser 118 primarily deals with the MAPK-ERK1/2 pathway, an
important enzyme activated by growth factor receptor pathways, which can
phosphorylate Ser 118 in a ligand-independent manner in vitro and in vivo (20, 23, 30).
Ser 118 phosphorylation by MAPK-ERK1/2 increases binding of coactivator SRC3 and
renders ERa hypersensitive to estrogen (4, 31, 32). This occurs upstream of the
receptor, where the MAPK-ERK1/2 pathway can be activated by insulin-like growth
factor (IGF) stimulation. This activation induces the phosphorylation of ERa Ser 118 and
results in ERa activation and enhanced response to estrogen (4). Likewise, estrogen and
epidermal growth factor (EGF) can induce the extracellular signal-regulated kinase 1 and

2 (MAPK-ERK1/2) pathway, which also leads to Ser 118 phosphorylation of ERa (4).



Interestingly, estrogen treatment is the most powerful stimulator of phosphorylation at
Ser 118 and it is independent of MAPK-ERK1/2 (20, 35).

Furthermore, the Ser 118 site has been shown to be important for the direct
binding to and activation/repression of a subset of endogenous ERa target genes (3). In
addition to target gene induction, Ser 118 has been reported to be important for both
ligand-dependent dimerization of ERa and ERa-mediated RNA splicing (3). While MAPK-
ERK1/2 is the most common pathway, phosphorylation of Ser 118 can also occur
through lkappaB kinase complex alpha (IKKa), cyclin-dependent kinase 7 (CDK7), a
subunit of transcription factor Il H, protein kinase B (PKB, which is also induced by EGF
and IGF), and glycogen synthesis kinase-3 beta (GSK3[), which stabilizes ERa without
ligand and modulates ERa transcriptional activity upon ligand binding (4, 19, 30, 33, 34,
35). This is especially common in breast cancer cell lines where there is a resistance to
tamoxifen; however, the clinical relevance of Ser 118 in its resistance to tamoxifen is still
unresolved (4).

Phosphorylation of Ser 118 affects the binding of coactivators in the presence of
tamoxifen, which reduces binding to DNA when ERa is tamoxifen bound, decreasing the
affinity for tamoxifen (4, 36). When Ser 118 was phosphorylated in a tamoxifen-resistant
cell line, MAPK-ERK1/2 activity was found to be elevated and phosphorylation of Ser 118
was increased (4, 32). Activation of the MAPK-ERK1/2 pathway results in Ser 118
phosphorylation, but it also induces a bypassing of the ER pathway, thereby rendering
tumors hormone-independent (4). Phosphorylation of Ser 118 has been associated with

a more differentiated phenotype, good prognosis, and better response to tamoxifen,
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which is supported by other studies (4, 37). Most importantly, these studies reported
that the Ser 118 phosphorylation had no effect on the progression of disease or survival
without tamoxifen treatment, thereby emphasizing that Ser 118 phosphorylation is a
clear predictive marker for response to tamoxifen in these studies (4).

The predictive and prognostic value of phosphorylated Ser 118 was assessed in a
randomized controlled trial of no systemic treatment versus two years of adjuvant
tamoxifen therapy (20, 37). Improved recurrence-free survival was found in those
patients whose tumors expressed high levels of phosphorylated Ser 118 (20, 38). In
addition, there are data to support the view that combinations of phosphorylated Ser
118 with known biologically relevant biomarkers such as progesterone receptors (PR)
may further improve the prediction of prognosis and response to endocrine therapy (20,
38). Such data supports the combined use of biologically relevant markers for the
improved prediction of therapy response (20, 38).

Like Ser 118, Ser 167 is phosphorylated by MAPK-ERK1/2 and PKB (4, 19, 39, 40).
In addition, it is also phosphorylated by protein 90 ribosomal s6 kinase (p90Rsk),
mammalian target of rapamycin (mTOR/p70S6K), ribosomal s6 kinase (Rsk), and casein
kinase Il, upon estrogen binding of ERa (19, 4, 39, 40, 41). In the case of casein kinase I,
it has been suggested that ligand-bound ERa undergoes a conformational change that
exposes the Ser 167, making this residue available for phosphorylation (3).
Overexpression of the epidermal growth factor receptor (EGFR) induces Ser 167
phosphorylation, increases binding of ERa to DNA, enhances the binding of coactivator

SRC3 to ERa in the presence of estrogen, and consequently enhances transcription (4).

~9~



Increased phosphorylation at Ser 167 via PKB has been associated with poor
clinical outcome in breast cancer patients treated with tamoxifen, with high risk for
relapse and decreased overall survival, which would imply that phosphorylation of Ser
167 is associated with a worse disease outcome (4, 19, 20, 42). Comparing the levels of
phosphorylated Ser 118 and 167 expression in primary breast tumors related to
secondary tumors from 10 patients after relapse, a study found that there was
increased levels of both phosphorylated Ser 118 and 167 on the secondary versus the
primary tumors, although this was statistically significant only for phosphorylated Ser
118 (20, 42). This corresponds with the research performed on a set of 75 primary
breast carcinomas of patients with metastatic breast cancer who received first-line
endocrine treatment after relapse, and those staining high for phosphorylated Ser 167
relapsed later (4). This statistic changed with endocrine treatment, where metastases
responded well to endocrine treatment and phosphorylated Ser 167 correlated with
longer survival after relapse (4). This implies that phosphorylation of Ser 167 is a
predictive marker for a good response to endocrine therapy (4).

Furthermore, in contrast to what would have been expected from laboratory
model systems, higher expression of either phosphorylated Ser 167 and/or Ser 118 is
most often, but not always, associated with a better clinical outcome in patients on
tamoxifen therapy (20, 38, 42, 43). High levels of phosphorylation for Ser 167 expression
is the better predictor of benefit from tamoxifen and also suggests that both of these
phosphorylation sites either alone or in combination in primary breast tumors may be

useful biomarkers of endocrine therapy response (19, 20). Either phosphorylated Ser



118 or Ser 167 were found to be associated with the parameters of less aggressive and
more differentiated tumors as well as an intact estrogen-responsive signaling pathway
(20). Moreover, in vitro, phosphorylated Ser 167 reduces sensitivity to tamoxifen,
keeping in mind that clinical data of Ser 167 phosphorylation are conflicting (4).

Tamoxifen resistance has been associated with several kinase pathways,
which occurs upstream of ERa (4). Pathways include activation of the protein kinase A
(PKA), MAPK-ERK1/2, GSK-3, IKKa, CDK7, mTOR/p70S6K, and p21-activated kinase 1
(PAK-1) signaling pathways (4). These kinases induce phosphorylation of ERa or of its
coregulators (4). Dependent on the pathway and the phosphorylation sites involved,
tamoxifen response can be affected either directly through ERa modification or by
activation of other signaling pathways (4). Phosphorylation of Ser 118 is described as an
example of this: an activated MAPK-ERK1/2 pathway phosphorylates Ser 118, but
possibly induces tamoxifen resistance through the MAPK-ERK1/2 pathway itself, rather
than ER signaling (4).

A third site that known to be resistant to tamoxifen is Ser 104/106. This site is
also phosphorylated by ERa and signaling pathways. Most functional studies of Ser
104/106 have also included the Ser 118 site (4). Serine residues 102, 104, and 106 at the
N-terminal AF1 of ERa are phosphorylated by GSK-3 and MAPK-ERK1/2 pathways (4).
These modifications lead to ligand-independent transcription of ERa and to an agonistic
activity of tamoxifen (4). Ser 104 and Ser 106 can also be phosphorylated by the

CDK2/cyclin A complex; and cyclin A has been reported as a predictive marker for



tamoxifen resistance in breast cancer patients (4, 44). Because of this, tamoxifen

resistance is likely to occur when Ser 104/106 is phosphorylated (4).

Abnormalities- Breast Cancer

Estrogen and phosphorylation of the three sites (Ser 104/106, Ser 118, and Ser
167) has been studied most extensively in ER-positive breast cancer. ERa is the main
target of endocrine therapies because the nuclear hormone receptor is a master
regulator of gene expression and proliferative of breast cancer cells (6). Approximately
70% of human breast tumors express ERa and depend on estrogen for growth;
therefore, endocrine therapy has become the most important treatment option for
women with ER-positive breast cancer (6, 19). Advanced-stage breast cancers often lack
SRs and/or are resistant to endocrine therapies (45). PRs are key markers for steroid
hormone dependence and indicators of disease prognosis in breast cancer; their loss
signals development of the aggressive tumor prototype associated with acquisition of
enhanced sensitivity to growth factors (45, 46, 47). Many breast cancer patients,
especially those in advanced stages, with tumors expressing high levels of ER are
unresponsive to endocrine therapy; and all patients with advanced disease eventually
develop resistance to the therapy (19). An urgent issue is the discovery of prognostic
methods to identify those patients who need additional adjuvant therapy, such as signal

transduction inhibitors or chemotherapy, for ER-positive early breast cancer (19, 48, 49).



The regulation of the cellular level of ERa is key to the effectiveness of endocrine
therapies in breast cancer, and an understanding of its underlying mechanism is critical
for the identification of novel drug targets for the design of combinatorial therapies (6).
Treatment options for tumors rendered positive for ER include drugs such as selective
ER modulators/antiestrogens (such as tamoxifen) and aromatase inhibitors, which are
quite effective and have relatively few side effects (6). Over the last 30 years, tamoxifen
has been the antiestrogen of first choice (4, 50, 51). However, about half of the
recurrences in ER-positive breast cancer do not respond to tamoxifen (4, 50, 51). This is
due to either acquired resistance or to intrinsic insensitivity to tamoxifen (4). From
experimental studies, many different mechanisms have been suggested to explain
resistance, including activation of kinase pathways or inactivation of retinoblastoma
protein (pRb), a tumor suppressor protein that is dysfunctional in breast cancer (4).
These changes in activation render the tumor cell independent of the ER pathway for its
proliferation (4). Tamoxifen stimulates the growth of osteoblasts (bone formation),
while it inhibits ERa-positive breast tumor cells (4). These two opposing effects of
tamoxifen on cell growth can be explained by the fact that tamoxifen is a partial
antagonist, acting as an agonist under particular conditions (4, 52). Tamoxifen resistance
is often attributed to a direct effect on ERa; tamoxifen may acquire agonistic properties
for transactivation of ERa (4, 12). Therefore, a molecular understanding of the
underlying mechanism of tamoxifen resistance could result in markers that specify how

a patient will respond to endocrine therapy (4).



Another cell cycle regulator is cyclin D1, which forms a complex with other
regulatory subunits whose activity is required for G1/S transition in the cell cycle. In
breast cancer cells, cyclin D1 protein is often upregulated (5). It can function as a bridge
and recruit steroid receptor coactivators to the ER and stimulate transcriptional
activation in the absence of estrogen (5). The binding of cyclin D1 to the ERa promoter
increases expression because BRCA1 (breast cancer 1, early onset), a repressor of ERa
transcription, is unable to bind when the promoter is occupied by cyclin D1 (5). ERa is
lost in a breast cancer cell line by direct binding of a transcription factor, Snail —a
repressor of E-cadherin, with DNA-regulatory regions along the ERa promoter (5). Loss
of ERa signaling leads to altered transforming growth factor B (TGF-B) signaling in that
breast cancer cell line (5). TGF-B regulates cell growth, therefore altering this signaling
contributes to breast cancer.

Two current hypotheses exist to explain the relationship between breast cancer
and estrogen (1,53). The first, binding of estrogens to the ER stimulates proliferation of
mammary cells, increasing the target cell number within the tissue, and the increase in
cell division and DNA synthesis elevates the risk for replication errors (1). This may result
in the acquisition of the detrimental mutations that disrupt normal cellular processes
such as apoptosis, cellular proliferation, or DNA repair (1).

In the second hypothesis, estrogen metabolism leads to the production of
genotoxic by-products that could directly damage DNA, again resulting in point
mutations (1). There is evidence that estrogen may act through both mechanisms to

initiate and/or promote mammary cancer (1). Several sequence variations or single-



nucleotide polymorphisms (SNPs) in the ERa gene (ESR1) have been identified that are
associated with either an increased or decreased risk of breast cancer (1). The best-
characterized SNPs of ESR1 are the Pvull and Xbal restriction site polymorphisms, both
of which are located in the first intron (1, 54, 55). The Pvull is associated with increased
breast cancer risk, as well as risk for other diseases in which estrogen is implicated (1,
56). Both cell culture and animal model studies indicate that the ER is involved in the
mammary gland development and mammary cancer (1). Studies in ERa knockout mice
demonstrate that ERa is required for normal mammary gland development (1, 57).
Exploring the effects of phosphorylation on Ser 118 and Ser 167 has led to an
increase or decrease in overall survival. Murphy et al. (19, 38) reported that in 45
human breast tumor biopsies, phosphorylation of ERa Ser 118 correlated with active
MAPK-ERK1/2. Because MAPK-ERK1/2 is located downstream of human epidermal
growth factor receptor 2 (HER2), it is possible that phosphorylation of ERa Ser 118 is in
part caused by HER2-MAPK-ERK1/2 signaling in breast cancer (19). On the other hand,
phosphorylation of ERa Ser 167 seems to be controlled by different mechanisms (19).
Phosphorylation of Ser 118 and Ser 167 was previously analyzed using
immunohistochemistry (IHC) in primary breast tumor specimens from 75 metastatic
breast cancer patients who received first-line treatment with endocrine therapy on
relapse (19, 42). The results indicated that patients whose primary breast tumors
showed high phosphorylation of Ser 167, but not Ser 118, responded significantly to
endocrine therapy and had a better survival than other patients, suggesting that

phosphorylation of Ser 167 frequently occurs via estrogen-dependent signaling in



human breast cancer (19). The study concluded that for the first time it has been
demonstrated that low phosphorylation of Ser 118 and high phosphorylation of Ser 167
affects survival in ER-positive breast cancer and could be helpful in distinguishing
patients who are likely to benefit from endocrine therapy alone from those who are not

(19).

Transcription and Ubiquitination

The regulation of gene expression by transcription via nuclear receptors such as
ERa is critical because it controls the phenotypic properties and diverse biological
functions of target cells. This regulation is conducted in two ways, classical and indirect.
In the classical way, an estrogen-bound ER dimerizes (forms the protein structure), binds
to the ERE, and transcribes the gene that lies within its proximity (4). The ER can also
regulate transcription of genes in an indirect manner by binding to other transcription
factors: AP1, SP1, or activated NFkB (4). When these interactions occur, transcription of
the AP1, SP1, or NFkB-dependent genes also becomes dependent on ERa (4). The
indirect method involves the receptor interacting with other transcription factors to
bind DNA by tethering to regulate target gene expression (3).

Co-repressors and coactivators function widely in transcriptional regulation (5).
Recent evidence suggests that the recruitment of coactivators and co-repressors to the
promoter of ER target genes can be affected by the binding of estrogen (ligand),

antiestrogens, and the ERE along the DNA (5). The co-repressors repress gene



transcription by blocking access of other factors to DNA regulatory regions (5). They
operate by recruiting histone deacetylases (HDACs), allowing them to bind more tightly
to DNA, and interfere with transcriptional initiation (5). Activation of one receptor can
trans-repress the activity of another receptor by depleting a common coactivator pool,
and overexpression of these limiting factors can reverse this trans-repression or
squelching phenomenon (59, 60, 61, 62).

In contrast, nuclear receptor coactivators (NRCoA) are molecules that interact
with ligand-bound nuclear receptors and serve to facilitate the efficient transcriptional
regulation of target genes (59, 63, 64, 65, 66, 67, 68, 69, 70). Histone acetyltransferase
(HAT) adds acetyl groups to DNA, allowing the histones to unbind and leaving the DNA
free for transcription. HAT activity was the first enzymatic activity attributed to
coactivators (59). It has been proposed that coactivators are able to enhance gene
transcription either by acting as a bridge between the activated nuclear receptor and
general transcription factors (GTFs) and/or as catalytic enzymes, which may covalently
modify histones, GTFs, receptors, coactivators, and other proteins (59). The SR
coactivators have been shown to contain HAT activity that may contribute to their
ability to enhance receptor-mediated gene transcription (59). Recently, ATPase,
methyltransferase, and ubiquitin-conjugation and ubiquitin-ligase activities have also
been detected in coactivators (59). Furthermore, it has been proposed that when
assembled at the promoter of hormone-responsive genes, the concert of HAT,

methyltransferase, ATPase, and bridging activities contributed by coactivators stimulate



transcription through nucleosome remodeling and/or covalent modification of other
components of the transcriptional complex (59).

Ubiquitination is a PTM where ubiquitin is attached to a substrate protein
and can affect proteins in many ways. These affects include signaling for the cells’
degradation via the proteasome, altering their cellular location, affecting their activity,
and promoting or preventing protein interactions. This pathway is the major system in
eukaryotic cells for selective degradation of short-lived regulatory proteins, such as ERq,
controlling the levels of target proteins and/or compositions of multiprotein complexes
in cells by targeted protein degradation (59). During the ubiquitin-proteasome pathway,
the highly conserved 76-amino acid ubiquitin protein is covalently attached to target
proteins, which are then degraded by the 26S proteasome (59).

The conjugation of ubiquitin to target proteins involves three consecutive steps
mediated by activities of the sole E1 ubiquitin-activating enzyme (UBA), multiple E2
ubiquitin conjugating enzymes (UBCs), and multiple E3 ubiquitin-protein ligases (UBLs),
respectively (59) (Appendix C). The initial step activates ubiquitin via the UBA enzyme in
an ATP-dependent reaction. The next step maintains the high-energy linkage by
transferring ubiquitin from the UBA enzyme to any one of a number of UBC enzymes
(59). Finally, UBC enzymes transfer ubiquitin covalently to target proteins either directly
or in conjunction with a UBL enzyme that defines target specifically (59). This occurs
when the first ubiquitin molecule binds to the e-amino group of lysine residues of the
target protein (59). In succeeding reactions, a polyubiquitin chain is synthesized by

transferring activated ubiquitin to lysine of the ubiquitin moiety previously linked to the



target protein (59). Finally, the polyubiquitinated target protein is degraded by the 26S
proteasome, a large multisubunit protease that resides both in the nucleus and
cytoplasm (59).

SRs action can be limited through the ubiquitination process, where the
receptors can be ubiquitinated, exported to the cytoplasm, and undergo proteasome-
mediated degradation (3). NRCoA was originally thought to exist based upon the fact
that the different receptors compete for a limited pool of accessory proteins that are
required for maximal gene transcription (59). However, recent identification of the
ubiquitin-proteasome pathway components as coactivators link this pathway to nuclear
receptor-mediated gene transcription (59). These studies demonstrate that the
ubiquitin-conjugating enzyme, UBC9, the E3 ubiquitin-protein ligases, E6-associated
protein (E6-AP) and receptor potentiation factor 1/reverse Spt phenotype 5
(RPF1/RSP5), interact with nuclear receptors and modulate their transcriptional activity
(59).

The coactivators of the ubiquitin-protease pathway are arranged in different
places along the ubiquitin-proteasome protein degradation system, harboring enzymatic
activities such as ubiquitin conjugation, ubiquitin-protein ligation, and ATPase activities
(59). There are two possibilities regarding how the enzymes operate in transcriptional
activity. The first is the enzymes of the ubiquitin-proteasome pathway exert a positive
effect on transcription by promoting degradation of negative regulators of gene
transcription (59). The second, these enzymes may be employed in the obligate

turnover of positively acting factors such as receptors, GTFs, and coactivators (59).



Consistent with the second possibility, estrogen receptors, along with progesterone,
glucocorticoid, retinoid, and thyroid receptors are ubiquitinated and degraded through
the ubiquitin-proteasome pathway (59).

Ubiquitin-proteasome activity was shown to be required for the transcriptional
activities of most members of the nuclear hormone superfamily, but not other
nonnuclear receptor transcription factors (59). Furthermore, RNA polymerase Il has also
been shown to be ubiquitinated, indicating that protein turnover is an integral part of
gene transcription (59). Microscopic analysis has also revealed the presence of
proteasome subunits at the loci of hormone-responsive genes (59). These observations
all imply that ubiquitin-proteasome-mediated protein degradation is an important
component in eukaryotic gene transcription (59).

The process of proteasomal-mediated ubiquitination is illustrated in the cellular
turnover of ERa and the identification of S-phase kinase-associated protein 2 (Skp2) (6).
Skp2 is an F-box protein (FBP) and a substrate recognition component of the Skip, Cullin,
F-box (SCF) ubiquitin ligase complex, which is overexpressed in many cancers, including
breast cancer (6). The protein functions as a novel E3-ubiquitin ligase that regulates
ubiquitination and the turnover of ERa upon specification by the p38 mitogen-activated
protein kinase (p38MAPK)-mediated phosphorylation of the receptor while positively
regulating the functional activity of this receptor (6). Scientists have observed that ERa
and the E3 ubiquitin ligase Skp2 appear to be inversely correlated (6). This concept was

confirmed while observing the half-life of ERa which was shortened from 4 hours to 45



min with overexpressed Skp2, implying SCFkP2 E3-ligase to be a regulator of ERa protein
turnover (6).

T Cells

T cells, also called T lymphocytes, are an integral part of the immune system.
Peripheral autoimmune T cells recognize dominant self-antigens, which is a property of
all healthy immune systems. The number of T cells is indicative of a healthy individual
and a count that is too low or too high is a sign of a disease, such as HIV or lupus.
Human T cells express both ER subtypes, and the use of receptor-specific ligands
indicates that the receptors are functional (17, 71). Furthermore, it had been shown
that estrogen increases two markers of T-cell activation (17, 72, 73).

Protein kinase C (PKC) is a family of enzymes involved in controlling the
function of other proteins through the phosphorylation of amino acid residues on these
proteins. PKC is thought to be the mediator of the phosphorylation events that occur
after treatment of cells with phorbol 12-myristate 13-acetate (PMA) (74). This occurs in
conjunction with ionomycin, which is used to raise the intracellular level of calcium.

The cluster of differentiation (CD3) T cell co-receptor is a protein complex
composed of four distinct chains. The chains associate with a molecule known as the T
cell receptor (TCR) to generate activation signal in T lymphocytes. Stimulation of T cells
with antibodies to the CD3/T-cell receptor complex causes turnover of
phosphatidylinositol to form inositol trisphosphate (IP3) which can mobilize calcium

from cytoplasmic stores (74). Diacylglycerol (DAG) is a second messenger molecule used



in signal transduction and lipid signaling in biological cells. It is a product of the
phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) by the enzyme phospholipase
C (PLC), which produces IP3 in the same reaction.

This signal transduction pathway can lead to T-cell activation when other
required signals are provided by accessory cells: interleukin 1, a group of 11 cytokines
which plays a central role in the regulation of immune and inflammatory responses; as
well as anti-Tp44 and anti-CD5 monoclonal antibodies (Mabs), which bind to the antigen
on the surface of the T cell protein (74). The increase in cytoplasmic Ca?* in normal T
cells after anti-CD3 stimulation was sensitive to inhibition by pertussis toxin, supporting
the conclusion that this activation pathway relies on phospholipase C-dependent
formation of IP3 and DAG (12).

There is evidence that anti-CD3 causes cytoplasmic calcium levels to increase
through two mechanisms: to control a membrane potentially sensitive calcium gate and
to cause mobilization of cytoplasmic calcium through PKC-mediated hydrolysis of PIP2
(74). The calcium increase after CD3 stimulation was only partially inhibited by ethylene
glycol tetraacetic acid (EGTA) (related to EDTA), which binds to calcium and prevents
adjoining of cadherins; but was totally inhibited by pertussis toxin (74). Pertussis toxin
ribosylates (attaches a ribose or ribosyl group to a molecule) and thus inactivates Gi
(inhibits the production of cAMP from ATP) and other GTP-binding proteins (G proteins)
that regulate signal transduction, including phospholipase C activation in neutrophils

(74).



While CD3 activates T cells, T cells themselves can activate different cell signaling
pathways, such as MAPK-ERK1/2 signal transduction pathway through the stimulation of
T cells with antibodies against the T cell receptor complex. Anti-CD3 antibody and PMA
activate MAPK signaling through ERK1/2 and affect T-cell responsiveness by altering the
levels of transcription factor activi