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Abstract
Cancer cells use stress response pathways to sustain their pathogenic
behavior. In breast cancer, stress response-associated phenotypes are mediated
by breast tumor kinase, Brk (PTK6), a driver of breast cancer cell migration and
survival. We recently showed that Brk is a critical downstream effector of Met
receptor signaling and required for hepatocyte growth factor (HGF)-induced cell
migration. Triple negative (basal type) breast cancers (TNBC) are aggressive
and difficult to treat relative to luminal type breast cancers. These tumors
frequently express abundant Met receptors and are enriched for transcriptional
targets regulated by hypoxia inducible factor 1-alpha (HIF-1a), a principal
mediator of physiologic cell stress that independently predicts cancer relapse and
increased risk of metastasis. Hormone stress signaling also impacts breast tumor
biology and is mediated by the glucocorticoid receptor (GR), expressed in 1540% of TNBC. High levels of GR expression in TNBC are predictive of decreased
overall survival and increased risk of metastasis.
Herein, we examined the regulation of Brk by HIFs and GR in TNBC cell
lines and mouse models. Brk mRNA and protein levels are strongly upregulated
by hypoxia, low glucose and reactive oxygen species in vitro. HIF knockdown
demonstrated that Brk expression is dependent upon both HIF-1a and HIF2a, and chromatin-immunoprecipitation (ChIP) assays revealed that BRK is a
direct transcriptional target of HIF-1a/2a. Notably, knockdown of HIF-1a/2a in
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MDA-MB-231 cells significantly diminished xenograft growth; Brk re-expression
reversed this effect.
Given that glucocorticoid receptor (GR) is highly expressed in triple
negative breast cancer (TNBC), we investigated crosstalk between stress
hormone-driven GR signaling and HIF-regulated physiologic stress. Primary
TNBC tumor explants or cell lines treated with the GR ligand dexamethasone
(dex) exhibited robust induction of Brk mRNA and protein that was HIF1/2dependent. HIF and GR co-assembled on the BRK promoter in response to
either hypoxia or dex, indicating that Brk is a direct GR/HIF target. Notably, HIF2α, not HIF-1α, expression was induced by GR signaling and the important
steroid receptor coactivator PELP1 was also found to be induced in a HIFdependent manner. Mechanistic investigations showed how PELP1 interacted
with GR to activate Brk expression and demonstrated that physiologic cell stress,
including hypoxia, promoted phosphorylation of GR serine 134, initiating a feedforward signaling loop that contributed significantly to Brk upregulation. Finally,
we crossed WAP-Brk (FVB) transgenic mice into the METmut knock-in (FVB)
model to examine the impact of activated Brk signaling on mammary tumor
progression. Expression of the Brk transgene augmented METmut-induced
mammary tumor formation and metastasis. Surprisingly, mouse mammary
tumors that arose in either METmut or WAP-Brk X METmut mice expressed
abundant Sik, the mouse homolog of Brk, which conferred markedly increased
tumor formation and decreased survival.
iv

These results identify HIF-1a/2a, GR, and PELP1 as novel regulators of
Brk expression and suggest that Brk is a key mediator of stress-associated
breast cancer progression. Targeting Brk expression or activity may provide an
effective means to block the progression of aggressive breast cancers.
Ultimately, our findings linked cellular stress (HIF) and stress hormone (cortisol)
signaling in TNBC, identifying the phospho-GR/HIF/PELP1 complex as a
potential therapeutic target to limit Brk-driven progression and metastasis in
TNBC patients.
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Chapter 1

Introduction

1

Brk Tissue Expression.
Breast tumor kinase (Brk) is a non-receptor soluble tyrosine kinase that
was cloned from a metastatic breast tumor (2). The identical protein tyrosine
kinase 6 (PTK6) was independently cloned from melanoma cells (2-4). Brk
contains an n-terminal src homology 3 (SH3) domain, an src homology 2 (SH2)
domain and a c-terminal kinase domain. Brk is distantly related to the c-src family
kinases, sharing 56% homology in the kinase domain (Figure 1.1)(5), though
lacking a myristoylation site that is present in other src family kinases. As such,
Brk is found in both cytoplasmic and nuclear compartments. Like c-src family
kinases, the SH2 domain of Brk binds to an intramolecular phosphorylated
tyrosine residue (Try447 in Brk), resulting in an autoinhibitory conformation (6).
Following engagement of the SH2 or SH3 domains by ligands or substrate
binding, these intramolecular interactions are disrupted and tyrosine 342 in the
activation loop of the kinase domain is autophosphorylated, resulting in activation
of the kinase and downstream signaling.
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Figure 1.1 Brk structure and domains. Brk contains an N-terminal Src
homology 3 (SH3) domain, Src homology 2 (SH2) domain and C-terminal
kinase domain. The SH2 domain binds phosphorylated Y447, an
autoinhibitory interaction. Autophosphorylation of Y342 in the activation loop
of the kinase domain leads to a conformational change and kinase
activation.

Expression of Brk, and the mouse homolog Sik, in normal tissue is limited
to differentiated epithelial cells of the gastrointestinal tract, skin, prostate, and
oral cavity (4). However, Brk is overexpressed or mislocalized in many
malignancies, including melanoma, lymphoma, ovarian, prostate, colon and
breast cancers (reviewed in ref. (7)). While epithelial cells within the normal
mammary gland express varying levels of Brk that is primarily nuclear, up to 86%
of breast tumors express abundant Brk protein that is phosphorylated and both
membrane/cytoplasmic and nuclear (8, 9). Notably, staining intensity of Brk in
breast tumors was found to correlate to histological grade, with more advanced
grade tumors expressing higher levels of Brk (8). Although gene amplification of
Brk does occur in breast tumors, Brk expression is most frequently upregulated
at the mRNA (i.e. transcriptional or translational) level (2, 10, 11). Interestingly, a
recent study discovered cancer-associated somatic mutations in the Brk gene,
which were found to alter both enzymatic activity and substrate recognition (12).
3

Brk Signaling and Biology.
Numerous Brk substrates have been identified, many of which have
known functions in driving aggressive phenotypes in cancer, including cell
proliferation, survival, migration, and RNA processing (reviewed in ref. (7)). Brk is
activated downstream of a diverse group of growth factor receptors that includes
MET receptor, epidermal growth factor receptor (EGFR) and HER2 receptor (8,
13, 14). Specifically, Brk has been shown to phosphorylate signal tranducer and
activator of transcription 3 (STAT3), STAT5a/b, Sam68, STAP-2, paxillin,
KAP3A, PSF, p190RhoGAP, AKT and beta-catenin. A recent study
demonstrated highly novel phosphorylation of HIF-1a, a critical mediator of
aggressive phenotypes in breast cancer, directly by Brk in a LINK-A lncRNA
mediated manner (15). Phosphorylation of HIF-1a at tyrosine 565 by Brk
inhibited prolyl hydroxylation and HIF-1a degradation, thus inappropriately
stabilizing HIF-1a protein in normoxic conditions.

Brk has been shown to be an important mediator of breast cancer cell
migration and invasion. Studies have placed Brk upstream of paxillin, CrkII and
Rac1, ultimately resulting in p38 MAPK activation and migration of skin and
breast cancer cell lines (8, 16). Indeed, breast cancer cells are dependent upon
Brk for cell migration in response to epidermal growth factor (EGF), heregulin,
and hepatocyte growth factor (HGF) stimuli (13). Kinase dead Brk (KM Brk) has
also been shown to promote breast cancer cell migration, suggesting complex,
4

context dependent functions of Brk in the promotion of cell migration that may not
depend on kinase activity, but rather scaffolding functions. In addition to cell
migration, Brk is a critical mediator of breast cancer cell survival. When
expressed exogenously in non-transformed mammary epithelial cells, Brk
expression conferred the ability to grow in an anchorage-independent
environment. Moreover, Brk has been shown to protect cancer cells from
autophagic cell death in anchorage-independent environments (17, 18).

The impact of Brk signaling on cell proliferation is highly context
dependent. Brk dependent phosphorylation of extracellular-signal-regulated
kinase 5 (ERK5) and p38 MAPK, as well as induction of cyclin D1 expression
following heregulin treatment, promote cell proliferation of breast cancer cells (8,
13). However, in untransformed cells that endogenously express Brk, such as
intestinal cells and keratinocytes, studies performed with Brk knock-out mice
have demonstrated that Brk suppresses AKT driven cell proliferation, as well as
beta-catenin mediated gene transcription, thus functioning to suppress cell
proliferation and tumorigenesis (19). Moreover, overexpression of Brk in
intestinal crypt cells results in sensitization to apoptosis in response to DNAdamage.

Studies performed by Tyner and colleagues have shown differential
functions of Brk, either to promote or inhibit cell proliferation, depending on
5

cellular localization and activation (9). Non-transformed mammary epithelial cells,
MCF10As, express low levels of Brk protein, located in both the cytoplasm and
the nucleus. Interesting, phosphorylation at tyrosine 342 in the Brk activation
loop, which correlates with Brk activation, was not observed in these cells.
However, human breast tumors possessed high levels of Brk phosphorylated at
tyrosine 342 and localized to the plasma membrane. This suggests that
membrane localized and activated Brk may promote aggressive tumor
phenotypes, while non-membrane localized Brk has a distinct function in nontransformed cells (9). Thus, Brk has differential functions within a cell, dependent
upon cellular context and tissue type.

When expressed in breast tumors, Brk has been found to promote
resistance to multiple targeted therapies directed toward members of the
EGFR/HER family receptors. For example, when expressed in non-transformed
MCF-10A mammary epithelial cells, Brk promotes decreased tumor latency and
resistance to the HER2 small molecular inhibitor, lapatinib (20). Notably,
increased Brk expression in breast cancer cells has also been found to confer
resistance to EGFR targeted antibody therapy, cetuximab, via stabilization of
EGFR protein (21).

Brk expression is not required for normal mammary gland development,
as Sik knock-out mice have no overt mammary gland phenotype. Forced Brk
6

expression the mammary gland has been shown to regulate mammary gland
biology in adult mice. A transgenic mouse model, in which the Brk transgene was
driven by the whey-acidic protein promoter (WAP-Brk), thus limiting expression of
the Brk transgene to the mammary epithelial cells, demonstrated significant
delays in involution relative to wild type (WT) mice (22). Moreover, increased
levels of phosphorylated p38 MAPK were also seen in the WAP-Brk mice
compared to WT mice. Notably, 30% of WAP-Brk mice developed mammary
tumors compared to 9.5% of WT mice, with approximately 50% decrease in the
average age of onset of tumors in the WAP-Brk mice relative to WT mice (22).
These studies suggest that Brk expression in mammary epithelial drives p38
MAPK activity and thereby promotes tumorigenesis, perhaps by driving
increased cell survival signaling pathways.

Physiologic Stress Signaling in Breast Cancer.
Solid tumors, such as breast tumors, experience high levels of physiologic
stress, due to limited access to oxygen and nutrients. This results in high levels
of reactive oxygen species (ROS) and hypoxia throughout the tumor. Cells adapt
to physiologic stress stimuli through the action of hypoxia-inducible transcription
factors (HIFs), principal mediators of transcriptional responses to cellular stress.

7

Figure 1.2 HIF-a structure and domains. HIF-1a and HIF-2a contain nterminal basic Helix-loop-helix (bHLH) domains, PER-ARNT-SIM (PAS)
interaction domains, and N- and C- transactivation domains. Regulatory
hydroxylation events occur on proline 402 and 564, or 405 and 531,
respectively, present in the oxygen-dependent degradation domains (ODD)
of HIF-1a and HIF-2a.

The primary HIF isoforms, HIF-1 and HIF-2, are heterodimers composed
of an oxygen-regulated alpha subunit, HIF-1a or HIF-2a, and a constitutively
expressed HIF-1b subunit, also referred to as ARNT. Under normoxic conditions,
the HIFa subunits are hydroxylated on multiple proline residues (Figure 1.2),
which ultimately results in proteasomal degradation of the proteins through the
ubiquitin pathway. In response to low oxygen tension, including hypoxia and
ROS exposure, the HIFa subunits cannot be hydroxylated and protein
expression is stabilized. Once stabilized, the HIFa proteins translocate to the
nucleus where they heterodimerize with HIF-1b and can recognize and bind to
core DNA sequences, hypoxia response elements (HREs), in the promoters and
8

enhancers of target genes to regulate gene expression. HIFs regulate hundreds
of target genes, many of which have established roles in mediating tumor biology
phenotypes, such as angiogenesis (VEGF), metabolism (GLUT1), tumor growth
(p53) and tumor metastasis (ANGPTL4). Although derived from distinct genes,
HIF-1a and HIF-2a are closely related, sharing 48% homology in amino acid
sequence and sharing similar protein domains (Figure 1.2). Moreover, HIF-1a
and HIF-2a are known to share many target genes, while also regulating distinct
and unique gene sets.

HIFs Drive Aggressive Phenotypes in Breast Cancer.
Expression of HIF-1a and HIF-2a has been described in a multitude of
tumor types. Indeed, tumor hypoxia has been extensively correlated with
advanced disease stage and resistance to radiotherapy and chemotherapy
treatments (23). This is particularly relevant to triple-negative breast cancers
(TNBC), which lack expression of estrogen receptor (ER), progesterone receptor
(PR), and HER2 amplification. TNBCs are more aggressive and have a worse
prognosis relative to ER/PR/HER2 positive tumors, partly due to lack of targeted
therapies for this subtype. HIF-1a is highly expressed in breast tumors,
specifically TNBC. Importantly, overexpression of HIF-1a in breast tumors is
predictive of both relapse, resistance to treatment, and shorter survival time (24),
highlighting the importance of HIF-driven biology in mediating aggressive
phenotypes in TNBC.
9

Glucocorticoid Receptor Structure and Function.
Steroid hormone receptors (SRs) belong to the nuclear receptor
superfamily of ligand-activated transcription factors. Members include the
mineralocorticoid receptors (MR), androgen receptors (AR), estrogen receptors
(ER), progesterone receptors (PR), and the glucocorticoid receptors (GR). SRs
are evolutionarily conserved and likely originated from a common ancestor via
multiple gene duplication over 400 million years ago (25).

Figure 1.3 Glucocorticoid Receptor structure and domains. GR contains
an unstructured n-terminal domain (NTD), a centrally located zinc-finger
DNA binding domain (DBD), connected by a hinge region to the c-terminal
ligand binding domain (LBD). Multiple serine residues are present in the
NTD that are differentially phosphorylated to regulate receptor function.

GR is a modular protein with three important functional domains defined
as the N-terminal domain (NTD), DNA binding domain (DBD), and C-terminal
ligand-binding domain (LBD). The NTD contains a variable domain, which differs
significantly in size and sequence between receptors. A strong transcriptional
10

activating function (AF1) motif is found in the NTD and is responsible for binding
cofactors and components of the basal transcription machinery (Figure 1.3). The
DBD is centrally located and consists of two highly conserved zinc fingers that
recognize and bind specific DNA sequences. The DBD is the most conserved
domain throughout the superfamily. The C-terminal region of steroid receptors
contains the LBD, which is connected to the DBD via a hinge region. The LBD is
composed of a-helices and b-sheets, which form a hydrophobic pocket to allow
for ligand binding. In general, the binding of cognate ligands to the LBD of SRs
classically acts as a ‘molecular switch’ that alters the conformation of the
receptor, shifting the receptor to a transcriptionally active conformation capable
of binding coactivators with high affinity (reviewed in (26)).

GR rapidly shuttles between the cytoplasm and nucleus in both the
absence and presence of hormone ligands. Unliganded GRs are typically bound
in multi-protein cytoplasmic complexes containing heat-shock protein chaperone
molecules, including HSP70 and HSP90. Upon ligand binding, receptors undergo
a conformational change, resulting in dissociation of HSP-containing complexes
and greater SR retention in the nucleus. Liganded GRs bind glucocorticoid
response elements (GREs), 5’-AGAACAnnnTGTTCT-3’ (27), in chromatin as
dimers that activate or repress transcription of target genes via recruitment of coactivators or co-repressors.
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In addition to their classical roles in tissue development and homeostasis,
selected SRs have well-established functions as drivers of hormone-associated
cancers. ER and AR are primary therapeutic targets for breast and prostate
cancer, respectively, due to their role in cancer proliferation or survival and tumor
progression. These receptors have recently been shown to interact as part of
novel transcription complexes that function to promote endocrine therapy
resistance (28-30). In addition to ER:AR transcriptional complexes (31), GR:AR
(reviewed in (32)) and ER:PR (29, 33, 34) cooperation also occurs in breast and
prostate cancer models. Recent studies have implicated both AR and GR in
enhancing tumor cell survival and resistance to therapy in multiple types of solid
tumors, including prostate and breast cancer. Notably, GR is emerging as an
important mediator of aggressive solid tumor behavior that predicts poor outcome
in TNBC (35, 36). These and other studies (29, 33) highlight the importance of
understanding the function of SR signaling, alone and as part of multi-SR
complexes in breast and other cancers as key mediators of altered cell fate.

GRs are critical sensors of physiologic and cell stress.
Physiologic homeostasis is maintained in the presence of environmental
and physiological stresses primarily through the production and effects of the
glucocorticoid stress hormones. In humans, cortisol is the primary adrenalderived glucocorticoid secreted in response to stress. The production of cortisol
is mediated by the hypothalamus-pituitary-adrenal (HPA) axis and results in
12

secretion of cortisol from the adrenal cortex following physical, emotional, or
mental stress stimuli (reviewed in (37)). The physiological action of cortisol is
mediated by binding to the GR. GR is expressed in all cells of the body, except
for non-nucleated red blood cells. Following ligand binding, GRs regulate diverse
gene programs resulting in changes in metabolism, immune system function, and
CNS function, among others, as part of the complex processes required to
maintain homeostasis and adapt to the challenges of multi-cellular life.

Cellular responses to glucocorticoids and GR signaling are not uniform. In
fact, the effects of GR signaling are highly cell type specific. Glucocorticoids have
powerful anti-inflammatory and immunosuppressive actions, as GR signaling
causes apoptosis of lymphocytes and monocytes (38). As such, steroids are
widely prescribed for reduction of inflammation, and for treatment of
hematological malignancies and following organ transplantation. In sharp
contrast to their effects on the above blood cell types, glucocorticoids promote
survival in a variety of epithelial cell types, including cells of the liver, ovarian
follicle, endometrium, and mammary glands. In the context of wound healing, this
dichotomy results in apoptosis and repression of the immune response, while
simultaneously helping to preserve and stimulate regrowth in damaged organs
eliciting the immune response. The impact of glucocorticoid signaling on
epithelial cell survival is clinically relevant, as patients with breast cancer who
receive adjuvant or neoadjuvant chemotherapy treatment are typically given high
13

dose glucocorticoids one hour prior to receiving chemotherapy, in order to
alleviate adverse side effects including inflammation, edema, and nausea.
However, studies have shown that in the context of tumors of epithelial origin,
glucocorticoids lessen the effectiveness of chemotherapy treatments. This
phenomenon has now been demonstrated in numerous in vitro and in vivo
models of solid tumors (35, 36, 39, 40).

Multiple isoforms of human GR have been identified. The classic GRa
protein consists of all nine exons in the GR gene and exerts the canonical
function of GR. Further diversity amongst GR isoforms is generated via
alternative translation initiation of GRa mRNA, as multiple AUG start codons
exist in the GRa mRNA sequence (37, 41, 42). These GRa isoforms differ in their
NTDs and have distinct cellular localization and gene regulatory profiles (37, 41,
42). The full impact of expression of the various GR isoforms remains to be
discovered. However, as numerous serine and threonine residues in the GR NTD
are post-translationally phosphorylated, differences in phosphorylation may also
significantly alter isoform function (Figure 1.3). Additional PTMs to GRs include
ubiquitination, acetylation, and SUMOylation. These reversible PTMs ultimately
alter receptor activity and enhance the functional diversity of the receptors and
thus profoundly impact subsequent signaling (43, 44).
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High expression of GR predicts poor outcome in TNBC.
Extensive work by Conzen and colleagues (36, 39, 40, 45) has defined the
context-dependent function of GR activity in breast cancer cells. GR signaling
has distinct functions in ER-positive versus ER-negative subtypes of breast
cancer. High expression of GR in TNBC is significantly associated with chemoresistance and recurrence of disease. Therefore, in ER-negative breast cancers,
high GR expression is a poor prognostic marker (36). However, in luminal breast
cancer subtypes that are ER-positive, as with PR expression, high GR
expression is associated with increased overall survival and a more favorable
prognosis. Crosstalk between ER and GR likely accounts for the differential
impact of GR expression and activity across breast cancer subtypes. In breast
cancer cells lacking ER expression, GR signaling promotes the expression of
multiple gene products that have known functions in promoting cell survival,
including SGK1, DUSP1, and BCL family proteins (45) and Brk (46). Moreover, in
xenograft models of epithelial-derived tumors, including breast, treatment with
the synthetic glucocorticoid dexamethasone significantly impairs chemotherapy
(35). Thus, in cells lacking ER expression, GR signaling has been shown to
enhance cell survival and promote resistance to chemotherapy in vitro and in
vivo.

These studies underscore the need to fully understand the biological

actions and clinical implications of GR expression and SR cross talk across
breast cancer subtypes.
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Of further relevance to PTMs and context-dependent actions of GR in
breast cancer cells, ligand-independent phosphorylation of GR at Ser134 was
recently reported using an osteosarcoma cell line model (47). This unique
phosphorylation event was found to be constitutive, ligand-independent, and
greatly enhanced following exposure to physiologic cell stress, such as UVC
radiation, glucose starvation, and exposure to reactive oxygen species.
Specifically, cell stress stimuli resulted in the activation of p38 MAPK, which in
turn phosphorylated GR at Ser134 (47). High levels of activated phospho-p38
MAPK expression in breast tumors are significantly associated with increased
Ki67 staining and decreased progression-free survival in HER2 negative patients
(48). Moreover, inhibition of p38 MAPK signaling in triple-negative breast cancer
(TNBC) cells inhibited cell proliferation and anchorage independent growth,
suggesting this kinase has important pro-survival roles in breast cancer (49).
Phosphorylation at GR Ser134 was found to significantly enhance GR
association with the 14-3-3zeta adaptor protein (47). 14-3-3zeta is a potent
mediator of signal transduction pathways, thus, linking phosphorylation of GRSer134 with robust activation of downstream pathways. Notably, 14-3-3zeta has
also been implicated as a driver of aggressive phenotypes in breast cancer. High
expression of 14-3-3zeta in patient tumors was predictive of significantly
decreased overall survival. The association of phospho-Ser134 GR with 14-33zeta dramatically altered global GR promoter selectivity and subsequent target
gene expression (47). While this finding must be confirmed in breast cancer
16

models, targeting 14-3-3zeta/phospho-GR complexes may offer exciting new
therapeutic avenues for patients with TNBC.

PELP1 is a critical SR co-factor in breast cancer.
SRs interact with a diverse group of co-factors to either activate or repress
expression of target genes. Proline, glutamic acid, and leucine rich protein 1,
PELP1, (also referred to as Modulator of Nongenomic Activity of ER, MNAR) is a
multi-domain protein with well-established roles in co-activating ER
transcriptional activity. Since its initial characterization as an ER co-activator,
PELP1 has been found to co-regulate numerous other transcription factors and
SRs (29, 50, 51), including AR, PR and GR. While PELP1 itself has no enzymatic
activity, scaffolding functions of PELP1 enable crosstalk between SRs and
regulatory kinases, such as c-Src. Though PELP1 lacks a DNA-binding domain,
it plays a critical role in SR genomic functions via recruitment of co-regulators
and histone modifying proteins (52).

PELP1 expression or localization is dysregulated in numerous cancer
types, including breast. Studies have found PELP1 overexpression in 60-80% of
breast tumors, with high PELP1 expression correlating with tumor grade,
proliferation, distant metastases, and decreased disease free survival. Moreover,
high PELP1 expression was shown to be inversely associated with ER, PR, AR,
and luminal cytokeratins and positively associated with basal cytokeratins (53).
17

Targeting PELP1 Therapeutically.
In normal, untransformed cells, PELP1 is typically localized to the nucleus.
However, in invasive breast cancers, PELP1 has frequently been reported with
cytoplasmic localization. Dysregulation of PELP1 expression or localization has
profound impact on breast cancer biology. Women treated with the selective
estrogen receptor modulator (SERM), tamoxifen, whose tumors display high
levels of cytoplasmic localized PELP1 were found to have significantly decreased
tumor free survival (54). Additionally, forced cytoplasmic localization of PELP1 in
hormone driven breast cancer cells, MCF7s, confers tamoxifen resistance (54).
Rivindranathon and colleagues have developed a peptidomimetic inhibitor of
PELP1/AR interaction, termed D2. D2 targets the LXXLL motif of the AR, thus
blocking binding between PELP1 and AR (50). Treatment of prostate cancer cell
lines in vitro and in vivo xenograft models with D2 was found to inhibit cell
growth. These results suggest a possible mechanism through which to block
PELP1 and SR driven phenotypes in multiple cancer types, including breast.
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Chapter 2

Materials and Methods
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Generation of modified MDA-MB-231 cells and cell culture. MDA-MB-231 cell
lines were cultured in Dulbecco’s modified Eagle’s medium (HyClone Thermo
Scientific) without pyruvate supplemented with 10% FBS (Gibco, Invitrogen) and
1% pen/strep. Stable knock-down of HIF1A, HIF2A or both genes in MDA-MB231 cells was generated by transduction with pLKO.1-based shRNA-expressing
lentiviruses as previously described for MCF-7 cells (55). MDA-MB-231
shControl, shHIF1A, and shHIF2A cells were maintained in growth medium
supplemented with 4µg/mL puromycin, and MDA-MB-231 shHIF1A/2A cells
maintained in growth medium supplemented with 8µg/mL puromycin, and
2mg/mL hygromycin. MDA-MB-231 cells were authenticated 4/11/13 by
SoftGenetics LLC or DDC Medical and results compared to the ATCC STR
database. MDA-MB-231 cells were re-authenticated on December 8th, 2015 by
American Type Culture Collection (ATCC) and results were compared with the
ATCC short-tandem repeat (STR) database. Hs578T and BT20 cell lines were
obtained in April 2012 from a collaborating lab (Dr. Douglas Yee) and cultured in
DMEM with 10% FBS and 1% penicillin/streptomycin. Cells were maintained in
5% CO2 at 21% O2 (normoxia, ambient air) or at 1-2% O2 (hypoxia).

Cell proliferation assay. Cell proliferation was measured via the MTT (3-(4,5dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide) assay as previously
described (56). MDA-MB-231 cells were plated at 2.5 x 103 cells per well in 24well plates and cultured in hypoxia (1% O2) for the indicated amounts of time.
20

Protein extraction. Flash frozen, patient-derived xenograft tissue fragments
maintained by the HCI breast tumor bank resource (57) were obtained directly
from Dr. Alana L. Welm. A summary of the features of the HCI tumors used in
this study is included in Table 3.1. High-salt enriched whole cell lysates (HSWCE) were prepared from HCI tumors or MDA-MB-231 tumors as previously
described (58). Whole cell lysates from cultured cells were isolated as described
in (59). Additional human tumor specimens were obtained from the University of
Minnesota Tissue Procurement Facility’s Biological Materials Procurement
Network (BioNet) and histologically subtyped and processed for protein
expression as previously reported (56).

Immunoblotting. For experiments requiring hormone treatment, cells were
starved for 18-24hrs in iMEM with 10% DCC, then cells were treated, if
applicable (treatment conditions noted in figure legends) and whole-cell lysates
were isolated using radioimmunoprecipitation assay (RIPA) buffer, as previously
described (60). For experiments without hormone treatment, cells were plated
and treated 24hr later with 1% O2 for 6 or 24hrs or 100µM H2O2 for 1 hr. Proteins
were

resolved

on

7.5%

sodium

dodecyl

sulfate

polyacrylamide

gel

electrophoresis (SDS-PAGE) or 3-8% Tris-Acetate gels and transferred to PVDF
membrane. Membranes were probed with primary antibodies: HIF-1a (Novus
Biologicals, NB100-134 or NB-100-479), HIF-2a (Novus Biologicals, NB10021

122), p38 (Cell Signaling, 9212), Vinculin (Sigma, V9131), Actin (Sigma, A4700),
Brk (Santa Cruz, sc-1188), Sik (Santa Cruz, sc-916), GR (Santa Cruz, sc-1003),
ERK1/2 (Cell Signaling, 9102L), p38 MAPK (Cell Signaling, 9212), phospho-p38
MAPK (Cell Signaling, 4511p), phospho-ser134 GR (custom made, Pierce
Biotechnology), or PELP1 (Bethyl Labs, A300-180A) or b-Tubulin (AbCam,
6046). Secondary horseradish peroxidase-conjugated antibodies (Bio-Rad or
Santa Cruz) were visualized with SuperSignal West Pico or Millipore ECL
substrate.

Representative

images

of

triplicate

experiments

are

shown.

Densitometry was determined via ImageJ analysis and normalized to the loading
control.

qRT-PCR. Quantitative reverse transcriptase polymerase chain reaction (qRTPCR) assays were performed as previously described (59). Briefly, cells were
plated at 2.5 x 105 cells/well in 6 well plates and cultured at normoxia for 32hrs,
then were transferred to hypoxia (1% O2) for 24 hrs or left at normoxia.
Experiments with hormone treatment were conducted with MDA-MB-231 cells
cultured in normoxia or hypoxia with or without 1µM dexamethasone or ethanol
vehicle for 1-24hrs. Target gene expression was normalized to the expression of
internal control genes, TATA-binding protein (TBP), Actin, or 18S.

ChIP Assays. Chromatin Immunoprecipitation (ChIP) assays were performed as
previously described (59). Briefly, MDA-MB-231 cells were plated at a density of
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12 x 106 cells per 15cm cell culture dish and cultured at normoxia for 32 hrs, then
were left at normoxia or transferred to 1% O2 for 24 hrs. For experiments with
hormone treatment, MDA-MB-231 cells were starved 24 hrs, then treated with
1µM dex or ethanol at either normoxia or hypoxia for 1 hour. Lysates were
immunoprecipitated (IP) overnight (18 hrs) with 2 µg of HIF-1a antibody (Novus
Biologicals, NB100-134), HIF-2a (Novus Biologicals, NB100-122), GR (Santa
Cruz, sc-1003X), PELP1 (Bethyl Labs, A300-180A) and RNA polymerase II
(Covance, 8WG16) or an equal amount of rabbit IgG. ChIP-ReChIP assays were
performed; first immunoprecipitating with a GR antibody for 4hrs and
subsequently immunoprecipitating was a HIF-2a antibody overnight (18hrs).

Transgenic mice and generation of tumors in NOD/scid/gamma recipients.
MMTV-PyMT+ HIF-1 wildtype (WT) and knockout (KO) mammary tumors were
generated as described in (58). WAP-Brk transgenic mice (22) and Met mutant
knock-in mice (61) were generated as described. Mice were monitored daily for
tumor development and euthanized when tumor volume approached 1 cm3.
Cultured MDA-MB-231 cells were dissociated into single cells, counted and
diluted into 1:1 (vol:vol) with growth-factor reduced Matrigel-Hank’s balanced salt
solution (HBSS) at a density of 250,000 cells per 10 µl. Cells were kept on ice
until injection into the right inguinal mammary fat pad of 3-6-week old female
NOD/scid/ILR2g (NSG) recipients using a 26-gauge PT2 needle mounted on a
Hamilton syringe. Recipients were palpated up to two times per week, and tumor
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volumes were calculated by caliper measurement as described previously (62).
At experimental endpoint, tumor wet weight was also measured.

Immunostaining. Immunohistochemistry of HIF-1 WT and KO mammary
formalin-fixed paraffin-embedded tumor sections was performed as previously
described (22). Briefly, tissues were incubated for 1 hour at room temperature
with serum-free protein block (Dako X0909). Blocked sections were incubated
overnight at 4oC with primary anti-Sik antibody diluted 1:1000 in Dako Antibody
Diluent (S0809) and developed by DAB peroxidase staining. For
immunofluorescence staining, FFPE sections (5-7 um) were antigen retrieved
using 1x citrate buffer, stained with Sik primary antibody (sc - 916) at 1:50
dilution overnight at room temperature, followed by Alexa Flour-594 (Invitrogen)
secondary and mounted with VECTASHIELD (Vector Laboratories, Inc.
Burlingame, CA).

Kaplan-Meier curves. Survival analysis was done using the van’t Veer
microarray dataset downloaded from Rosetta Inpharmatics
(http://www.rii.com/publications/2002/vantveer.html). Normalized Brk expression
values were divided into four quartiles: 75 tumors with high Brk expression
(>0.074) and 76 tumors with lowest Brk (<-0.036) expression. The y-axis
(probability) is defined as the frequency of survival. Data were analyzed using the
survival package within WinSTAT® for Excel.
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Human breast cancer explant experiments. Fresh breast cancer tissues were
obtained with informed consent from women undergoing surgery at the Hospitals
of the University of Texas Southwestern Medical Center (Dallas, TX) (see Table
2.1 for clinicopathological characteristics). The procedure for establishment of
explant followed the previous description (50). The tissues were also either
incubated with vehicle (ethanol) alone, dexamethasone (10 µM) and were
cultured in a sterile 5% CO2 incubator at 37 °C for 24h, then harvested by snap
freezing for protein extraction or preserved in RNAlater (Invitrogen) for gene
expression analyses.

Table 2.1 Clinicopathological characteristics of TNBC explant tumors.

Co-immunoprecipitation assays. Co-immunoprecipitation (Co-IP) assays were
performed as previously described (56). Briefly, MDA-MB-231 or HeLa cells were
plated and starved (described above) before a 1hr dex (1µM) or H2O2 (100µM)
treatment. Cells were lysed with ELB buffer and lysates were analyzed as
previously described.
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Soft agar assays. Soft agar experiments were performed as previously
described (63) and results presented are representative of 3 experimental
repeats. Treatment conditions included 10nm doxorubicin, 1µM dex, or both.

Statistical and Gene expression analysis. Unless noted elsewhere, results are
presented as means +/- SEM. Statistical significance for qRT-PCR, ChIP-qPCR,
MTT and soft agar assays was determined using unpaired Student’s t tests.
Tumor xenograft growth significance over time was determined via two-way
ANOVA with Bonferroni correction. Tumor latency was analyzed using KaplanMeier methodology and curves compared using the Mantel-Cox Log-rank test.
Brk mRNA levels were assessed using the Cancer Genome Atlas (TCGA) data.
PELP1 expression was explored among TCGA breast tumor samples stratified
by clinical IHC triple-negative status (88 TNBC, 434 non-TNBC) (64). The
published TCGA median-centered expression data was downloaded and quantile
normalized. PELP1 expression levels were plotted along with their mean +/– 95%
CI. Welch’s Two Sample t-test was performed between the groups.

26

Chapter 3

Breast Tumor Kinase (Brk /PTK6) Is a Mediator of Hypoxia-Associated
Breast Cancer Progression
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Introduction
Brk, also known as PTK6, is a soluble protein tyrosine kinase typically
expressed in differentiated epithelial cells of the skin and gastrointestinal tract
(4). While Brk is not found in normal mammary tissue, it is aberrantly expressed
in up to 86% of breast tumors, with the highest levels in advanced tumors,
suggesting a tumor-specific role of this kinase in breast cancer (2, 22, 65). Other
cancers, such as melanoma, lymphoma, ovarian, prostate and colon cancer also
exhibit overexpressed and/or mislocalized Brk (reviewed in (7)).

Brk is activated downstream of ErbB family receptors and Met receptors
and is required for EGF-, heregulin-, and hepatocyte growth factor (HGF)enhanced cell migration (8, 13, 14). Although Brk and ErbB2 have distinct gene
loci, they are coamplified in some breast cancers (20), potentially leading to
enhanced MAPK signaling and cell proliferation. Brk expression in ErbB2induced tumors correlates with shorter latency and resistance to the ErbB2
inhibitor, Lapatinib (20). Moreover, elevation of Brk expression in breast cancer
cells promotes resistance to the EGFR-blocking antibody, cetuximab, by
inhibiting EGFR degradation (21). Brk also mediates anchorage-independent
growth in breast cancer cells through modulation of the IGF receptor (18).
Indeed, Brk upregulation appears to be an early event associated with growth
factor-dependent tumor progression (13, 18, 20, 21). While significant
advancements have been made toward understanding the mechanisms of Brk
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signaling (7), little is known about the regulation of Brk expression in breast
cancers.

Hypoxia-inducible

factors

(HIFs)

are

the

principal

mediators

of

transcriptional responses to cellular hypoxia (66). Hypoxia-inducible factors (HIF1 and HIF-2) are heterodimers of two oxygen-regulated subunits, HIF-1a or HIF2a and HIF-1b. HIF-1b is constitutively expressed, whereas HIFa subunits are
continually degraded through the ubiquitin pathway under normal oxygen
tensions (normoxia). In contrast, in response to hypoxia, HIFa subunits are
stabilized and translocate to the nucleus, where they can heterodimerize with
HIF-1b. HIF transcription factors recognize a core hypoxia-response element
(HRE) consensus motif of 5’-RCGTG-3’ within enhancer regions of target genes
(67), and act as master regulators of many cellular functions relevant to cancer
progression, including angiogenesis, glucose metabolism, and tumor growth and
metastasis (66). Indeed, HIF-1a is overexpressed in many human cancers
(reviewed in (68)), and over-expression in breast tumors predicts relapse and
indicates a higher risk of metastasis (69). HIF-1a levels are significantly higher in
invasive and poorly differentiated breast cancers as compared to welldifferentiated cancers (55, 70, 71). Specifically, increased levels of HIF-1a mRNA
and the core hypoxic transcriptional response are associated with hormone
receptor negative breast cancers (71, 72).
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Clinically, breast tumors are categorized based on immunohistochemistry
for estrogen receptor (ER), progesterone receptor (PR) and HER2 and have also
been categorized into molecular subtypes based on gene expression profiling
(73). The least aggressive luminal subtype tumors are either ER+/PR+ (luminal A)
or ER+/PRlow/null (luminal B), while tumors lacking ER, PR and HER2, termed triple
negative breast cancers (TNBC), are typically more aggressive. TNBCs largely
fall into the basal and claudin-low molecular subtypes and have a worse
prognosis relative to luminal breast cancers (reviewed in (74)) in part, because
these patients are not candidates for targeted therapies that block ER and HER2.
TNBC patients are treated with systemic chemotherapies that include
cytoskeletal- or DNA-damaging agents, which can be effective, but fail to
specifically target the unknown and presumably diverse molecular drivers of
cancer metastasis. Therefore, new molecular targets for TNBC patients are
desperately needed. As Brk is aberrantly expressed in both luminal and TNBC
subtypes, but is not found in the normal mammary tissue, it is an attractive
candidate for specific targeting of invasive breast cancer cells.

Herein, we sought to examine the mechanism of Brk induction in breast
cancer, with a specific focus on TNBC/basal-type breast cancers, which
abundantly express both Met and HIF target genes. We hypothesized that Brk, a
known mediator of Met signaling and stress activated kinase pathways, is directly
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upregulated in response to cellular hypoxia, thereby promoting cancer cell
survival, cell motility, and metastasis.

Results
Brk is upregulated in response to hypoxia and cellular stress.
Numerous studies have demonstrated Brk overexpression in breast and
other cancers relative to a limited set of normal control tissues (7). Data from the
Cancer Genome Atlas (TCGA) were analyzed via Oncomine to compare the
levels of Brk mRNA expression in a large number of high quality samples
representing both invasive ductal and invasive lobular breast cancer versus
normal breast tissues. Interestingly, independent of tumor subtype, Brk
expression was significantly increased in both invasive ductal carcinoma
(p=1.50E-35) and invasive lobular carcinoma (p=3.35E-10), relative to normal
breast tissue samples (Fig. 3.1A). To investigate Brk expression levels
specifically in basal/TNBCs, we collected a panel of TNBC cell lines and tumors.
Human tumor samples were histologically scored and processed as previously
described (56). We observed a range of Brk expression by Western blot in all
TNBC cell lines and tumor samples (Fig. 3.1B). Additionally, Brk expression was
assayed in a subset of previously described (57) xenografted tumors maintained
in the Huntsman Cancer Institute (HCI) breast tumor tissue bank. All HCI TNBC
and luminal B (HER2+) subtype xenografts exhibited high levels of Brk protein
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expression relative to luminal B (Her2-) tumors (Fig. 3.1C; Table 3.1). In addition,
both HIF-1a and HIF-2a proteins were highly enriched in the TNBC samples
relative to HER2 or steroid hormone receptor positive tumors. These data
confirm that Brk, HIF-1a and HIF-2a are co-expressed in human breast
carcinomas, particularly in TNBCs.
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Figure 3.1 Brk is upregulated in breast cancers and in human TNBC
cell lines. (A) Brk mRNA levels were compared using the Cancer
Genome Atlas (TCGA) dataset via Oncomine, comparing normal breast
tissue to invasive ductal carcinomas (IDC), and to invasive lobular
carcinomas (ILC) (Analysis conducted by Dr. Todd Knutson). (B)
Western blot analysis of Brk protein levels in TNBC cell lines the (MDAMB-231, MDA-MB-435, DKAT, HCC1937, and HS587T) and in triple
negative human tumor specimens obtained from the University of
Minnesota BioNet with antibodies to Brk and p38 (loading control). (C)
Human breast cancer xenograft fragments derived from the HCI resource
were obtained at generation 3-5. HS-WCE (10 µg/lane) were subjected to
Western blot analysis for Brk, HIF-1α, HIF-2α, and ß-tubulin (loading
control).
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Table 3.1 Tumor features of HCI patient-derived xenograft tumors (lysate
obtained from Dr. Alana Welm).

Multiple

mechanisms

of

Brk

upregulation

exist,

including

gene

amplification (20) and Brk-induced phosphorylation and degradation of c-Cbl
(75), an E3-ubiquitin ligase responsible for downregulation of numerous
oncoproteins, including ErbB family members (76). We hypothesized that Brk
expression may also be induced upon cellular stress. To address this question,
we exposed TNBC cells to various stresses, including hypoxia, and examined
Brk protein and mRNA expression. MDA-MB-231 breast cancer cells were
subjected to mild hypoxic conditions (2% O2), for increasing periods of time and
harvested for Western blot analysis. HIF-1a protein was upregulated following
exposure of MDA-MB-231 cells to low oxygen for 4-30 hours relative to cells
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incubated in normoxic conditions (Fig. 3.2A). HIF-1a protein levels peaked at
approximately 6 hours of hypoxia, followed by decreased but sustained
expression out to 30 hours. Interestingly, Brk levels increased at 6 hours of
hypoxia compared to normoxic controls, coinciding with the peak of HIF-1a
protein expression. Elevated Brk protein levels were maintained out to 30 hours.
The same experiment was performed in non-tumorigenic immortalized MCF10A
cells, previously reported to be Brk-null (77) (Fig. 3.2B), as well as ER+/PR+
MCF7 (Fig. 3.3A) and T47D breast cancer cells (data not shown). Following 24
hours of hypoxia exposure, Brk levels were consistently increased in all cell lines.
These data demonstrate that hypoxic conditions induce Brk expression in a
variety of breast cell lines, and that HIF-1a protein levels peak slightly before the
rise in Brk protein levels.
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Figure 3.2 Hypoxia and other cellular stresses induce Brk expression.
(A) MDA-MB-231 cells were cultured in normoxia or 2% O2 (hypoxia) for
the indicated times and subjected to Western blot analysis for Brk or p38
(loading control). (B) MCF10A cells were cultured in normoxia or 2% O2
(hypoxia) for 4 or 24 hours. Whole-cell lysates were resolved on SDSPAGE gels and probed with antibodies to Brk or vinculin (loading control).
(C) Hs578T and MDA-MB-231 cells were cultured at normoxia or hypoxia
for 24 hours and then mRNA levels were analyzed by qPCR after
normalization to TBP expression. Asterisks (*) indicate statistical
significance (p <0.05; an unpaired Student’s t test). (D) MDA-MB-231 cells
were treated with 0, 1, 10, 50 or 100 μM H2O2. Lysates were resolved on
SDS-PAGE gels and probed for antibodies specific for Brk, HIF-1a, and
p38 (loading control). (E) MDA-MB-231 cells were cultured in media with
either 4.5g/L (DMEM-Hi) or 1.0 g/L (DMEM-Lo) glucose. Duplicate
samples (independent lysates) were resolved by SDS-PAGE and probed
with antibodies to Brk, HIF-1a and p38 (loading control).

To assess the transcriptional regulation of Brk during hypoxia, we cultured
Hs578T and MDA-MB-231 cells for 24 hours in 1% O2 and examined Brk mRNA
levels by quantitative real-time PCR (qPCR). Brk transcript levels increased
significantly at hypoxia compared to normoxia, in both TNBC cell lines (Fig.
3.2C). Levels of VEGF, a known HIF-1 target gene, also significantly increased in
both cells lines. Interestingly, transcript levels of ERBB2 and Met receptor (MET),
growth factor receptors known to activate Brk signaling, were also increased
significantly by hypoxia in MDA-MB-231 cells. Similar results were observed in
MCF7 breast cancer cells (Fig. 3.3B). These data indicate that expression of Brk,
a downstream effector of the Met and ERBB2 signaling pathways, is upregulated
by hypoxia.
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Figure 3.3 (A) MCF7 cells were cultured in normoxia (20% O2) or hypoxia
(1% O2) for the indicated amounts of time and lysates were subjected to
Western blotting with antibodies for Brk, HIF-1a, and AKT (loading control).
(B) MCF7 cells were cultured at normoxia or hypoxia (1% O2) for 24 hours
and Brk, VEGF, and MET mRNA expression was assessed via qPCR after
normalization to TBP. (C) MCF7 shControl shHIF1A, shHIF2A and DKD cells
were cultured at normoxia or hypoxia (1% O2) for 24 hours and Brk mRNA
was determined via qPCR (normalized to TBP). Data are represented as fold
Brk mRNA relative to each cell lines normoxic condition.

The above results suggest that Brk induction may be characteristic of
more universal responses to cellular stresses that also input to HIF-1a (78). We
therefore assessed the levels of Brk expression in response to increasing
concentrations of reactive oxygen species (ROS) by treatment with hydrogen
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peroxide (H2O2) and to glucose deprivation. When MDA-MB-231 cells were
exposed to increasing levels of H2O2 (0-100 μM), Brk and HIF-1a protein levels
were induced or stabilized, respectively, in a dose dependent manner (Fig. 3.2D).
A similar response occurred when cells were exposed to media containing
lowered glucose (1g/L) as compared to base DMEM-Hi media (4.5g/L) (Fig
3.2E). These data indicate that cell stresses such as hypoxia, H2O2 exposure,
and nutrient starvation are capable of stabilizing HIF-1a and inducing Brk mRNA
and protein over similar time courses. Brk induction by multiple cell stress
pathways suggests a mechanism for coordinate regulation of downstream
signaling in response to HIF activation.

Brk is a novel, direct HIF transcriptional target gene.
We hypothesized that hypoxia/HIF signaling is directly responsible for the
upregulation of Brk mRNA and protein in response to hypoxic conditions. Upon
examination of the BRK promoter, we identified multiple potential hypoxia
response elements (HREs) within 20 kb of the transcriptional start site (TSS)
(Fig. 3.4A). To examine HIF-a recruitment to the BRK promoter, we performed
chromatin-immunoprecipitation (ChIP) assays with MDA-MB-231 cells cultured at
normoxia or hypoxia for 24 hours. We observed that HIF-1a and HIF-2a were
robustly recruited to HRE 1 located 1.5 kb upstream of the BRK TSS at hypoxia
compared to normoxia (Fig. 3.4B). As a functional correlate of transcriptional
activity associated with this HRE, we assessed the recruitment of RNA
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polymerase II to this region (HRE 1) and observed robust recruitment of this
enzyme following exposure to hypoxia (Fig. 3.4B). These data suggest that HIFcontaining transcriptional complexes present at HRE 1 in hypoxia are active.
Essentially identical results (i.e. hypoxia-regulated recruitment of HIF-1a, HIF-2a,
and Pol II) were obtained for HREs 2-5 (Fig. 3.5). HIF-1a recruitment to the
VEGF promoter (Fig. 3.4C) was included as a positive control (79). The first
intron in the globally methylated and transcriptionally inactive hemoglobin B
(HBB) gene (80) served as a negative control (Fig. 3.4D). These data, strongly
implicate HIFs in upregulation of Brk mRNA under conditions of cellular stress in
MDA-MB-231 cells.
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Figure 3.4 Brk is a direct HIF target gene. (A) Schematic representation
of HREs in the proximal BRK promoter that were assessed for HIF-1a/2a
recruitment. (B) MDA-MB-231 cells were cultured at normoxia or hypoxia
(1% O2) for 24 hours. Formaldehyde fixed lysates were subjected to ChIP
with HIF-1a, HIF-2a or RNA pol II antibodies and qPCR was performed on
the isolated DNA to determine HIF and pol II recruitment to HRE 1. As
controls, ChIP for HIF-1 was performed for the VEGF promoter (C), or the
negative control HBB intron (D). Representative examples from triplicate
experiments are shown.
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Figure 3.5 HREs 2-5 were assessed via ChIP for HIF-1a, HIF-2a, and
RNA pol II recruitment in MDA-MB-231 cells following 24 hours at
normoxia or hypoxia (1% O2).
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We next sought to determine if HIF-1a was required for the induction of
Brk in aggressive, metastatic mammary tumors. To this end, we first examined
the expression of Sik, the mouse homologue of Brk, in end-stage HIF-1 wildtype
(WT) or knockout (KO) mouse mammary tumors initiated by expression of the
mouse mammary virus-driven polyoma middle T oncoprotein (MMTV-PyMT)
transgene, as previously described (58). Colorimetric immunohistochemistry
staining for Sik revealed a substantial loss of Sik protein expression in HIF-1 KO
mammary tumors relative to WT tumors (Fig. 3.6A). These results were
confirmed by immunofluorescence staining for Sik (red) and DAPI-nuclear
staining (blue) (Fig. 3.6B). Expression of Sik was localized in the tumor
epithelium and stroma. A no primary-antibody control was included to
demonstrate that all immunoreactivity was due to the primary Sik antibody (Fig.
3.6A); the specificity of Sik antisera was shown previously (81). Additionally, four
HIF-1 WT and four HIF-1 KO PyMT tumors were assessed for Sik protein levels
by Western blotting. We observed a marked reduction in Sik protein in HIF-1 KO
tumors relative to HIF-1 WT tumors (Fig. 3.6C). Therefore, HIF-1a is required for
robust expression of Sik in PyMT-mouse mammary tumors.
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Figure 3.6 Sik protein in PyMT+ murine mammary tumors is dependent
upon HIF-1a expression. (A) Immunohistochemistry of paraffin embedded
sections from WT or HIF KO tumors stained for Sik or secondary antibody only
(No 1-Ab) and developed with conventional DAB staining also revealed a
dramatic decrease in Sik expression in HIF KO tumors (Experiment and
staining conducted by Drs. Danielle Peacock and Tiffany Seagroves) (B)
Immunofluorescence images of HIF-1 WT or KO tumors derived from the
MMTV-PyMT transgenic model. Paraffin embedded tissue sections were
probed for Sik (detected with AlexaFluor-594, red) and stained with DAPI
(blue)(Experiment conducted by Drs. Danielle Peacock and Tiffany
Seagroves). A no primary antibody control was run and showed no detectable
staining (data not shown). (C) Protein lysate from four HIF WT or HIF KO
tumors were resolved by SDS-PAGE and probed with antibodies for HIF-1a,
Sik, and vinculin as a loading control. A light and dark exposure of the HIF1a blot are shown. Relative expression, via densitometry, is listed beneath.
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Despite dramatic reduction in HIF-1 KO PyMT-tumors, Sik protein was still
weakly detected (Fig. 3.6). Notably, HIF-1a and HIF-2a have overlapping
transcriptional targets (55, 82-84), although the specific role of HIF-2a in breast
tumors has been less well investigated, particularly in TNBCs (55). Therefore, we
tested the dependence of Brk expression on HIFa molecules in human breast
cancer cells cultured under hypoxic conditions. MDA-MB-231 cells expressing
empty vector (shControl), HIF1A shRNA, HIF2A shRNA, or both HIF1A and
HIF2A shRNAs (DKD) were cultured at normoxia or 1% O2 for 6 or 24 hours. As
expected, HIF-1a protein was increased at 6 and 24 hours in shControl cells
cultured at hypoxia. HIF-1a expression was reduced by more than 90% in
hypoxic shHIF1A cells and undetectable in DKD cells (Fig. 3.7A). Similarly, HIF2a protein increased in hypoxia in shControl cells, but was diminished in cells
expressing shRNAs targeting either HIF2A alone or both HIF factors (DKD).
Notably, we observed a substantial hypoxia-induced increase in HIF-2a protein
expression in cells expressing shHIF1A relative to shControls. The up-regulation
of HIF-2a in response to efficient HIF1A knockdown was previously shown in
MCF-7

cells

(55).

Importantly,

only

double-knock

down

(DKD)

cells

simultaneously expressing both HIF1A and HIF2A shRNAs completely lacked
both HIF molecules (Fig. 3.7A). Brk mRNA was significantly decreased in MDAMB-231 cells expressing either shHIF1A or shHIF2A relative to shControl cells,
but significantly induced by hypoxia relative to normoxia (Fig. 3.7B). However,
when both HIF1A and HIF2A were simultaneously knocked down, we observed
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an almost complete ablation of Brk transcript expression. Likewise, Brk protein
levels were also decreased substantially following knockdown of both HIF1A and
HIF2A (Fig. 3.7B inset). Similar results were observed in MCF7 cells (Fig. 3.3).
These data suggest that when expression of either HIF-1a or HIF-2a is lost, the
other HIFa subunit may compensate to induce Brk expression, consistent with
the regulation of numerous other HIF-target genes, as previously shown in MCF7 cells (55).
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Figure 3.7 Brk mRNA and protein expression are ablated upon loss
of both HIF-1a and HIF-2a. (A) MDA-MB-231 cells expressing
shControl, shHIF1A, shHIF2A, or DKD were cultured at normoxia or
hypoxia (1% O2) for 6 or 24 hours. Lysates were analyzed by Western
blotting with antibodies to HIF-1a or HIF-2a or b-Tubulin (loading
control). The asterisk indicates a cross-reactive band just above HIF-2a
and the arrow indicates HIF-2a. (B) MDA-MB-231 cells expressing
shControl, shHIF1A, shHIF2A, or DKD were cultured at normoxia or
hypoxia (1% O2) for 24 hours. Protein and mRNA were isolated and
mRNA was analyzed by qPCR after normalization to TBP. Inset:
Western blotting analysis for Brk and ERK1/2 (loading control).
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Ectopic Brk expression enhances growth of HIF1A/HIF2A knockout tumors
in vivo.
Overexpression and enhanced activity of HIFa subunits is common in a
variety of cancer types and has been shown to be a key mediator of tumor
formation and progression (69, 71, 85). Previous studies showed that tumors
derived from MDA-MB-231 cells that lack HIF-1a and HIF-2a displayed
significantly decreased growth relative to wildtype controls (86-88). When
overexpressed in the normal mammary gland, Brk mediates delayed involution
via activation of pro-survival signaling pathways and acts as a latent breast
oncogene (22). As Brk knockdown in breast cancer cells has been shown to
inhibit proliferation and block cell migration in vitro (7) as well as decrease
xenograft tumor size in vivo (89), we sought to determine if Brk overexpression
could rescue decreased tumor growth caused by loss of HIF-1 and HIF-2 activity
(i.e. a model where endogenous Brk is not HIF-induced). Thus, MDA-MB-231
cells expressing both shHIF1A and shHIF2A (DKD) cells were retrovirally
infected with a pFB-neo-WT-Brk overexpression construct. Western blot analysis
confirmed that knockdown of HIF1A

and HIF2A was maintained in DKD cells

(Fig. 3.8A), and the cells were thus unable to induce endogenous Brk (Fig. 3.8B).
In contrast, DKD cells engineered to over-express wildtype Brk exhibited
constitutive Brk expression, as expected (Fig. 3.8B).
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Figure 3.8 (A) MDA-MB-231 shControl, DKD, and DKD + Brk cells were
cultured at hypoxia (1% O2) for 24 hours prior to Western blotting to
confirm knockdown with antibodies to HIF-1a, HIF-2a or ERK1/2
(loading control). (B) MDA-MB-231 DKD and DKD + Brk cells were
cultured at normoxia or hypoxia (1% O2) for 24 hours and lysates
subjected to Western blotting using Brk and b-Actin (loading control)
antibodies. Brk mRNA expression levels were determined via qPCR
after normalization to TBP. Asterisks indicate significant comparisons
between matched normoxic and hypoxic samples.
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Consistent with previously published in vivo results (86-88), DKD cells
grew significantly less than shControl cells via in vitro MTT assays. This growth
defect was recovered (days 1-3) and then surpassed (day 5) upon re-expression
of WT-Brk (Fig. 3.9A). These cells (shControl, DKD and DKD + Brk) were then
used to establish orthotopic mammary tumors in NOD scid gamma female
recipients (n=9 mice/cohort). Xenografts were palpated and tumor growth was
measured with digital calipers as previously described (62). In agreement with
previous reports, which utilized independent shRNA targeting sequences to
HIF1A or HIF2A (86-88), knockdown of both HIF1A and HIF2A significantly
decreased breast cancer cell growth in vivo relative to shControl cells at day 38;
780.6 ± 98.4 mm3 vs. 558.0 ± 36.0 mm3, respectively (Fig. 3.9B-C). Surprisingly,
DKD cells constitutively expressing exogenous Brk (DKD + Brk) exhibited robust
in vivo xenograft growth that not only reversed the HIF DKD growth phenotype (p
<0.05 at day 35 and p<0.001 at day 38; day 38 mean tumor volume 921.9 ± 88.5
mm3 vs. 558.0 ± 36.0 mm3, respectively), but the mean tumor volume of DKD +
Brk xenografts exceeded that of shControl tumors at day 38 post-transplant (Fig.
3.9B, 921.9 ± 88.5 mm3 vs. 780.6 ± 98.4 mm3, respectively; p<0.05). These data
indicate that constitutive Brk expression is sufficient to recover the diminished
growth phenotype of HIF DKD cells. In addition, comparison of mean ex vivo
tumor mass confirmed that the shControl xenograft tumors were significantly
larger than DKD tumors (Fig. 3.9C, p = 0.05). Similarly, comparison of tumor wet
weight revealed that DKD + Brk xenograft tumors were significantly larger than
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DKD tumors (p<0.01). End-stage tumors were harvested and analyzed by
Western blot, which confirmed the maintenance of HIF knockdown over the
experimental time course (data not shown).
These results were independently repeated in a second experiment, in
which we also necropsied the axillary region to detect the presence of lymph
node lesions. We observed that 40% of the mice transplanted with DKD + BRK
xenograft tumors harbored lymph node macrometastases (2/5 mice), with node
masses greater than 2 mm in diameter (Fig. 3.9D), while no mice bearing DKD or
shControl xenograft tumors exhibited overt node involvement by necropsy or
H&E analysis (0/5 mice per genotype). The presence of human breast cancer
cells in these lymph nodes was confirmed by staining for human-specific anticytokeratin, CAM5.2, as in (57) (Fig 3.9D). These data suggest that in vivo, Brk is
a major driver of breast cancer phenotypes that are typically associated with HIF1a/2a mediated tumor progression and metastasis.
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Figure 3.9 Brk promotes growth in HIF DKD cells in vitro and in
vivo. (A) MTT cellular proliferation assays were performed with MDAMB-231 cells cultured at 1% O2 for the indicated amounts of time. (B)
Mammary fat pad xenografts were established with either shControl,
DKD or DKD + Brk MDA-MB-231 cells (n=9 mice /cohort). Mean tumor
volume per cohort was plotted over time; asterisks indicate significant
differences via two-way ANOVA between DKD and DKD+ Brk tumors at
both day 35 and day 38 post-transplant (p <0.05, p<0.001). Mean tumor
volumes at day 38 for DKD and DKD + Brk cohorts are listed (Experiment
conducted by Drs. Danielle Peacock and Tiffany Seagroves). (C) Mean
ex vivo tumor wet weight. Significance was calculated via ANOVA (* p<
0.05, ** p<0.01) (Experiment conducted by Drs. Danielle Peacock and
Tiffany Seagroves). (D) Representative histological images depicting
CAM5.2 positive axillary lymph nodes (LN) from mice with DKD+Brk
xenograft tumors. An image from a no primary antibody control is also
shown (No 1°-Ab control) (Experiment conducted by Drs. Danielle
Peacock and Tiffany Seagroves).
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Brk increases the appearance of basal-like mammary tumors in METmut
mice.
Numerous in vitro studies have implicated Brk in oncogenic signal
transduction pathways that contribute to aggressive phenotypes in breast cancer
cells, including migration, anchorage independent growth, and resistance to
targeted therapies (13, 18, 20, 21). WAP-Brk transgenic mice exhibited increased
p38 MAPK signaling associated with delayed forced involution. In addition, aged
multiparous mice developed more mammary tumors relative to mice lacking
mammary gland-specific Brk expression (22). Our recent work demonstrated that
Brk signals downstream of Met receptors to increase HGF-driven malignant
processes in vitro (13). Tissue microarray-based analyses of human breast
cancers demonstrated that high Met receptor levels are strongly correlated with
TNBC and basal-like breast cancers (61). Therefore, we sought to determine the
effects of Brk-dependent signaling on mammary tumor development in a wellcharacterized mouse model of human breast cancer. To generate mammary
tumors, WAP-Brk (FVB) transgenic mice were crossed with METMut knock-in
(FVB) mice, which express a constitutively active Met receptor and mimic the
pathological features of human basal-like breast cancer (22, 61). As the Met
receptor is known to be an upstream activator of Brk, mammary epithelial cells
derived from WAP-Brk x METMut mice are predicted to have constitutive
activation of Brk (8, 13).
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Following continuous pregnancies (n=3) to activate mammary gland
specific WAP-driven Brk transgene expression, groups of age-matched,
multiparous female mice (n=17 mice per cohort; Wildtype, Brk alone, METmut
alone, or Brk x METMut) were monitored for tumor formation weekly and sacrificed
once tumors grew to a volume of approximately 1 cm3. Mice in the wildtype and
WAP-Brk (i.e. non-activated Brk) cohorts failed to develop mammary tumors over
the experimental time course (Fig. 3.10A). As predicted (61), nearly 100% of
METmut mice developed mammary tumors (by day 700). However, increased
tumor formation and decreased overall tumor-free survival were observed in
WAP-Brk x METMut mice relative to METMut mice (log-rank p=0.03, Fig. 3.10A).
The median survival of WAP-Brk x METMut mice was 228 days, whereas median
survival of METMut was 368 days. We collected tissues (lung, liver, brain, ovaries)
from mice upon necropsy for analysis of potential (latent) metastatic events
(Table 3.2). Importantly, Brk x METMut mice developed more (20%) metastases
relative to METMut mice (12%) (Fig. 3.10B, Table 3.2). Notably, metastases were
observed in mice that survived (i.e. were not euthanized due to primary tumor
size) at least 275 days; of these, 3/6 (50%) Brk x METMut mice developed distant
metastases, while 2/15 (13%) METMut mice developed distant metastases. Taken
together, these data suggest that Brk activation in the mammary epithelium,
whether driven by hypoxia or constitutive MET expression, is a driver of rapid
tumor progression in vivo.
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Figure 3.10 Growth of basal-like mammary tumors that originate in
METmut mice is accelerated by expression of the Brk transgene or
endogenous Sik. (A) Percent tumor-free survival of METMut mice
compared to Brk x METMut transgenic mice by Kaplan-Meier analysis and
significance determined by Mantel-Cox Log-rank test (hazard ratio, 2.39;
95% CI = 1.082 to 5.276). (B) Representative hemotoxylin and eosin
(H&E) stained section from a Brk x METMut mouse lung harboring
metastases is depicted. (C) Percent tumor-free survival, stratified by
endogenous Sik expression status. Significance was determined with
Mantel-Cox Log-rank test (hazard ratio, 5.47; 95% CI = 2.060 to 14.50).
(D) Tumors were harvested from end-stage METMut or WAP-Brk x METMut
mice, and mean expression of Sik mRNA was analyzed by qPCR after
normalization to TBP. Early tumors were classified as those that developed
by 300 days and latent tumors were classified as those that developed
after 300 days (* p<0.05)(Experiment conducted by Gregory Hubbard). (E
& F) Kaplan-Meier curves were derived from data analyzed from 117
primary human breast tumor specimens (1) for overall survival (E) and
metastasis-free survival (F), stratified by high (top quartile, >75%) and low
(lower quartile, <25%) Brk expression. Significance was determined by
Mantel-Cox Log-rank test

Table 3.2 Enhanced metastasis in Brk x METMut mice relative to METMut
and WAP-Brk mice.
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Most solid tumors are hypoxic. Our in vitro studies related to hypoxia
regulation of Brk expression (Figs 3.2-3.4) suggested that endogenous Sik
expression may be induced during the course of tumor progression in METmut
mice. Therefore, all tumors extracted from mice were screened for Sik mRNA
expression via qPCR. Notably, when data was stratified by Sik expression alone,
regardless of Brk transgene genotype, there was a strong association between
Sik positivity and decreased tumor-free survival (log-rank p=0.0006) (Fig. 3.10C).
Mice with Sik-positive tumors had a median survival of 221 days, whereas mice
with Sik-negative tumors had a median survival of 397.5 days. Overall, the
decreased latency correlated with significantly higher levels of Sik in tumors (Fig.
3.10C-D), suggesting that Sik expression accelerates tumor development and
progression.
Collectively, our studies suggest that Brk is an important driver of breast
tumor progression. Brk expression in human breast cancers may signify the need
for more aggressive cancer therapies. To further support these findings as
relevant to human tumors, we stratified 117 primary human breast tumor
samples according to Brk mRNA expression (1). High Brk expression correlated
significantly with both decreased overall survival (Fig. 3.10E) and decreased
metastasis-free survival (Fig. 3.10F). These data suggest that the WAP-Brk x
METMut mice model human disease with high Brk expression. These mice may
provide a useful model system for pre-clinical testing of novel therapies that may
include Brk inhibitors.
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Discussion
Although an improved understanding of Brk signaling in breast cancer is
rapidly emerging (7, 8, 13, 14), the mechanisms by which Brk is aberrantly
expressed in the majority of breast cancers remains undefined. We have
identified cellular microenvironmental stressors, including hypoxia, to be major
cues that result in increased Brk expression in both normal and neoplastic
mammary epithelial cells. We have additionally shown through ChIP assays and
gene expression analysis that this mechanism of Brk transcriptional regulation is
HIF-dependent. This finding is particularly relevant to breast cancer subtypes that
exhibit high constitutive expression of HIFa subunits, specifically, TNBCs (Fig.
3.1) and inflammatory breast cancers (71, 72). Importantly, forced expression of
Brk in cells lacking both HIF-1a and HIF-2a increased xenograft growth in vivo
and promoted lymph node metastasis, suggesting that Brk is a key mediator of
the hypoxia-induced metastasis program. Furthermore, using a mouse model of
Brk overexpression (WAP-Brk x METMut knock-in), we demonstrated that
activated Brk signaling drives mammary tumor initiation and rapid tumor growth
in vivo. Tumor growth is further accelerated in the presence of activated
endogenous Sik (the mouse homologue of Brk, which is not expressed in the
normal mammary gland). Sik expression is tightly linked to rapid tumor onset and
shortened survival, regardless of Brk transgene genotype. The impact of
activated Brk signaling on metastatic progression is of particular interest, as 20%
of the Brk x METMut mice developed distant metastases, compared to only 12%
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of the METMut mice. This difference trended toward significance (Figure 3.10,
Table 3.2), despite that our experimental design was powered for the detection of
differences in primary tumor formation and growth rate rather than the detection
of distant metastases (i.e. all mice are euthanized when tumors reach 1mm3,
which limits the ability to detect metastatic events derived from rapidly growing
primary lesions). Clearly, high Brk expression in primary human breast tumors is
significantly correlated with decreased overall survival as well as decreased
metastasis-free survival (Fig. 3.10E-F). Further studies, designed specifically to
assess differences in metastases (i.e. following removal of primary tumors and/or
using larger cohorts (90)), are needed to better define the details of how Brk
signaling contributes to the stepwise process of metastasis.

Our ChIP data suggest that HIF-1a/2a directly regulate Brk expression via
contact with one or more distinct HREs located throughout the Brk promoter. We
detected abundant recruitment of HIF-1a/2a and Pol II to at least five HREs the
Brk promoter in response to hypoxia. Brk mRNA and protein were subsequently
increased (Fig. 3.4 & 3.6). In support of this finding, Sik expression was
significantly diminished in mammary tumors that arose in MMTV-PyMT HIF-1 KO
mice relative to WT controls. However, in human MDA-MB-231 (and MCF-7)
breast cancer cells, upon loss of HIF-1a, although the response was dampened,
we still observed a net increase in hypoxia-induced Brk mRNA and protein
expression. As previously shown for MCF7 cells (55), HIF-2a is likely able to
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compensate for the loss of HIF-1 transcriptional activity in cells expressing
shHIF1A, thereby maintaining Brk expression in hypoxia. Our data support the
hypothesis that Brk can be up-regulated during hypoxia by either HIF-1 or HIF-2,
particularly since HIF-2a protein levels were indeed increased when HIF1A was
knocked-down in MDA-MB-231 cells (Fig. 3.7A). Moreover, when both HIF-1 and
HIF-2 activity is depleted using shRNAs, we observed an almost complete loss of
both basal and inducible Brk mRNA and protein expression in MDA-MB-231 cells
(Fig. 3.7) as well as MCF-7 cells (Fig. 3.3C). Numerous studies have determined
that HIF-1a and HIF-2a regulate several of the same genes (55, 82, 83), as
expected since the core binding sequence (RCGTG) is recognized by both HIF-1
and HIF-2 (84, 91). Indeed, significant levels of both HIF-1a and HIF-2a have
been observed to bind to almost all of the HIF binding sites identified by ChIP
genome wide. However, functional analysis of the role of individual HREs in the
regulation of Brk expression by HIFs is outside the scope of this study. Genomewide studies have also shown that, despite sharing the same response element,
each HIFa subunit also differentially regulates a unique core of distinct genes
(84). These studies highlight the complexity of HIF gene regulation and the
possibility that HIF-1a and HIF-2a may be involved in both cooperative and
compensatory gene regulation that is highly context-dependent (55), and
underscore the need for further study. Additionally, molecular compensation (i.e.
of one HIF for another) is an important consideration for targeting HIF-specific
actions in the clinic.
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Solid tumors experience widespread cell stress that acts as a form of
selection pressure. Our previous studies have elucidated downstream mediators
of Brk signaling that include stress-activated protein kinases (p38 MAPK and
ERK5) as well as their substrates MEF2 and Sam68 (8, 13, 14). Breast cancer
cells maintain high soluble and growth factor receptor tyrosine kinase activities
relative to untransformed cells (92); these pathways may act as inputs to
increased Brk and ERK5 activities (7, 21). Intriguingly, Schweppe and co-workers
have shown that HIF-1 transcriptional activity was enhanced by ERK5, and that
numerous hypoxia-regulated and HIF-1a target genes were also specifically
regulated by ERK5 (93). These results suggest that HGF, Met, Brk, ERK5, and
HIF-1a may function together as a “feed-forward” autocrine signaling loop in
response to hypoxia, ultimately resulting in high levels of Brk expression and
adaptation to cell stress that enables cancer cells to migrate away from hypoxic
regions to more hospitable microenvironments at distant sites. Related to this
process is the epithelial to mesenchymal transition (EMT), a quintessential step
that precedes carcinoma cell metastasis (94). HIF-1 is known to mediate EMT in
breast tumors (58) and knock-down of Brk in MCF7 breast cancer cells partially
reverses EMT, as measured by a decrease in mesenchymal markers (fibronectin
and N-cadherin) and an increase in epithelial associated markers (E-cadherin
and b-catenin) (95). Taken together, these studies support the hypothesis that
increased Brk expression allows breast cancer cells to successfully migrate, in
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part via modulation of EMT-associated molecules. Importantly, Brk appears to
act as a convergence point downstream of diverse growth factor receptors that
are frequently overexpressed in breast cancer. This biology, in conjunction with
our findings that Brk is a major effector of in vivo HIF-mediated tumorigenesis
and metastasis, suggests that targeting Brk (in addition to MET and/or HIFdependent signaling) as part of combination breast cancer treatment strategies
may more effectively subvert HIF-driven processes that contribute to aggressive
tumor progression.
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Chapter 4

Breast Tumor Kinase (Brk/PTK6) is Induced by HIF, Glucocorticoid
Receptor, and PELP1-Mediated Stress Signaling in Triple-Negative Breast
Cancer
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Introduction
Breast tumor kinase (Brk) is a soluble tyrosine kinase, distantly related to
the c-Src-family kinases (5). While Brk is absent or low in cell line models of
normal mammary epithelial cells (60), recent studies show that Brk is elevated
but activated (i.e. phosphorylated) and membrane-localized in cancer relative to
normal tissues (9). Although Brk undergoes modest to high-level gene
amplification in breast tumors (cBioPortal), Brk is most frequently upregulated at
the mRNA level (2, 9, 11), with highest protein levels in advanced tumor grades
(8, 65). Although precocious Brk expression clearly enhances aggressive breast
cancer biology (7), a thorough understanding of the mechanisms driving
persistent Brk overexpression is lacking.

We demonstrated robust Brk induction following physiologic cell stress
stimuli, such as hypoxia, nutrient starvation, and reactive oxygen species (ROS)
(60), mediated by the hypoxia-inducible factors (HIF), HIF-1a and HIF-2a, master
regulators of responses to physiologic cell stress (66). Although triple negative
breast cancers (TNBCs) lack expression of ER and PR, glucocorticoid receptor
(GR), is highly expressed in 15-40% of TNBC tumors (36, 96, 97). GRs are
members of the nuclear steroid receptor family and bind glucocorticoids (GCs).
GCs have diverse cell-type specific effects, promoting apoptosis in cells of
lymphoid origin and conversely promoting survival in cells of epithelial origin (38,
98). In solid tumors, GR/GCs are emerging as mediators of cell survival and
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resistance to chemotherapy induced cell death (35, 99) and GR expression is
predictive of decreased survival and increased risk of metastasis in ER-negative
breast tumors (36).

Herein, we report Brk induction via GR/GC and HIF signaling cross talk.
Our studies demonstrate a novel mechanism of integration of physiologic cell
stress (HIF-dependent) and stress hormone (cortisol) driven pathways,
epigenetic signaling events that may drive persistent aggressive tumor cell
behavior. Targeting the inducible mediators of tumor progression may lead to
increased longevity for breast cancer survivors subjected to chronic therapy
during management of metastatic disease.

Results
Glucocorticoids induce Brk in TNBC.
In addition to our finding of Brk upregulation via cellular stressors that
input to HIF stabilization (60), we sought to investigate Brk regulation by another
primary stress sensing axis, GR/GC signaling. TNBC tumor samples were
obtained immediately following surgical resection (Table 2.1). Uniform sets of
fresh tumor fragments were maintained on gelatin sponges suspended in media
containing vehicle or dexamethasone (dex), a synthetic GC. Notably, 5/7 (71%)
TNBC tumors showed robust induction of Brk mRNA (and protein) following dex
treatment (24hrs) relative to vehicle-treated internal (i.e. same tumor) controls
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(Figure 4.1A). Brk mRNA expression remained unchanged following dex
treatment in one tumor explant, while another showed decreased Brk mRNA
expression (Figure 4.1A). Brk protein and mRNA induction relative to vehicle
control are shown for two representative explants (Figure 4.1B). Interestingly, GR
protein was also induced in 3/4 of explants following dex treatment; two
representative explants are shown (Figure 4.1B).
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Figure 4.1. Brk is induced following dex treatment of primary human
TNBC explants and cell lines. (A) Explant experimental model and
quantification of Brk mRNA levels explants (Experiments conducted by Drs.
ShiHong Ma and Ganesh Raj). (B) Patient tumor explants were treated for
24hrs with vehicle or 10µM dex and subjected to Western blot analysis (two
representative explants) Brk, GR, and Actin (loading control) antibodies.
Paired (same tumor) mRNA levels were analyzed by qRT-PCR and
normalized to 18S expression (Experiments conducted by Drs. ShiHong Ma
and Ganesh Raj). (C) MDA-MB-231, Hs578T, and BT-20 cells were treated
with increasing doses or 1µM dex for 24hrs and mRNA levels were analyzed
by qRT-PCR after normalization to Actin, TBP, or 18S (Asterisks (**) indicate
statistical significance (p<0.01; an unpaired Student t test)).
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To investigate the mechanism of Brk induction by GC signaling, we
utilized cell line models of TNBC. MDA-MB-231 cells, which express GR but lack
ER or PR, were treated with increasing doses of dex for 24 hours. Brk mRNA
was significantly increased in response to 1µM dex treatment relative to vehicle
(Figure 4.1C). Similarly, Brk mRNA was significantly increased in response to
dex treatment in Hs578T and BT-20 TNBC cell lines. Brk protein was also dose
dependently induced in response to dex, and over a time course that peaked at
24-30hrs (Fig. 4.2). Our remaining dex studies were performed using 1µM dex, a
physiologically relevant dose (100, 101) that is standard in the GR field (39).
Together, these data indicate that GR/GC signaling induces Brk expression in
primary human TNBC tumors and cell lines.
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Figure 4.2 GR/GC induces Brk mRNA and protein expression in
additional TNBC patient explants and cell line models. (A) Patient tumor
explants were treated for 24hrs with vehicle or 1µM dex and subjected to
Western blot analysis of Brk and GR protein levels (two representative
explants) using antibodies to Brk, GR, and Actin (loading control). Paired
(same tumor) mRNA levels were analyzed by qRT-PCR and normalized to
18S expression (Experiments conducted by Drs. ShiHong Ma and Ganesh
Raj). (B) MDA-MB-231 cells were starved for 24hrs and then treated with
vehicle or increasing doses of dex for 24hrs and Brk protein levels were
assessed by Western blot analysis with antibodies specific to Brk, GR, or
ERK1/2 (loading control). Relative expression of Brk, via densitometry, is
shown. MDA-MB-231 cells were starved for 24hrs then treated with vehicle or
1µM dex for the indicated times and (C) subjected to Western blot analysis
and probed with antibodies for Brk, GR, or ERK1/2 (loading control; relative
Brk expression, via densitometry, is shown), or (D) mRNA expression was
analyzed by qRT-PCR after normalization to TBP expression.
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GR requires HIFs to induce Brk.
To determine if HIFs are required for GR/GC-induced Brk expression, we
utilized MDA-MB-231 cells expressing a non-targeting control shRNA (shControl)
or shRNAs specific to both HIF-1a and HIF-2a, resulting in a double knockdown
(HIF1/2-shRNA) of HIF-1a and HIF-2a. MDA-MB-231 shControl and HIF1/2shRNA cells were cultured in normoxia or hypoxia and treated with vehicle or dex
for 24 hours and Brk mRNA expression was assessed via qRT-PCR. MDA-MB231 shControl cells but not HIF1/2-shRNA cells significantly induced Brk
expression following dex treatment compared to vehicle (Fig. 4.3A; right). GR
mRNA expression was unaltered between cell lines and the known GR target
gene, SGK-1, was similarly dex-regulated in both shControl cells and HIF1/2shRNA cells (Fig. 4.3B). These data suggest that ligand-activated GR requires
HIF-1a and/or HIF-2a to induce robust Brk mRNA expression.

The BRK promoter contains a glucocorticoid response element (GRE)
present 852 basepairs upstream of the transcriptional start site, near a known
hypoxia response element (HRE) to which we previously demonstrated
recruitment of both HIF-1a and HIF-2a during hypoxia (60). Chromatin
immunoprecipitation (ChIP) assays showed robust recruitment of GR to the GRE
in the BRK promoter following dex treatment in either cell line model relative to
vehicle treatment and IgG negative controls (Fig. 4.3C). These data suggest Brk
is a direct GR target gene. Ligand-activated GR is also recruited to the BRK
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promoter in dex-treated HIF1/2-shRNA cells, although Brk mRNA is not induced,
suggesting that HIFs are required for GR/GC co-activation of transcription or
other downstream event(s) subsequent to GR recruitment to this region of
chromatin.
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Figure 4.3. GR induction of Brk expression is HIF-dependent. (A) MDAMB-231 cells expressing shControl or HIF1/2-shRNA were cultured at
normoxia or hypoxia (1% O2) for 24hrs. Lysates were analyzed by Western
blotting for HIF-1a, HIF-2a or ERK1/2 (loading control; N.S* indicates a nonspecific band). MDA-MB-231 shControl or HIF1/2-shRNA cells were treated
with vehicle or 1µM dex for 24hrs and Brk mRNA levels were assessed by
qRT-PCR after normalization to Actin or (B) mRNA levels for GR and SGK-1
were assessed by qRT-PCR following normalization to TBP or Actin levels,
respectively. (C) MDA-MB-231 shControl or HIF1/2-shRNA cells were treated
for 1hr with vehicle or 1µM dex and ChIP assays were performed. Negative
control isotype-matched IgG controls were conducted on dex treated MDAMB-231 cells. Representative examples from triplicate experiments are shown.
(**p<0.01, unpaired Student t test).
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HIF-2a is a novel GR target gene in TNBC.
To test the dependence of HIF-induced Brk expression on GR/GC
signaling, MDA-MB-231 cells were cultured in hypoxia or normoxia with or
without dex or the GR antagonist, RU486. As above (Fig. 4.1), Brk mRNA was
significantly induced in response to dex treatment, but blocked by the GR
antagonist, RU486, as expected (Fig. 4.4A). Brk mRNA was significantly
increased in response to hypoxia alone, relative to normoxia, and was further
induced upon dex treatment during hypoxia. Interestingly, when MDA-MB-231
cells were treated with hypoxia, dex, and RU486 simultaneously, Brk mRNA
expression returned to levels seen in hypoxic conditions, but were not further
reduced to the basal expression levels observed during normoxia. Thus, while
GR/GC-induced Brk expression requires HIFs (Fig. 4.3A), HIFs induce Brk during
hypoxia independently of ligand-activated GR (Fig. 4.4A).

Although expression of HIF-1a/2a is canonically regulated by oxygen
tension through proteasomal degradation, cancers frequently utilize alternative
methods to inappropriately stabilize HIFs (102, 103). We speculated that GR may
regulate HIFs in TNBC cells as a means of ‘pre-setting’ the components
necessary for rapid upregulation of select target genes, including Brk. To test
this, MDA-MB-231 cells were cultured with or without dex and hypoxia and as
expected, HIF-1a and HIF-2a protein levels were substantially induced in
hypoxia relative to normoxia. Surprisingly, HIF-2a but not HIF-1a protein levels
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were increased in response to dex relative to vehicle controls. Alone, dex or
hypoxia significantly induced HIF2A mRNA expression relative to vehicle (Fig.
4.4B) and combination treatment resulted in additive induction. Similar results
were observed in Hs578T TNBC cells (Fig. 4.4C). To determine if HIF-2a was a
direct GR target gene, we performed ChIP assays to a GRE present in the HIF2A
(EPAS1) promoter in MDA-MB-231 cells following dex and hypoxia treatment
and observed robust recruitment of GR in response to dex treatment compared
to vehicle (Fig. 4.4D). Interestingly, ligand-independent recruitment of GR was
observed during hypoxia relative to normoxia and may account for the modest
but significant increase in HIF2A mRNA observed during hypoxia (Fig. 4.4B).
These data indicate that GR directly binds the EPAS1 promoter prior to induction
of HIF2A mRNA in both ligand-dependent and -independent conditions.

HIF-1a/2a are recruited to multiple active regions of the Brk promoter in
response to physiologic cell stress stimuli (60). To determine if GR and HIF-2a
were present in the same transcriptional complexes at the BRK promoter in
response to hypoxic cell stress and stress hormone exposure, we performed
ChIP-ReChIP assays. Following first-round immunoprecipitation (IP) with an
antibody specific to GR, and subsequent IP with an antibody specific for HIF-2a,
we detected strong co-recruitment of these transcription factors to the BRK
promoter following combined dex and hypoxia treatment and relative to vehicle
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controls (Fig. 4.4E). Thus, GR and HIF-2a interact in the same transcriptional
complexes at the BRK promoter following dex and during hypoxia.
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Figure 4.4 GR regulates HIF-2a expression and GR/HIF-2a are corecruited to the BRK promoter. (A) MDA-MB-231 cells cultured in normoxia
or hypoxia for 24hrs with vehicle, 1µM dex, 1µM RU486 or both agents and
mRNA levels were assessed by qRT-PCR after normalization to TBP levels.
Asterisks indicate statistical significance from all other treatment groups in
either normoxia or hypoxia. (B) MDA-MB-231 cells were treated for 24hrs with
vehicle, 1µM dex, hypoxia or both agents and subjected to Western blot
analysis for HIF-1a, HIF-2a or ERK1/2 (loading control); Brk mRNA levels
were analyzed by qRT-PCR after normalization to TBP levels. (C) Hs578T
cells treated with vehicle or 1µM dex for 24hrs and mRNA expression was
analyzed via qRT-PCR following normalization to TBP expression. (D) MDAMB-231 cells were cultured at normoxia or hypoxia and treated with vehicle or
1µM dex for 1hr and ChIP assays were performed. Negative isotype-matched
IgG controls were conducted on hypoxia and dex treated MDA-MB-231. (E)
MDA-MB-231 cells were treated with vehicle or 1µM dex and hypoxia for 1hr.
ChIP-Re-ChIP assays were performed with initial immunoprecipitation with GR
antibody and subsequently immunoprecipitation with HIF-2a antibody. No
secondary antibody was included in control samples to demonstrate
specificity. Representative examples from triplicate experiments are shown.
(*p<0.05, **p<0.01, ***p<0.001; unpaired Student t test).
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PELP1 interacts with GR to induce Brk expression.
Common signaling pathways may exist across diverse hormone-driven
cancers. We thus considered common SR coactivators in our models of TNBC.
Proline, glutamic acid, and leucine rich protein 1 (PELP1/MNAR) is a known SR
coactivator with important functions in prostate and breast tumor biology and
progression (104). PELP1 mRNA expression is significantly higher in TNBC
tumors compared to non-TNBC breast tumors (Fig. 4.5A). We thus evaluated
PELP1 protein expression in our ex vivo tumor explant models (as in Fig. 4.1).
Tumor samples (patient #5) were treated with increasing doses of dex and
PELP1 protein was highly induced following 10µM dex treatment relative to
vehicle (Fig. 4.5B). Notably, in the same tumor, Brk and GR protein levels were
also robustly induced following dex treatment. In total, PELP1 was clearly dexinduced in 4/7 tumor explants and tracked with GR induction. Conversely, we
observed no increase in PELP1 mRNA or protein following dex-treatment of
TNBC cell line models, perhaps due to already high basal PELP1 expression.
Alternatively, tumor stromal components may be required for stable dex-induced
PELP1 upregulation (Fig. 4.5B).

Patient-derived xenograft (PDX) tumors of TNBC had significant
enrichment for HIF-1a and HIF-2a relative to similarly propagated luminal tumors
(60). To investigate the impact of hypoxia and HIFs on the expression of PELP1
in TNBC cells, MDA-MB-231 shControl or HIF1/2-shRNA cells were cultured in
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normoxia or hypoxia. Interestingly, PELP1 mRNA was significantly induced in
MDA-MB-231 shControl but not HIF1/2-shRNA (HIF-null) cells cultured in
hypoxia relative to normoxia (Fig. 4.5C). Additionally, basal levels of PELP1
mRNA and protein were significantly reduced in HIF1/2-shRNA cells relative to
shControl cells (Fig. 4.5C, inset). ChIP assays demonstrated robust HIF-2a
recruitment to an HRE-containing region of the PELP1 promoter in MDA-MB-231
cells in response to hypoxia relative to normoxia (Fig. 4.5D). Conversely,
recruitment of HIF-1a to this region was not consistently detected in hypoxia.
Taken together, these data suggest that PELP1 is a HIF-2a target gene in TNBC
cells.
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Figure 4.5 Hypoxic cell stress induces PELP1 expression. (A) PELP1
mRNA levels (via TCGA) comparing non-TNBC to TNBC tissues (Analysis
conducted by Dr. Todd Knutson). (B) Primary human TNBC explants were
treated with for 24hrs with vehicle or increasing doses of dex and subjected to
Western blot analysis for Brk, GR, PELP1, and Actin (loading control). A
representative patient explant is shown (n=7) (Experiments performed by Drs.
ShiHong Ma and Ganesh Raj). (C) MDA-MB-231 shControl or HIF1/2-shRNA
cells were cultured at normoxia or hypoxia for 24hrs and mRNA levels were
assessed via qRT-PCR after normalization to TBP levels and shControl cell
normoxia values. Inset, Western blot analysis showing PELP1 and ERK1/2
(loading control). (D) MDA-MB-231 cells were cultured at normoxia or hypoxia
for 1hr and ChIP assays were performed. Negative isotype-matched controls
were conducted on MDA-MB-231 cells cultured at hypoxia (1 hr).
Representative examples from triplicate experiments are shown. (*p<0.05,
**p<0.01; unpaired Student t test).
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We first demonstrated ER/PR/PELP1 signaling and transcriptional
complexes in luminal breast cancer models (29). However, no studies have
defined a role for GR in PELP1-containing transcriptional complexes in breast
cancer cells. Co-immunoprecipitation (co-IP) experiments performed in MDA-MB231 cells treated with or without dex revealed basal GR interaction with PELP1
that increased upon dex treatment relative to vehicle controls (Fig. 4.6A). Similar
results were observed in Hs578T TNBC cells (Fig. 4.6B). ChIP assays in MDAMB-231 cells treated with or without dex showed robust PELP1recruitment to the
GRE located in the Brk promoter following dex treatment compared to vehicle
(Fig. 4.6C). Together, these data indicate that GR and PELP1 interact in whole
cell lysates and are recruited to the same location in the BRK promoter in
response to dex treatment. To determine if PELP1 is required for dex induced
Brk expression, MDA-MB-231 cells were treated with the PELP1 peptidomemetic
inhibitor, D2, which was previously shown to inhibit PELP1/AR interaction via
disruption of protein-protein interactions (50). As seen previously, dex treatment
resulted in an increase in Brk mRNA expression, which was significantly
diminished when cells were pre-treated with D2 prior to dex treatment (Fig.
4.6D).

Moreover,

ChIP

assays

demonstrated

inhibition

of

dex-induced

recruitment of both GR and PELP1 to the BRK promoter in cells subjected to D2
pretreatment relative to dex treatment alone (Fig. 4.6E-F). Thus, PELP1 is a key
co-factor for GR/GC induction of Brk expression in TNBC cells.
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Figure 4.6 PELP1 interacts with GR and is required for dex-induced Brk
expression. (A) MDA-MB-231 or (B) Hs578T cells were treated for 1hr with
1µM dex. Lysates were subjected to IP with PELP1 antisera or rabbit IgG
(control). IP lysates and input control were assessed via Western blotting
using PELP1 or GR antibodies. (C) MDA-MB-231 cells were treated for 1hr
with vehicle or 1µM dex and ChIP assays were performed. Isolated DNA was
analyzed by qRT-PCR. MDA-MB-231 cells pretreated with 10µM D2 or DMSO
vehicle control for 1hr followed by (D) 24hr vehicle or 1µM dex treatment and
mRNA expression was analyzed via qRT-PCR after normalization to 18S
levels, or (E/F) 1hr dex or vehicle treatment and ChIP assays were performed
with (E) GR antibody, (F) PELP1 antibody or negative isotype-matched
antisera. Isolated DNA was analyzed by qRT-PCR. Representative examples
from triplicate experiments are shown. (*p<0.05, ** p<0.01, ***p<0.001;
unpaired Student t test).
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Phosphorylation of GR Ser134 is important for Brk induction.
Ligand-independent phosphorylation of GR occurs at serine 134 (S134)
via p38 MAPK in response to physiologic cell stress stimuli in U2OS
osteosarcoma cells (47). We hypothesized that phosphorylation of GR-S134
provides a mechanistic link between HIF- and hormone- (GC) mediated cell
stress-induced inputs to Brk upregulation in TNBC cells. MDA-MB-231 cells were
treated with increasing doses of H2O2 and phosphorylation of GR-S134 was
visualized by Western blotting using phospho-S134 antibodies. H2O2 treatment
resulted in enhanced phosphorylation of GR-S134 (Fig. 4.7A). Notably, we
observed constitutive, basal phosphorylation of GR-S134, as previously
observed in U2OS cells (47), as well as activation of p38 MAPK. In order to
determine if GR-S134 is phosphorylated in response to hypoxic cell stress, MDAMB-231 cells and HeLa cells were cultured in hypoxia or with H2O2 as a positive
control. Phosphorylation of GR-S134 increased at 6 hours and 24 hours of
hypoxia relative to normoxia in both cell lines (Fig. 4.7B), while total GR protein
levels remained unchanged. We next assessed the phosphorylation of GR-S134
in two TNBC PDX cell lines, HCI-2 and HCI-10, previously shown to have high
levels of HIF-1a, HIF-2a and Brk protein expression (60). Hypoxia induced robust
GR-S134 phosphorylation in both HCI-2 and HCI-10 TNBC models (Fig. 4.7C).
To determine if GR-S134 was phosphorylated in vivo, we measured Brk,
phospho-S134 GR, and total GR in primary TNBC patient samples via Western
blotting (Fig. 4.7D). Patient tumors #8, #10, and #12 expressed higher levels of
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both total and phospho-S134 GR and also contained higher levels of Brk relative
to patients #9 and #11. These data support our in vitro findings that Brk
expression tracks with phospho-S134 GR in TNBC.

To test the requirement for GR-S134 phosphorylation in GR/PELP1
interaction in TNBC cells, co-IP assays were performed with MDA-MB-231 cells.
Interestingly, increased levels of GR were seen in PELP1 immunoprecipitates
following H2O2 treatment (i.e. to induce phosphorylation of GR-S134) relative to
vehicle (Fig. 4.7E). To definitively assess the requirement of this phosphorylation
event, co-IP assays were conducted in MDA-MB-231 cells stably expressing
either flag-tagged WT GR (WT flag-GR) or a mutant GR in which S134 was
mutated to a non-phosphorylated alanine residue (S134A flag-GR). We observed
decreased PELP1 in S134A flag-GR immunoprecipitates relative to levels
present in WT flag-GR immunoprecipitates, both basally and in response to dex
treatment (Fig. 4.7F). These data suggest that GR phosphorylation at S134
occurs during hypoxic stress and facilitates or stabilizes GR/PELP1 association.
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Figure 4.7. GR Ser134 is phosphorylated in hypoxia and required for
GR/PELP1 interaction. (A) MDA-MB-231 cells were treated with vehicle or
increasing doses of H2O2 for 1hr and Western blot analysis was performed
with antibodies to phospo-Ser134, total GR, phospho-p38 MAPK, or total p38
MAPK (loading control). (B) MDA-MB-231 or HeLa cells were cultured in
normoxia or hypoxia for 6 or 24hrs or with 100µM H2O2 (positive control) for
1hr and subjected to Western blot analysis with antibodies to phosphoSer134, total GR, or ERK1/2 (loading control). (C) Cell lines established from
patient derived xenografts were cultured ex vivo for 24hrs at normoxia or
hypoxia and lysates were subjected to Western blot analysis for phosphoSer134, total GR, or ERK1/2 (loading control). (D) Whole cell lysates from five
primary patient samples of TNBC were subjected to Western blot analysis with
antibodies for total GR, phospho-GR-Ser134, Brk, or b-actin (loading control)
(Experiment conducted by Drs. ShiHong Ma and Ganesh Raj). (E) MDA-MB231 cells were pretreated for 30min with 100µM H2O2 followed by 1hr vehicle
or 1µM dex treatment and subjected to IP with PELP1 or rabbit IgG (control)
antibodies. IP lysates or input lysates were analyzed by Western blotting for
PELP1 and GR. (F) MDA-MB-231 cells stably transfected with Flag-WT GR or
Flag- S134A GR constructs were treated for 1hr with 1µM dex or vehicle and
subjected to IP with FLAG antisera or mouse IgG (control) antibody. IP lysates
and input lysates were assessed by Western blotting using FLAG or PELP1
antisera. Relative levels of PELP1 expression, via densitometry, is shown.

Brk signaling downstream of the MET receptor in response to HGF
treatment has been shown to activated p38 MAPK signaling (8). Additionally,
taxol, a common chemotherapy used in breast cancer treatment, has also been
shown to activate p38 MAPK (105). To determine if these additional p38 MAPKactivating stimuli lead to phosphorylation of GR at S134, MDA-MB-231 cells were
treated with HGF or taxol for various timepoints. We observed an increase in
phospho-S134 following 15-60 minutes of HGF treatment (Figure 4.8A). p38
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MAPK phosphorylation and activation was observed along a similar timecourse.
Robust phosphorylation of S134 was seen following 24hrs of taxol treatment and
was sustained up to 4 days of taxol exposure (Figure 4.8B). These data suggest
that diverse stimuli, which input to p38 MAPK signaling, induce phosphorylation
of GR-S134 in a ligand independent manner. Importantly, these data indicate that
patients receiving taxol as an adjuvant or neoadjuvant chemotherapy may have
increased levels of phospho-S134 GR.
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Figure 4.8 Diverse inputs to p38 MAPK result in GR S134
phosphorylation. (A) MDA-MB-231 cells were treated with vehicle or
50ng/mL of HGF for 15, 30 or 60 minutes. Lysates were probed with
antibodies for phospho-S134, total GR, phospho-p38 MAPK, and total
p38 MAPK. (B) MDA-MB-231 cells were treated with vehicle or 10nm
taxol for up to 4 days. Lysates were probed with antibodies for
phospho-S134, total GR, Brk, HIF-1a, HIF-2a, phosho-p38 MAPK and
total p38 MAPK (loading control).

Highest levels of phosphorylation of GR-S134 were observed following
exposure to H2O2 (i.e. during generation of ROS) in MDA-MB-231 cells (Fig. 4.7).
To implicate phosphorylation of GR-S134 on dex-induced GR recruitment to the
BRK promoter, MDA-MB-231 cells were treated with or without dex, H2O2 or both
agents and GR recruitment was assessed via ChIP assay. As previously seen,
GR was recruited to the BRK promoter following dex treatment relative to vehicle.
We also detected a slight increase in GR recruitment to the BRK promoter in the
presence of H2O2 alone. Notably, combined dex and H2O2 treatment further
enhanced recruitment of GR to the BRK promoter relative to either dex or H2O2
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treatment alone (Fig. 4.9A). We then tested the requirement for p38 MAPK
activity in dex-induced recruitment of GR to the BRK promoter. MDA-MB-231
cells were pretreated with SB203580, a p38 MAPK inhibitor, which effectively
blocks phosphorylation of GR-S134 (Fig. 4.9B, inset), followed by dex or vehicle
treatment. SB203580 pre-treatment resulted in diminished basal recruitment of
unliganded-GR to the BRK promoter relative to vehicle control (Fig. 4.9B).
Interestingly, combined treatment with both SB203580 and dex substantially
decreased GR recruitment to the BRK promoter relative to dex alone. These data
suggest that inhibition of GR-S134 phosphorylation hinders the ability of GR to
associate with a GRE-containing region of the BRK promoter.
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Figure 4.9 The phospho-GR/HIF/PELP1 complex is recruited to the Brk
promoter in response to stress. MDA-MB-231 cells were pretreated with
(A) 100µM H2O2 or (B) 10µM SB203580 or DMSO for 30min followed by 1hr
vehicle or 1µM dex treatment or ChIP assays were performed with GR
antisera or negative isotype-matched control antibodies and qRT-PCR was
performed. Inset, Western blot analysis of MDA-MB-231 cells pretreated with
10µM SB203580 for 30 min followed by 100µM H2O2 treatment for 1hr and
probed with antibodies for phospho-Ser134, GR or ERK1/2 (loading control).
(C) MDA-MB-231 cells stably expressing Flag WT-GR or Flag SA-GR were
treated with 1µM dex for 1hr and ChIP assays with Flag antibodies or
negative isotype-matched controls were performed. Isolated DNA was
assessed by qRT-PCR. (D) MDA-MB-231 cells were treated for 1 hr with
1µM dex and 100µM H2O2 treatment. ChIP assays were then performed with
antisera for PELP1, GR, and HIF-2a or negative isotype-matched control.
qRT-PCR was performed on isolated DNA. A representative experiment is
shown from triplicate experiments. (E) Soft agar colony formation assays
with MDA-MB-231 shControl, HIF1/2-shRNA, and HIF1/2-shRNA+Brk cells
grown in 10nm doxorubicin with 1µM dex or vehicle for 18 days. (F) Model
detailing feed-forward phospho-GR/HIF/PELP1 signaling loop. Stress stimuli
stabilize HIFs and activate p38 MAPK; p38 phosphorylates GR on Ser134.
Cortisol-bound GR induces HIF2A expression and HIFs induce PELP1.
Phospho-Ser134 GR binds to PELP1, leading to formation of phosphoGR/HIF2/PELP1 complexes and induction of Brk mRNA expression.

Regulation of two classic GR target genes, DUSP1 and GILZ, remained
unaltered in similar conditions (Fig. 4.10C-F); both were robustly dex-induced in
HIF1/2-shRNA cells relative to vehicle controls (Fig. 4.10A-B), demonstrating the
specificity of phospho-GR-S134 target gene selection.
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Figure 4.10 Classic GR target genes, DUSP1 and GILZ, are regulated
independent of HIFs and GR-S134 phosphorylation. MDA-MB-231
shControl and HIF1/2-shRNA cells were starved for 24hrs and treated with dex
or vehicle for 24hrs. (A) DUSP1 and (B) GILZ mRNA levels were analyzed by
qRT-PCR and normalized to TBP expression. ChIP assays show recruitment
to a GRE present in the DUSP1 promoter or the GILZ promoter in MDA-MB231 cells starved for 24hrs and treated with (C/D) dex or vehicle in hypoxia or
normoxia for 1hr, or (E/F) pretreated for 30min SB203580 then 1hr dex or
vehicle. ChIP assays were then performed with antisera for GR or negative
isotype-matched control. qRT-PCR was performed on isolated DNA. A
representative experiment is shown from triplicate experiments. (*p<0.05,
**p<0.01, ***p<0.001; unpaired Student t test).
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Finally, to definitively test the requirement of GR-S134 phosphorylation for
recruitment of GR to the BRK promoter, we performed ChIP assays with MDAMB-231 cells expressing either WT flag-GR or S134A flag-GR. As expected, WT
flag-GR was recruited to the BRK promoter following dex treatment relative to
vehicle controls. However, the association of S134A flag-GR with the BRK
promoter was basally reduced and was not significantly increased in response to
dex relative to vehicle controls (Fig. 4.9C). These data suggest that
phosphorylation of GR-S134 is required for recruitment of ligand-bound GR to
the BRK promoter. Our data collectively suggest a mechanism through which
PELP1, GR, and HIF-2a cooperatively induce Brk expression following
physiologic (HIF) and hormone (GC) stress signaling. Indeed, ChIP assays
confirmed that all three molecules are simultaneously recruited to the same
region of the BRK promoter in response to stress stimuli in MDA-MB-231 treated
with dex and H2O2. (Fig. 4.9D). To link GR/GC-induced TNBC cell survival to Brk
expression, we performed soft agar assays with MDA-MB-231 cells expressing
shControl, HIF1/2-shRNA (Brk-null) or HIF1/2-shRNA+Brk (in which Brk
expression is restored) grown in the presence of doxorubicin with or without dex.
MDA-MB-231 shControl cells treated with dex exhibited significantly more
colonies per field relative to doxorubicin treatment alone (Fig. 4.9E). Brk-null
HIF1/2-shRNA cells exhibited decreased ability to form colonies in the presence
of doxorubicin and complete loss of dex-mediated cell survival. Notably, HIF1/2shRNA+Brk cells exhibited increased colony formation with doxorubicin treatment
92

relative to Brk-null models, and importantly, the protective effect of dex treatment
was restored. These data suggest that HIFs are required for GR/GC-induced cell
survival, but that exogenous Brk expression can bypass this requirement,
perhaps in part via re-establishment of feed-forward signaling (i.e. via Brkinduced activation of p38 MAPK) at additional phospho-S134 GR and PELP1
target genes (Fig. 4.9F).

Discussion
Our data demonstrate a remarkable hormone (GC) dependent signaling
pathway wherein GR-S134 acts as an additional “stress sensor” of cellular
stressors (ROS, hypoxia, etc) that stabilize HIFs. This phosphorylation event
facilitates GR/PELP1 interactions at novel GR/PELP1/HIF target genes typified
by Brk, an important mediator of advanced cancer phenotypes and tumor
progression. This mechanism of integration of HIF-dependent cell stress
signaling pathways with GR/GC signaling suggests that these pathways may
overlap more than previously thought. Notably, many HIF responsive genes have
functions relevant to cancer biology, such as glucose metabolism, angiogenesis,
and cell migration (68). HIF-1a overexpression in breast cancer is predictive of
relapse, higher risk of metastasis, and high levels of HIF-1a are specifically
associated with TNBC (69, 71). Similarly, HIF-2a is emerging as an important
mediator of cancer metastasis (106). Targeting PELP1, HIFs (including HIF-2a),
and/or blocking GR-S134 phosphorylation via inhibition of upstream p38 MAPK
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signaling may provide a means of “redirecting” GR away from genes that
promote pro-survival and tumor progression during cancer chemotherapy while
preserving the desired protective (i.e. to inflammation) effects of therapeutic
corticosteroids.

Remarkably, PELP1 expression is HIF-dependent (Fig. 4.5C). PELP1 is
primarily associated with ER or AR transactivation but can both transrepress and
transactivate GR in a cell-type specific manner (51). Our data support a role for
PELP1 as an important GR co-activator. Like GR, PELP1 mRNA expression is
significantly increased in TNBC compared to non-TNBC (Fig. 4.5A). PELP1
expression is dysregulated in multiple cancer types, including 60-80% of breast
tumors (53, 107). Notably, high PELP1 expression in breast tumors is associated
with increased tumor grade, cell proliferation, metastasis and decreased disease
free survival as well as the appearance of basal cytokeratin markers (53, 54, 107,
108). Patients with PELP1/Ki-67 double high tumors experienced shorter disease
free survival and overall survival (109). Expression of PELP1 is inversely
associated with expression of ER, PR, or AR (53). Ours is the first study to link
PELP1 expression and function to GR. Consistent with the concept of GR is a
key mediator of increased TNBC cell survival ((36, 39, 45) and Fig. 4.8E), PELP1
knockdown in mutant p53 TNBC cells enhanced chemotherapy-induced cell
death, in part via modulation of gain-of-function mutant p53 activity (110). PELP1
inhibitors are currently in development, primarily for prostate cancer and ER/PR
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positive luminal breast tumors (50). Our studies suggest that PELP1 inhibitors
may have utility in treating aggressive TNBC, especially in patients whose tumors
exhibit PELP1/Ki-67 double high expression (109).

Like Brk (22), GR is a mediator of pro-survival in breast cancer. TNBC
cells treated with combination chemotherapy and dex, in vitro and in vivo,
undergo significantly decreased cell death relative to chemotherapy alone (39).
Conzen and colleagues identified multiple GR target genes that mediate this prosurvival effect, such as serum and glucocorticoid regulated kinase 1 (SGK-1) and
dual-specificity serine phosphatase 1 (DUSP1) (39, 45). Relevant to these
findings, increased phosphorylation of GR at S134 resulted in association of GR
with the adaptor protein 14-3-3zeta and ultimately globally changed GR target
genes in response to dex-treatment of osteosarcoma cell models (47). Notably,
as with Brk, GR, PELP1, and HIFs, expression of 14-3-3zeta is also very high in
TNBC (i.e. as determined via TCGA analysis), suggesting that these molecules
cooperate to alter gene expression and cell fate in TNBC. Our present study
identifies phospho-S134 GR as a critical regulator of novel GR/PELP1/HIF
complexes. We suspect that phospho-S134-GR/PELP1/HIF signaling complexes
are markers of aggressive tumors and drive a new gene program to promote
tumor cell pro-survival and progression to metastasis. As Brk is known to
promote these aggressive phenotypes, it is likely a key downstream effector of
GR/HIF-dependent stress signaling in TNBC.
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Brk may be representative of a larger gene program that is jointly
regulated by HIFs, phospho-GR, 14-3-3zeta, and PELP1. Going forward, it will
be important to identify risks associated with GC-based therapies. Breast cancer
patients typically receive high-dose GC treatment prior to chemotherapy to
alleviate adverse side effects. Furthermore, organ transplant patients chronically
treated with GCs to achieve immunosuppression (111) experience greatly
increased rates of metastatic melanoma (112), an aggressive cancer that is
typically Brk+ (3). Thus, a detailed understanding GR/GC signaling in cancer
biology and its impact on aggressive tumor phenotypes is urgently needed. Our
studies demonstrate a novel feed-forward loop, in which components of the
stress pathways (p38 MAPK, Brk, HIFs, GR and PELP1) regulate expression and
activity of other members of the pathway (i.e. Brk activates p38 MAPK and GR
induces HIF-2a, while HIFs induce PELP1, which binds to phospho-GR), to
ultimately potentiate stress signaling, persistently augment pathway activity, and
drive gene expression (i.e. epigenetic events typified by Brk induction) required
for aggressive tumor biology (Fig. 4.9F).
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Chapter 5

Conclusions
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In summary, we have discovered novel mechanisms through which Brk
expression is robustly induced in response to physiologic cell stress stimuli and
stress hormone (cortisol) signaling in TNBC cells. Induction of Brk in response to
physiologic cell stress is dependent on the hypoxia-inducible factors HIF-1a and
HIF-2a, which regulate expression of Brk directly via binding to multiple HREs
spanning the Brk promoter. Silencing of HIF-1a and HIF-2a in MDA-MB-231
xenograft models resulted in decreased tumor growth, which was fully rescued
by forced Brk re-expression. Notably, the transgenic mouse model, WAP-Brk x
METMut, demonstrated that activated Brk signaling drives tumor formation and
metastasis in this basal-type model of mammary tumorigenesis.

Upon investigation of another main stress sensing axis, stress hormone
signaling, we discovered that glucocorticoids (GCs), through the glucocorticoid
receptor (GR), also induce Brk expression in TNBC cells. GR regulation of Brk
expression following exposure to dexamethasone (dex) is dependent on
expression of HIF-1a and HIF-2a. HIFs and GR are co-recruited to the BRK
promoter following dex and hypoxia treatment. Importantly, GR directly induces
expression of HIF-2a, not HIF-1a, in response to dex treatment in TNBC cells
and once expressed, HIF-2a directly regulates expression of PELP1, a critical
steroid receptor co-activator. Our studies are the first to demonstrate GR/PELP1
interaction in breast cancer cells, which occurs basally and is increased following
exposure to dex. Moreover, GR and PELP1 co-assemble at a GRE in the BRK
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promoter following dex treatment, suggesting that PELP1 may be an important
co-activator for GR in the induction of Brk expression. It will be important to
determine the full repertoire of GR/HIP/PELP1 target genes as downstream
mediators of stress signaling as potentially useful targets for treatment of TNBC.

Steroid receptors are highly post-translationally modified. These
modifications have profound impacts on steroid receptor function and target gene
selection. We investigated phosphorylation of GR at serine 134 (S134) in TNBC
cells. This PTM of GR Ser134 was previously reported to be induced ligandindependently in response to physiologic cell stress stimuli in U2OS
osteosarcoma cells. We found that S134 was robustly phosphorylated in
response to ROS, hypoxia exposure, HGF treatment, and taxol treatment in
TNBC cell line models, as well as in tumor explants and PDX models. Coimmunoprecipitation assays showed that this phosphorylation event was required
for GR/PELP1 interaction. Moreover, manipulation of the phosphorylation state in
TNBC cells revealed that Phospho-S134 is required for GR recruitment to the
BRK promoter.

Brk, GR, HIFs, and PELP1 are all highly expressed in TNBC. Thus,
putting in place the molecular components required to mediate cell survival,
proliferation and metastasis. Collectively, these data demonstrate a complex
feed-forward mechanism, whereby factors involved in the regulation of Brk
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expression also regulate expression of each other and ultimately converge at the
BRK promoter to induce expression of this gene. While we have identified Brk as
a unique gene target of this phospho-S134-GR/HIF/PELP1 complex, we predict
that this complex regulates a larger gene set involved in driving aggressive tumor
phenotypes. While these molecules have all been independently implicated in
driving cell proliferation and/or survival in breast cancer cells, ours are the first
studies to demonstrate their cooperation to enact a more expansive gene set.
Deregulation of any of these factors is likely to have profound impact on cell
proliferation and survival.

While these studies have significantly illuminated multiple novel
mechanisms of aberrant Brk expression in breast cancer cells, numerous
questions remain, and indeed, were raised by this work. Inappropriate expression
of Brk in breast cancer cells may act to ‘jump-start’ this feed-forward loop by
activating p38 MAPK and inducing high levels of phosphorylated S134-GR. Of
particular interest is the impact of high-dose dexamethasone treatment prior to
chemotherapy. Breast cancer patients typically receive high-doses of steroids
30min-1hour before receiving chemotherapy to alleviate adverse side-effects of
chemotherapy. Additionally, chronic or life-time steroid use confers increased
cancer risk. For example, kidney transplant patients require life-long steroid
therapy to prevent development of graft vs. host disease (111). These patients
exhibit extremely high (5-fold increased) risk of developing melanoma, a Brk-rich
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cancer (112). The impact on tumor biology and outcome of exposure to GR
ligand in patients with high levels of phospho-S134 GR and Brk remains to be
investigated. Identifying the key components or minimally required components
of the GR/HIF/PELP1 gene program may allow clinicians to better weigh the
benefit and potential costs of this palliative therapy. For example, if phosphoS134 GR is identified as the crucial component driving GR/HIF/PELP1 complex
activity, reducing levels of S134 phosphorylation via a p38 MAPK inhibitor may
alter GR target gene selection, redirecting GR away from genes, such as Brk,
which may aid tumor cells in surviving chemotherapy treatment. Alternatively, if
phosphorylation of S134 is found to be solely Brk dependent, via activation of
p38 MAPK, Brk inhibitors may have utility in halting the feed-forward loop as well.

These questions need to be addressed in additional pre-clinical settings.
RNA-seq analysis of the phospho-S134 GR/HIF/PELP1 regulated genes will
provide important information concerning the full impact of signaling of this
complex on breast cancer biology. Additional genes will also be identified, which
may serve as biomarkers or potential targets to improve patient outcome and
survival. We are currently in the process of creating CRISPR/cas9n GR mutant
cells, in which GR serine 134 has been mutated to alanine, which cannot be
phosphorylated. This will allow us to fully investigate the function of
phosphorylation of this site on GR activity and promoter selection and the role of
this newly discovered transcriptional complex in breast cancer cells.
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Significance
Brk is an important driver of breast cancer cell survival, proliferation, and
metastasis in luminal and triple-negative breast cancers. These studies
investigated and discovered novel mechanisms through which aberrant
expression of Brk is attained by breast cancer cells. We discovered that HIFs are
a key point of convergence for both physiologic (hormone driven) and cellular
stress signaling pathways as major inputs to Brk expression. Importantly, the
mechanisms through which Brk expression is driven in breast cancer cells,
identified herein, present new potential therapeutic targets to reduce or eliminate
Brk and its downstream signaling.

GR remains under-studied in breast cancer biology. As GR is highly
expressed in 15-40% of TNBC, and may be induced in what appear to be GRnegative cells upon ligand exposure, understanding the function of this steroid
hormone receptor in cancer biology is of great importance. We have elucidated a
novel role for GR in promoting aggressive phenotypes in TNBC in cooperation
with HIFs and PELP1. This signaling complex and its downstream gene targets
may be critical for the survival and spread of malignant breast cancer cells.
Additionally, our findings may be relevant to other types of cancers (i.e. prostate,
melanoma, lung, etc.) that express GR, PELP1, HIFs, and Brk.
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