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ABSTRACT

Introduction: Endocrine therapy has played an important role in the management
of ER positive breast cancer over recent decades. Despite this, not all patients respond
equally to endocrine intervention, which can lead to resistance, associated disease
relapse and progression. Previous reports suggest that endocrine agents themselves
may induce an invasive phenotype in ER positive breast cancers with low/aberrant
expression of E-cadherin. Here we investigate this phenomenon further and provide
data supporting a role for the ER co-receptor, PELP-1, in mediating an adverse
response to endocrine agents.

Materials and Methods: The effects of tamoxifen, fulvestrant and estrogen
withdrawal (as a model for aromatase inhibitor therapy) on the invasive and migratory
capacity of endocrine-sensitive MCF-7 and T47D cells, in the presence or absence
of functional E-cadherin and/or PELP-1 (using siRNA knockdown), was assessed
via Matrigel invasion and Boyden chamber migration assays. The effects of these
endocrine therapies alongside E-cadherin/PELP-1 modulation on cell proliferation
were further assessed by MTT assay. Western blotting using phospho-specific
antibodies was performed to investigate signalling pathway changes associated with
endocrine-induced changes in invasion and migration.

Results: Both tamoxifen and fulvestrant induced a pro-invasive and pro-migratory
phenotype in ER positive breast cancer cells displaying a high basal expression of
PELP-1, which was augmented in the context of poor cell-cell contact. This process
occurred in a Src-dependent manner with Src inhibition reversing endocrine induced
invasion/migration. While this adverse response was observed using both tamoxifen
and fulvestrant therapy, it was not observed under conditions of estrogen withdrawal.

Conclusions: Our data confirms previous reports that anti-estrogens induce an
adverse cell phenotype in ER+ breast cancer, particularly in the absence of homotypic
cell contact. These results implicate E-cadherin and PELP-1 as potential biomarkers
when deciding upon optimum adjuvant endocrine therapy, whereby tumours with high
PELP-1/low E-cadherin expression may benefit from estrogen withdrawal therapy via
aromatase inhibition, as opposed to ER modulation/antagonism.

INTRODUCTION fulvestrant as a second-line agent in locally advanced
and metastatic breast cancer [2]. More recently the use

Over the past decades, the treatment options for of third generation aromatase inhibitors has largely

ER+ breast cancer have improved dramatically, with replaced the use of other agents in both the adjuvant and
patients now likely to receive the ER modulator tamoxifen metastatic setting, particularly in the post-menopausal
as a first line agent in the pre-menopausal setting [1], or age group [1]. Despite the proven efficacy of these
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agents, not all patients respond equally, which can lead
to the acquisition of endocrine resistance and associated
disease relapse or progression. Whilst adjuvant tamoxifen
significantly reduces both cancer recurrence and cancer
related mortality, recurrence amongst ER+ patients whilst
still on tamoxifen therapy lies in the region of 25% at 10
years, with around 60% of these recurrences occurring
within the first 5 years [3]. In a similar manner, patients
with metastatic ER+ disease treated with fulvestrant
monotherapy demonstrate an objective response to
treatment in only around a third of cases, with a median
time to progression of around 8 months [4], although
combination treatments can be more successful [5, 6]. To
date, biomarkers predictive of endocrine response outside
of the ER remain scarce and better elucidation of key
molecular mechanisms that predict poor response to such
treatments can aid in stratification of patients for more
appropriate treatments.

Src is a 60kDa non-receptor protein tyrosine kinase
that has been implicated in several important oncogenic
pathways [7]. As such, Src is implicated in several critical
cellular processes in breast cancer, including proliferation,
angiogenesis, motility and invasion [8, 9] and plays an
important role in signalling cross-talk, including those
mediated by the ER [10]. Src activity is increased in
invasive compared with non-invasive breast cancer cell
lines and invasion may be suppressed by treatment with
a pharmacological Src inhibitor in these circumstances
[11]. Meanwhile, activated Src expression may attenuate
the response to tamoxifen and is associated with poorer
survival in ER+ breast cancer patients [12]. Metastatic
breast cancer patients with elevated Src expression are
also associated with poorer disease specific survival [13].
Src may itself be activated by estrogen through interaction
with the ER via its Src homology 2 domain (SH2),
allowing further downstream signalling of MAPK and
AKT, among others, through its receptor tyrosine kinase
action [7]. Factors which help regulate this cascade remain
unclear but may include the ER co-factor PELP-1.

PELP-1 is a large multi-domain protein which plays
an important role in the modulation of several signalling
cascades, including mediating the non-genomic actions
of the ER [14]. Clinically, PELP-1 has been found to be
an independent prognostic predictor of breast cancer-
specific and disease-free survival [15] and has also
been shown to be a marker associated with tamoxifen
resistance, with patients whose tumours had high levels
of cytoplasmic PELP1 responding poorly to treatment
[16]. The protein has several known functions, such as
interaction with nuclear receptors via its nuclear receptor
(NR)-interacting boxes (LXXLL motifs) [17] and histone
activation, through a histone binding regions located at the
C-terminus [18, 19], among others. Importantly, PELP-1
contains a several PXXP motifs which facilitate interaction
with proteins containing Src homology 3 (SH3) domains
[14] permitting PELP-1-mediated activation of Src family

kinases. Through this interaction PELP-1 can interact with
several proteins that control the cell cytoskeleton, cell
migration and metastases [20].

Previously we reported that a loss of the cell
adhesion molecule, E-cadherin, in ER+, endocrine-
sensitive breast cancer cell models resulted in an adverse,
invasive response to the endocrine agents tamoxifen
and fulvestrant [21]. Given the potential importance of
these observations here we have explored further the
cellular mechanisms that promote an adverse response
to endocrine agents, and suggest a role for PELP-1 as a
central mediator of this phenotype.

RESULTS

Tamoxifen and fulvestrant, but not E2-
withdrawal, promotes invasion and migration of
ER+ breast cancer cells

We first examined the ability of the endocrine agents
tamoxifen, fulvestrant and E2-withdrawal (as a model
of aromatase inhibition) to promote the invasion and
migration of ER-positive breast cancer cells as previously
reported [21]. MCF-7 cells are poorly invasive in vitro
[22] and their invasive capacity was not significantly
affected by estrogen withdrawal (Figure 1A). In contrast
both tamoxifen (Figure 1B) and fulvestrant treatment
(Figure 1C) resulted in a significant increase in cell
invasion compared to control (untreated) cells.

In a similar manner, the capacity of MCF7 cells to
migrate across a fibronectin-coated, porous membrane was
determined and compared to control conditions. In this
case both tamoxifen (Figure 1E) and fulvestrant therapy
(Figure 1F) resulted in a significant increase in the number
of migratory cells whilst, in contrast, estrogen withdrawal
resulted in reduced migration (Figure 1D).

E-cadherin loss augments the pro-invasive and
pro-migratory effects of endocrine agents in ER+
breast cancer cells

Previously the absence of intercellular adherens
junction contacts has been suggested to enhance the
pro-invasive and pro-migratory effects of tamoxifen and
fulvestrant [21]. We therefore wished to investigate this
phenomenon further. An siRNA approach was taken
to suppress expression of the E-cadherin gene (CDH1)
which resulted in a loss of E-cadherin protein, an effect
that was maintained up to 6 days following exposure
of cells to the agent (Figure 2A). siRNA-mediated
suppression of E-cadherin resulted in a significant increase
in cell invasion (Figure 2B) and migration (Figure 2C);
interestingly, the ability of tamoxifen (Figure 2B and
2C) and fulvestrant (Figure 2D and 2E) to promote cell
invasion and migration was significantly augmented in
the absence of E-cadherin expression whereas estrogen
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withdrawal still did not promote an adverse cellular
response (Figure 2F and 2G).

To determine whether E-cadherin knockdown
altered the anti-proliferative response to endocrine agents,
siRNA-treated MCF7 cells were subject to an MTT assay
in the presence and absence of tamoxifen, fulvestrant
and estrogen withdrawal. These data (Figure 2H-2J)
confirmed MCF-7 cells were responsive to anti-hormone
and estrogen withdrawal, irrespective of E-cadherin
expression status and suggests that the observed changes
in invasion and migration were irrespective of cellular
proliferative capacity.

Tamoxifen and fulvestrant-induced invasion and
migration involves Src kinase activation

Tamoxifen can activate Src kinase [23] and Src
is known to be a key regulator of cellular invasion and
migration in acquired tamoxifen-resistant MCF-7 cells
[24]. We therefore next explored whether Src kinase
might play a role in the invasive behaviour observed after
endocrine treatment of MCF-7 cells. In cells treated with
either tamoxifen of fulvestrant, levels of phosphorylated
Src (Y418) were seen to increase, an effect that occurred
irrespective of E-cadherin status (Figure 3A). In contrast,
estrogen withdrawal led to the suppression of Src activity
in these cells.

We next sought to determine the functional relevance
of Src activity in our model by performing invasion
and migration assays on endocrine-treated, E-cadherin
suppressed cells in the presence of the pharmacological
Src inhibitor Saracatanib (1 pm). Treatment of cells with

Sarcanitib resulted in the inhibition of Src kinase activity
(Figure 3B) and a significant reduction in the observed
invasion (Figure 3C) and migration (Figure 3D) of MCF-7
cells treated with tamoxifen = CDH1 siRNA.

Sarcanitib was found to suppress cell proliferation in
both wild type and E-cadherin - deficient cells (Figure 3E)
although the combined effect of Sarcanitib and tamoxifen
therapy had no additional effect on cell proliferation
compared to tamoxifen alone.

Tamoxifen and fulvestrant-induced invasion and
migration, in MCF7 cells, involves an increase in
ERK 1/2 and a decrease in AKT signalling

In addition to exploring Src activity and expression
we further investigated whether ERK and AKT, known
to be involved in Src-mediated pro-invasive signalling
pathways, were altered in response to endocrine agents in
the context of E-cadherin loss.

In a similar fashion to Src kinase, phosphorylated
ERK 1/2 levels were elevated in cells treated with either
tamoxifen of fulvestrant, irrespective of E-cadherin
status. Again, and in contrast to this, estrogen withdrawal
led to the suppression of ERK 1/2 activity in these cells
(Figure 4A). Phosphorylated AKT levels (Ser473) were
reduced in cells treated with tamoxifen and fulvestrant,
an effect that also appeared independent of E-cadherin
status; estrogen withdrawal also suppressed AKT activity
(Figure 4B).

The functional relevance of ERK 1/2 and AKT
activity was assessed by performing invasion and
migration assays on endocrine-treated, E-cadherin
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Figure 1: Endocrine agents induce invasion and migration of ER+ breast cancer cells in vitro. MCF7 cells were treated with
tamoxifen, fulvestrant (both at 100 nM) or conditions of estrogen withdrawal prior to seeding into Matrigel- or fibronectin-coated Boyden
chambers to measure cellular invasion (A—C) and migration (D-F) respectively.
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suppressed cells in the presence of the pharmacological
inhibitors (U0126, 10 pm and Perifosine, 10 um,
respectively).

Treatment with U0126 resulted in a significant
reduction in ERK 1/2 expression (Figure 4C) and a
significant reduction in observed invasion (Figure 4D)
and migration (Figure 4E) of MCF-7 cells treated with
tamoxifen and/or CDH1 siRNA. U0126 was also found to
suppress cell proliferation, assessed by MTT assay, in both
wild type and E-cadherin suppressed MCF7 cells (Figure
4F). Meanwhile, while Perifosine resulted in a significant
reduction of phosphorylated AKT expression (Figure 4G),
and a reduction in cell proliferation (Figure 4H), AKT
inhibition had no significant effect on either cell invasion
(Figure 41) or migration (Figure 4J) in these cells.

PELP-1 expression is augmented in MCF7 cells

PELP1 is known to interact with Src family kinase
SH3 domains via its PXXP motifs [14] allowing PELP1
to promote the activation of these enzymes. Given that
PELP1 also binds to the ER, PELP1 may thus act to bridge
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compared with direct activation of Src by the ER via the
SH2 domain. Given that we have observed an invasive
phenotype in response to ER modulatory agents, but not
E2 withdrawal, and the fact that that this phenotype was
associated with an increase in Src signalling, we wished to
investigate whether PELP-1 played a role in this adverse
response.

Examining the levels of PELP-1 in MCF7 cells
revealed that these cells had high levels of protein expression
as compared to a panel of other ER+ breast cancer cell lines
(Figure 5A). Using two ER+, endocrine sensitive cell models
that differed intrinsically in PELP-1 expression (MCF7 and
T47D), we repeated the invasion and migration assays in
response to tamoxifen treatment +/— E-cadherin knockdown.
In contrast to MCF7 cells (high PELP1), treatment with
tamoxifen led to no significant change in invasion (Figure
5B) or migration (Figure 5C) in T47D cells (low PELP1),
both in the presence and absence of E-cadherin expression.
Interestingly, tamoxifen and fulvestrant both augmented
the expression of PELP1 in MCF7 cells (Figure 5D), while
E2 withdrawal suppressed PELP1 expression. Meanwhile
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Figure 2: E-cadherin loss augments pro-invasive and pro-migratory actions of tamoxifen and fulvestrant. (A) MCF-7
cells were treated with CDH-1 siRNA and harvested 1-6 days post treatment and cellular lysates subjected to Western blot analysis to
investigate whether E-cadherin expression remained suppressed following siRNA treatment. The effects of tamoxifen (B, C, H), fulvestrant
(D, E, I) or estrogen withdrawal (F, G, J) were determined on the invasive, migratory and proliferative capacity of MCF-7 cells following

siRNA-mediated E-cadherin suppression.
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in T47D cells, none of these strategies had any significant cells would affect their adverse response to endocrine

effect of PELP1 expression (Figure SE). agents. PELP1 expression was suppressed by siRNA prior

to performing invasion and migration assays as previously.

Endocrine-induced invasion and migration is PELP-1 knockdown greatly reduced the activity of Src,

abrogated in cells lacking PELP-1 AKT and ERK (Figure 6A) along with the endocrine-

induced invasion (Figure 6B and 6C) and migration

In view of this data suggesting a potential link (Figure 6D and 6E) with both tamoxifen and fulvestrant.

between PELP1 and endocrine-induced invasion, we next In contrast PELP-1 knockdown had no significant effect
wished to explore whether PELP-1 knockdown in MCF7 on cell proliferation (Figure 6F).
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Figure 3: Tamoxifen and fulvestrant promote invasion of ER+ breast cancer cells through Src kinase. (A) The effects
of tamoxifen, fulvestrant or estrogen withdrawal on Src kinase expression and activity (phosphorylation ay Y418) in E-cadherin-positive
and negative MCF7 models was determined by Western blotting. The ability of the pharmacological Src inhibitor, Saracatinib (1 uM) to
suppress Src activation was confirmed by Western blotting (B) prior to investigating the ability of Src inhibition to inhibit the pro-invasive
and pro-migratory effects of tamoxifen (C) and fulvestrant (D) on MCF7 cells £ E-cadherin. Sarcatinib treatment resulted in reduce
proliferation in MCF7 cells + E-cadherin (E).
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Figure 4: Tamoxifen and fulvestrant-mediated invasion and migration in ER+ breast cancer cells is ERK, but not
AKT, dependent. The effects of tamoxifen and fulvestrant treatment on ERK1/2 (A) and AKT (B) activity in MCF7 cells + E-cadherin
expression were determined by Western blotting. The ability of the pharmacological inhibitors, U0126 (10 uM) and perifosine (10 uM) to
suppress ERK1/2 and AKT activity respectively was confirmed by Western blotting (C, G) and the effects of these agents on tamoxifen-
induced cellular invasion further investigated using Boyden chamber assays (U0126: D-F; perifosine: H-J).
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To determine whether PELP1 also contributed to
the endocrine-induced invasive responses seen to occur
after E-cadherin loss, we performed a double knockdown
of PELP1 and CDHI1 in MCF7 cells and investigated
the effects of tamoxifen and fulvestrant on these cells’
invasive and migratory nature. These data revealed that
the endocrine-induced invasion and migration seen in the
absence of E-cadherin was suppressed when PELP1 was
removed (Figure 7A—7C)

DISCUSSION

Adjuvant endocrine therapy has played an important
role in the management of ER positive breast cancer,
helping to improve overall and disease-free survival
considerably over the past few decades [25]. While
tamoxifen has remained the mainstay of treatment for
pre-menopausal women over this time-period, more
recently aromatase inhibitors have played an ever
more important role in adjuvant therapy. Despite these
advances, a significant proportion of women still suffer

disease relapse either while still taking endocrine therapy,
or after endocrine therapy has been discontinued. In
addition, unwanted or adverse clinical consequences
from adjuvant endocrine therapy may be under-reported
or go unrecognised, leading to relapse and/or disease
progression. As a result, the optimum choice of endocrine
agent along with its intended duration remains unclear
and it may be that as the complex effects of these agents
become better understood a personalised treatment
regimen may be more important depending on individual
tumour biology.

Intriguingly, earlier reports suggest that endocrine
agents can elicit a pro-invasive response in ER+ breast
cancer cells that lack E-cadherin mediated cell-cell
contacts [21]. Moreover, this paper also reported a modest
increase in invasion in response to endocrine agents
in E-cadherin competent cells. In our study, we have
investigated these events further and confirm that an
endocrine-induced adverse phenotype is apparent in ER+
breast cancer cells irrespective of E-cadherin status, albeit
significantly augmented in the absence of E-cadherin.
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Figure 5: High PELP1 is associated with endocrine-induced invasion and migration in ER+ breast cancer cells. (A)
PELP1 expression was determined in a panel of ER+ breast cancer cells using Western blotting. Subsequently, the ability of endocrine
agents to induce invasion and migration in cells displaying low PELP1 expression (T47D) was investigated by Boyden chamber assays (B
and C). The effects of endocrine agent on PELP1 expression were determined by examining MCF7 and T47D cell lysates using Western

blotting following endocrine treatment (D and E).
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Given these observations, our hypothesis is that both
tamoxifen and fulvestrant can promote a small gain in
invasive and migratory behaviour, but these effects do not
translate into an overly adverse cellular phenotype due to
the physical constraints imposed by E-cadherin mediated
cell-cell adhesion. Whilst these events were apparent upon
exposure to the ER-modulatory agents, tamoxifen and
fulvestrant, no increase in invasion was seen following
estrogen withdrawal, as a model of aromatase inhibition.
Our investigation to explore the molecular
mechanisms underlying these events highlighted a key
role for Src kinase, with both tamoxifen and fulvestrant
treatment resulting in an increase in Src activity, whilst
estrogen withdrawal suppressed Src phosphorylation.
These findings were independent of E-cadherin status.
Src kinase has previously been implicated in breast
cancer metastasis through its role in processes such as
angiogenesis, focal adhesion and invasion, in conjunction
with EMT. In terms of angiogenesis, hypoxia has been
found to activate vascular endothelial growth factor
(VEGF) through a Src-dependent mechanism [26, 27].
Meanwhile breast cancer cell lines have shown an increase
in Src activity compared with normal breast tissue [8,
9], while conversely treatment with a pharmacological
Src inhibitor results in decreased cell motility and a less
invasive cellular phenotype [11]. Suppression of Src has
also demonstrated reduced cell migration and attachment
in MCF-7 cells through a FAK dependent mechanism
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[28], whilst also preventing cell rounding and detachment
via its interaction with integrin [29]. Consequently,
pharmacological inhibition of Src phosphorylation using
Sarcanitib prevented tamoxifen and fulvestrant-induced
adverse cell behaviour.

In a similar fashion to that observed when
investigating Src, our results also demonstrated a role
for ERK within the mechanism of adverse endocrine
response. Both tamoxifen and fulvestrant therapy resulted
in an increase in ERK 1/2 expression, while MEK
inhibition reversed the previously observed pro-invasive/
pro-migratory response of MCF-7 cells. Stimulation
of the ER in MCF-7 cells has been shown to result in
activation ERK in a process involving substrates of Src,
which subsequently regulate the non-genomic functions
of the ER in conjunction with Ras [30, 31]. Members of
the MAPK family, including ERK, have been shown to
be key regulators of invasion and tumour progression
in breast cancer, including having roles in secretion of
matrix metallo-proteinases for ECM degradation [32]
and guiding cell motility [33]. In contrast to ERK, AKT
function is more strongly associated with regulation of
cellular growth, cell cycle progression and cell death
[34]. AKT expression is also strongly associated with
the development of tamoxifen resistant in breast cancer
[35]. AKT is activated by a variety of stimuli through
growth factor receptors such as HER2 and EGFR, in a
PI3K-dependent manner [36]. From our observations
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Figure 6: PELP1 siRNA prevents tamoxifen and fulvestrant-induced pro-invasive responses in ER+ breast cancer cells.
(A) The effects of PELP1 modulation on internal signalling was determined by treating MCF7 cells with PELP1 siRNA and subsequently
probing for PELP1, Src, AKT and ERK1/2. The effects of siRNA-mediated PELP1 suppression on endocrine-induced cellular invasion and
migration were determined through Boyden chamber assays (B—E). PELP1 mediated changes in proliferation were assessed though MTT

assays (F).
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tamoxifen, fulvestrant and estrogen withdrawal all resulted
in suppressed activation of AKT in MCF-7 cells and while
pharmacological inhibition of AKT resulted in suppressed
cell proliferation, invasion and migration were unaffected.

Our data further suggests an important link between
Src and the ER-coactivator, PELP-1, in the phenotypic
response to endocrine agents. In addition to an increase
in Src activation with both tamoxifen and fulvestrant,
our data also demonstrate that both drugs appear to
increase total expression of PELP-1 as compared to
controls. As such, it may be possible that either PELP-1
is directly activated through an unanticipated effect of ER
modulation and antagonism and/or that total levels PELP-
1 levels are upregulated via a nuclear function of the ER
cascade. It is also interesting to note that basal expression
of PELP-1 was higher in MCF-7 cells when compared to
T47D, a finding that has also previously been reported by
others [17]. Tamoxifen and fulvestrant also appeared to
have no effect on total levels of PELP-1 in T47D cells, in
contrast to the MCF-7 cell line. It may therefore follow
that the adverse response seen in MCF-7 cells may be
absent from the T47D cell line because of this lower and
unregulated expression of PELP-1 expression.

Importantly, whilst our data supports the role of
a possible interaction between PELP-1 and Src kinase,
brought about by the action of endocrine agents on the
ER, further investigations are required to determine the
exact nature of this interaction. Whilst PELP-1 has been
shown to interact with the SH3 domain of Src via its first
N terminal PxxP domain [37], its relationship based on
the ligand binding status of the ER appears less clear.
Given the increased expression of Src observed with both
tamoxifen and fulvestrant, one would assume this change
to be related to the antagonistic functions of the ER,
possible resulting in ER-independent PELP1-mediated
Src activation.

Although PELP-1 knockdown resulted in reduced
invasion and migration in MCF-7 cells, proliferation
appeared to be unaffected. This finding is despite
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PELP-1 knockdown resulting in lower Src kinase
expression, which we have previously shown to have a
significant negative effect of proliferation, in terms of
pharmacological inhibition at least. This may mean that
PELP-1 may be a more specific target for invasion and
migration as opposed to a Src kinase itself, although
it is interesting to note that as PELP-1 is a substrate of
cyclin dependent kinase’s (CDK’s) [38], which regulates
proliferation, while mechanistic studies have found that
PELP-1 may play a permissive role in E2-mediated cell
cycle progression [20, 39]. Whilst it would appear PELP-
1 may be a potential future target for drug therapies,
no direct inhibitors are currently available. Instead an
alternative approach could be to target the downstream
interactions of PELP-1, including Src, MEK/ERK and
CDK2 [39], although the effects of these treatments may
not have the same specificity as targeting PELP-1 itself.
As a result, future drug development aiming to inhibit
PELP-1 function itself, may be a potential avenue of
future exploration.

Here we have demonstrated that while tamoxifen
and fulvestrant resulted in an increase in invasion and
migration on MCF-7 cells, estrogen suppression resulted
in the opposite effect. These data again suggest that
aromatase inhibition may therefore be a more appropriate
treatment in tumours with low intrinsic expression of
E-cadherin. While our data supports this hypothesis, it
is also interesting to note that aromatase inhibition led
to suppressed total levels of PELP-1 expression and
reduced expression of Src kinase signalling, which further
implicates PELP-1 as a potentially crucial regulator if this
process. The importance of these observations have been
recently investigated clinically, which further reveal that
patients with ER positive cancers with low expression of
E-cadherin have poorer disease free survival when treated
with tamoxifen as compared to aromatase inhibitors [40].

Treatment of breast cancer is becoming more
personalised with better understanding of tumour biology.
Recent developments have generated tools, such as
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Figure 7: PELP 1 suppressed endocrine-induced invasion and migration in the absence of E-cadherin. Cells were treated
with siRNA against PELP1 + CDH1 (A) and treated with endocrine agents and the invasive and migratory capacity of these cells assessed

through Boyden chamber assay (B and C).
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Oncotype DX®, which predicts the benefit of adjuvant
chemotherapy based on the expression of 21 cancer-related
genes [41]. Predictors of response to adjuvant endocrine
therapy, outside of ER and PR expression, is currently less
developed however. Identification of biological markers
that could predict response to treatment may therefore
prove valuable when deciding on an optimum choice of
endocrine therapy. The results demonstrated in this paper
would suggest that ongoing work to assess how E-cadherin
and/or PELP-1 may be of value in this context would be
of value.

MATERIALS AND METHODS

Cell culture

ER+, endocrine sensitive MCF-7 and T47D cells
were routinely cultured in glutamine-supplemented
RPMI medium (Invitrogen, Paisley, UK), supplemented
with 5% foetal calf serum (FCS), antibiotics (101 U/ml
penicillin and 10 pg/ml streptomycin) and fungi-zone (2.5
pg/ml), and incubated at 37°C with 5% carbon dioxide.
For experimental analysis, the medium was changed to
experimental medium, containing phenol-red-free RPMI
supplemented with 5% FCS, 100 mM glutamine and
antibiotics as above. For estrogen withdrawal conditions
(-E2) the FCS within the experimental medium was
replaced with 5% charcoal-stripped, steroid-depleted
FCS, while for anti-estrogen and hormone treatments the
medium was supplemented with 10° M estradiol (E2),
107 M 4-hydroxytamoxifen (‘Tam”) or 107 M fulvestrant
(‘Fas’). All tissue culture media and constituents were
obtained from Life Technology Europe Ltd (Paisley, UK)
and tissue culture plasticware was obtained from Nunc
(Rosklide, Denmark).

Antibodies and reagents

The antibodies used were: anti-phospho Src kinase
(Y418) and pan-Src kinase (Invitrogen, Paisley, UK), anti-
phospho AKT (ser473), pan-AKT, anti-ERK 1/2, pan-ERK
1/2 and pan-PELP-1 (Cell Signalling Technologies, Herts,
UK), anti E-cadherin antibody (R&D Systems Ltd, Oxford
UK), anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (ABCAM, Cambridge, UK) and anti-B-Actin
(Sigma-Aldrich, Poole, Dorset, UK).

siRNA-mediated suppression of PELP-1 and
E-cadherin

SMARTpool siRNA against human PELP-1 gene
and human E-cadherin gene (CDH1) respectively were
obtained from Dharmacon Ltd (Perbio Science UK
Ltd, Northumberland, UK) and used according to the
manufacturer instructions. Cells were seeded into 35 mm
dishes at 10* cells/dish in antibiotic-free experimental

medium with or without anti-hormone as appropriate.
After 24 hours of cell culture, the medium was replaced
with fresh, antibiotic-free medium containing transfection
lipid, 100 nM of non-targeting siRNA control (NT), 100
nM SMARTpool siRNA specific for PELP-1 or CDHI,
or 50 nm SMARTpool siRNA specific for PELP-1 plus
50 nm SMARTpool siRNA specific for CDH1 where
knockdown of both targets was required. Cells were
assayed for PELP-1/E-cadherin protein expression after
24, 48 and 72-hours post-transfection by Western blotting
to confirm protein knockdown. For invasion assays and
Western blotting analysis, cells were treated with PELP-
1/CDH1 siRNA for 72 hours before performing the
experiments in the presence or absence of the agents as
detailed.

Basement membrane invasion assay

Cell invasion was determined using invasion
chambers possessing an 8 um porous membrane (BD
Biosciences, Oxford, UK) coated with a 50 ul of 1:3 ratio
or Matrigel:wRPMI. Cells (treated as above) were seeded
into the top of each chamber (5 x 10* cells/well) with or
without anti-hormone treatment, while 650 pl of medium
was added to the lower chamber of the well. Inserts
were cultured at 37°C in a tissue culture incubator for 48
hours, after which the non-invasive cells and Matrigel
were removed from the upper chamber of the insert
with a cotton swab. The invasive cells on the underside
of the insert was fixed with 3.7% formaldehyde, before
the porous membrane of the insert was, detached using a
scalpel blade and mounted onto a glass microscope slide
using Vectashield (Molecular Probes, Eugene, OR, USA)
containing the nuclear stain 4’,6-diamidino-2-phenylindole
(DAPI). Cell invasion was quantified by viewing ten
separate fields per membrane at a magnification of x10
and counting the number of cells in each field. Data was
then plotted as the total number of cells counted per insert
+/— SD for a minimum of three independent biological
replicates of the experiment.

Cell migration assay

Cell migration was determined using invasion
chambers possessing an 8§ pum porous membrane (BD
Biosciences, Oxford, UK) coated with an air-dried
solution of fibronectin mixed with RPMI (1:100). Cells
(treated as above) were seeded into the top of each
chamber (4 x 10* cells/well) with or without anti-hormone
treatment, while 650 pl of medium was added to the lower
chamber of the well. Inserts were cultured at 37°C in a
tissue culture incubator for 24 hours, after which the non-
invasive cells and Matrigel were removed from the upper
chamber of the insert with a cotton swab. The migratory
cells on the underside of the insert were fixed with 3.7%
formaldehyde, before the insert was stained with crystal
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violet solution. Cell migration was quantified by viewing
ten separate fields per membrane at a magnification of X10
and counting the number of cells in each field. Data was
then plotted as the total number of cells counted per insert
+/— SD for a minimum of three independent biological
replicates of the experiment.

Cell lysis and western blotting

After cell culture were treated as described above,
cells were washed twice with ice-cold PBS and lysed in
lysis buffer (50 mM Tris, pH 7.5, 5 mM EGTA, 150 mM
NaCl, 1% Trixton X100) containing protease inhibitors (2
mM sodium orthovanadate, 20 mM sodium fluoride, 1 mM
phenyl-methylsulfonyl fluoride, 20 uM phenylarsinine,
10 uM sodium molybdate, 10 pg/ml leupeptin and 8 pg/
ml aprotinin). The lysates were then placed on ice for
20 minutes and clarified by centrifugation (15 minutes,
15,000 rpm, 4°C). The concentration of solubilised
proteins was then determined using the DC protein assay
kit (BioRad, Hemel Hempstead, UK). Using these lysates,
20 pg of total protein was separated by SDS-PAGE using
10% gels and transferred to nitrocellulose membranes
by electroblotting. Membranes were then blocked using
5% (w/v) milk protein in Tris-buffered saline containing
0.05% Tween-20 and incubated with primary, followed by
secondary horseradish peroxidase-conjugated secondary
antibodies. An enhanced chemiluminescence system
(West ECL reagent, Pierce and Warriner Ltd, Chester, UK)
was used for detection of bound antibodies by exposing
the blots to X-ray film (Kodak, UK). Blots shown are
representative of a minimum of three separate biological
replicates of the experiment.

Cell proliferation assay(s)

For the MTT assay, cells were seeded into a 96-well
plate (1 x 10°cells/plate) and, after 24 hours, appropriate
treatment were added, as described, and cells cultured for
a further 72 hours. For analysis of the effects of PLEP-1/
CDHI1 knockdown on basal growth rates, cells were pre-
treated with siRNA, seeded into the plates and cultured
for 72 hours with no further treatment. Cells were then
washed gently with warm phosphate buffered saline
(PBS) and incubated with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium dehydrogenase (MTT)
at 37°C for 4 hours to allow formation of formazan
crystals within mitochondria. The MTT was then
replaced with Trixton-X-100 (Sigma-Aldrich, Poole,
Dorset, UK) and the plate maintained at 4°C overnight,
to allow the formazan crystals produced to be released
from mitochondria and dissolve. Data was obtained by
recording the optical density of each well using an ELISA
plate reader (mean of eight separate wells per condition),
with experiments repeated using a minimum of three
biological replicates.

Statistical analysis

All graphical data is presented using the Prism
Graphpad® version 6 statistical software. Statistical
analysis was performed using SPSS® 20. Statistical
significance was determined by a p-value of < 0.05. For
analysis of data comparing two independent variables an
independent samples #-test was performed where data
followed a normal distribution, while a Mann-Whitney
test was performed in cases where the data was deemed to
be non-parametric. For comparison of multiple variables,
a one-way ANOVA test was performed to assess for a
significance across the dataset, with a post-hoc Bonfferoni
test used to assess significance between two of the
variables within the dataset.

Author contributions

SH and PBL were involved in conceiving the
underlying project. MR and CS were involved in
experimental design and data collection. MR and SH
analysed the data and wrote the manuscript. All authors
were involved in manuscript editing and final manuscript
approval.

ACKNOWLEDGMENTS AND FUNDING

The authors wish to thank the breast cancer
molecular pharmacology group for their technical
assistance in this study and the Velindre Cancer Centre
research fund for their support.

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

REFERENCES

1. Harnett A, Smallwood J, Titshall V, Champion A, and
Guideline Development Group. Diagnosis and treatment
of early breast cancer, including locally advanced disease—
summary of NICE guidance. BMJ. 2009; 338:b438. https://
doi.org/10.1136/bmj.b438. [PubMed]

2. Cardoso F, Harbeck N, Fallowfield L, Kyriakides S,
Senkus E, and ESMO Guidelines Working Group. Locally
recurrent or metastatic breast cancer: ESMO Clinical

Practice Guidelines for diagnosis, treatment and follow-
up. Ann Oncol. 2012 (Suppl 7); 23:vii11-19. https://doi.
org/10.1093/annonc/mdq160. [PubMed]

3. Davies C, Godwin J, Gray R, Clarke M, Cutter D, Darby S,
McGale P, Pan HC, Taylor C, Wang YC, Dowsett M, Ingle
J, Peto R, and Early Breast Cancer Trialists’ Collaborative
Group (EBCTCQG). Relevance of breast cancer hormone
receptors and other factors to the efficacy of adjuvant
tamoxifen: patient-level meta-analysis of randomised trials.

www.oncotarget.com

4732

Oncotarget


https://doi.org/10.1136/bmj.b438
https://doi.org/10.1136/bmj.b438
https://www.ncbi.nlm.nih.gov/pubmed/19244302
https://doi.org/10.1093/annonc/mdq160
https://doi.org/10.1093/annonc/mdq160
https://www.ncbi.nlm.nih.gov/pubmed/20555067

10.

11.

13.

Lancet. 2011; 378:771-84. https://doi.org/10.1016/s0140-
6736(11)60993-8. [PubMed]

Howell A, Robertson JF, Abram P, Lichinitser MR, Elledge
R, Bajetta E, Watanabe T, Morris C, Webster A, Dimery 1,
Osborne CK. Comparison of fulvestrant versus tamoxifen for
the treatment of advanced breast cancer in postmenopausal
women previously untreated with endocrine therapy: a
multinational, double-blind, randomized trial. J Clin Oncol.
2004; 22:1605-13. https://doi.org/10.1200/jc0.2004.02.112.
[PubMed]

Cristofanilli M, Turner NC, Bondarenko I, Ro J, Im SA,
Masuda N, Colleoni M, DeMichele A, Loi S, Verma
S, Iwata H, Harbeck N, Zhang K, et al. Fulvestrant plus
palbociclib versus fulvestrant plus placebo for treatment

of hormone-receptor-positive, HER2-negative metastatic
breast cancer that progressed on previous endocrine
therapy (PALOMA-3): final analysis of the multicentre,
double-blind, phase 3 randomised controlled trial. Lancet
Oncol. 2016; 17:425-39. https://doi.org/10.1016/s1470-
2045(15)00613-0. [PubMed]

Ciruelos E, Pascual T, Arroyo Vozmediano ML, Blanco
M, Manso L, Parrilla L, Mufnoz C, Vega E, Calderon
MJ, Sancho B, Cortes-Funes H. The therapeutic role of
fulvestrant in the management of patients with hormone

receptor-positive breast cancer. Breast. 2014; 23:201-08.
https://doi.org/10.1016/j.breast.2014.01.016. [PubMed]
Finn R. Targeting Src in breast cancer. Ann Oncol. 2008;
19:1379-86. https://doi.org/10.1093/annonc/mdn291.
[PubMed]

. Jacobs C, Riibsamen H. Expression of pp60c-src protein

kinase in adult and fetal human tissue: high activities in
some sarcomas and mammary carcinomas. Cancer Res.
1983; 43:1696—702. [PubMed]

Verbeek BS, Vroom TM, Adriaansen-Slot SS, Ottenhoff-
Kalff AE, Geertzema JG, Hennipman A, Rijksen G. ¢ Src
protein expression is increased in human breast cancer. An
immunohistochemical and biochemical analysis. J Pathol.
1996; 180:383-8.  https://doi.org/10.1002/(sici)1096-
9896(199612)180:4%3C383::aid-path686%3E3.0.co:2-n.
[PubMed]

Guarino M. Src signaling in cancer invasion. J Cell Physiol.
2010; 223:14-26. https://doi.org/10.1002/jcp.22011. [PubMed]
Tan M, Li P, Sun M, Yin G, Yu D. Upregulation and activation
of PKC alpha by ErbB2 through Src promotes breast cancer

cell invasion that can be blocked by combined treatment with
PKC alpha and Src inhibitors. Oncogene. 2006; 25:3286-95.
https://doi.org/10.1038/sj.onc.1209361. [PubMed]

Morgan L, Gee J, Pumford S, Farrow L, Finlay P, Robertson
J, Ellis I, Kawakatsu H, Nicholson R, Hiscox S. Elevated
Src kinase activity attenuates Tamoxifen response in vitro

and is associated with poor prognosis clinically. Cancer
Biol Ther. 2009; 8:1550-8. https://doi.org/10.4161/
cbt.8.16.8954. [PubMed]

Zhang L, Teng Y, Zhang Y, Liu J, Xu L, Qu J, Hou K,
Yang X, Liu Y, Qu X. c-Src expression is predictive

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

of poor prognosis in breast cancer patients with bone
metastasis, but not in patients with visceral metastasis.
APMIS. 2012; 120:549-57. https://doi.org/10.1111/1.1600-
0463.2011.02864.x. [PubMed]

Sareddy GR, Vadlamudi RK. PELP1: structure, biological
function and clinical significance. Gene. 2016; 585:128-34.
https://doi.org/10.1016/j.gene.2016.03.017. [PubMed]

Habashy HO, Powe DG, Rakha EA, Ball G, Macmillan RD,
Green AR, Ellis I0. The prognostic significance of PELP1
expression in invasive breast cancer with emphasis on the

ER-positive luminal-like subtype. Breast Cancer Res Treat.
2010; 120:603-12. https://doi.org/10.1007/s10549-009-
0419-9. [PubMed]

Kumar R, Zhang H, Holm C, Vadlamudi RK, Landberg
G, Rayala SK. Extranuclear coactivator signaling confers
insensitivity to tamoxifen. Clin Cancer Res. 2009; 15:4123—
30. https://doi.org/10.1158/1078-0432.ccr-08-2347. [PubMed]

Vadlamudi RK, Wang RA, Mazumdar A, Kim Y, Shin J,
Sahin A, Kumar R. Molecular cloning and characterization
of PELP1, a novel human coregulator of estrogen
receptor a. J Biol Chem. 2001; 276:38272—-79. https://doi.
org/10.1074/jbc.m103783200. [PubMed]

Choi Y, Ko J, Shin J. The Transcriptional Corepressor,
PELP1, Recruits HDAC2 and Masks Histones Using Two
Separate Domains. J Biol Chem. 2004; 279:50930—41.
https://doi.org/10.1074/jbc.m406831200. [PubMed]

Nair SS, Mishra SK, Yang Z, Balasenthil S, Kumar R,
Vadlamudi RK. Potential Role of a Novel Transcriptional
Coactivator PELP1 in Histone H1 Displacement in
Cancer Cells. Cancer Res. 2004; 64:6416-23. https://doi.
org/10.1158/0008-5472.can-04-1786. [PubMed]
Chakravarty D, Tekmal R, Vadlamudi RK. PELP1: A novel
therapeutic target for hormonal cancers. IUBMB Life. 2010;
62:162-9. https://doi.org/10.1002/iub.287. [PubMed]
Borley AC, Hiscox S, Gee J, Smith C, Shaw V, Barrett-
Lee P, Nicholson R. Anti-oestrogens but not oestrogen

deprivation promote cellular invasion in intercellular
adhesion-deficient breast cancer cells. Breast Cancer Res.
2008; 10:R103. https://doi.org/10.1186/bcr2206. [PubMed]
Ree AH, Bjernland K, Briinner N, Johansen HT, Pedersen
KB, Aasen AO, Fodstad O. Regulation of tissue-degrading
factors and in vitro invasiveness in progression of breast
cancer cells. Clin Exp Metastasis. 1998; 16:205-15. https:/
doi.org/10.1023/a:1006584624061. [PubMed]

Cowell LN, Graham JD, Bouton AH, Clarke CL, O’Neill
GM. Tamoxifen treatment promotes phosphorylation of the
adhesion molecules, p130Cas/BCARI1, FAK and Src, via
an adhesion-dependent pathway. Oncogene. 2006; 25:7597—
607. https://doi.org/10.1038/sj.onc.1209747. [PubMed]

Hiscox S, Jordan NJ, Morgan L, Green TP, Nicholson RI.
Src kinase promotes adhesion-independent activation of

FAK and enhances cellular migration in tamoxifen-resistant
breast cancer cells. Clin Exp Metastasis. 2007; 24:157-67.
https://doi.org/10.1007/s10585-007-9065-y. [PubMed]

www.oncotarget.com

4733

Oncotarget


https://doi.org/10.1016/s0140-6736(11)60993-8
https://doi.org/10.1016/s0140-6736(11)60993-8
https://www.ncbi.nlm.nih.gov/pubmed/21802721
https://doi.org/10.1200/jco.2004.02.112
https://www.ncbi.nlm.nih.gov/pubmed/15117982
https://doi.org/10.1016/s1470-2045(15)00613-0
https://doi.org/10.1016/s1470-2045(15)00613-0
https://www.ncbi.nlm.nih.gov/pubmed/26947331
https://doi.org/10.1016/j.breast.2014.01.016
https://www.ncbi.nlm.nih.gov/pubmed/24589524
https://doi.org/10.1093/annonc/mdn291
https://www.ncbi.nlm.nih.gov/pubmed/18487549
https://www.ncbi.nlm.nih.gov/pubmed/6403227
https://doi.org/10.1002/(sici)1096-9896(199612)180:4%3C383::aid-path686%3E3.0.co;2-n
https://doi.org/10.1002/(sici)1096-9896(199612)180:4%3C383::aid-path686%3E3.0.co;2-n
https://www.ncbi.nlm.nih.gov/pubmed/9014858
https://doi.org/10.1002/jcp.22011
https://www.ncbi.nlm.nih.gov/pubmed/20049846
https://doi.org/10.1038/sj.onc.1209361
https://www.ncbi.nlm.nih.gov/pubmed/16407820
https://doi.org/10.4161/cbt.8.16.8954
https://doi.org/10.4161/cbt.8.16.8954
https://www.ncbi.nlm.nih.gov/pubmed/19830888
https://doi.org/10.1111/j.1600-0463.2011.02864.x
https://doi.org/10.1111/j.1600-0463.2011.02864.x
https://www.ncbi.nlm.nih.gov/pubmed/22716210
https://doi.org/10.1016/j.gene.2016.03.017
https://www.ncbi.nlm.nih.gov/pubmed/26997260
https://doi.org/10.1007/s10549-009-0419-9
https://doi.org/10.1007/s10549-009-0419-9
https://www.ncbi.nlm.nih.gov/pubmed/19495959
https://doi.org/10.1158/1078-0432.ccr-08-2347
https://www.ncbi.nlm.nih.gov/pubmed/19470742
https://doi.org/10.1074/jbc.m103783200
https://doi.org/10.1074/jbc.m103783200
https://www.ncbi.nlm.nih.gov/pubmed/11481323
https://doi.org/10.1074/jbc.m406831200
https://www.ncbi.nlm.nih.gov/pubmed/15456770
https://doi.org/10.1158/0008-5472.can-04-1786
https://doi.org/10.1158/0008-5472.can-04-1786
https://www.ncbi.nlm.nih.gov/pubmed/15374949
https://doi.org/10.1002/iub.287
https://www.ncbi.nlm.nih.gov/pubmed/20014005
https://doi.org/10.1186/bcr2206
https://www.ncbi.nlm.nih.gov/pubmed/19055788
https://doi.org/10.1023/a:1006584624061
https://doi.org/10.1023/a:1006584624061
https://www.ncbi.nlm.nih.gov/pubmed/9568638
https://doi.org/10.1038/sj.onc.1209747
https://www.ncbi.nlm.nih.gov/pubmed/16799644
https://doi.org/10.1007/s10585-007-9065-y
https://www.ncbi.nlm.nih.gov/pubmed/17394086

25.

26.

27.

28.

29.

30.

31.

32.

33.

Group E, and Early Breast Cancer Trialists’ Collaborative
Group (EBCTCG). Effects of chemotherapy and hormonal
therapy for early breast cancer on recurrence and 15-year
survival: an overview of the randomised trials. Lancet.
2005; 365:1687-717.  https://doi.org/10.1016/s0140-
6736(05)66544-0. [PubMed]

Mukhopadhyay D, Tsiokas L, Zhou XM, Foster D,
Brugge JS, Sukhatme VP. Hypoxic induction of human
vascular endothelial growth factor expression through
c-Src activation. Nature. 1995; 375:577-81. https://doi.
0rg/10.1038/375577a0. [PubMed]

Pal S, Datta K, Mukhopadhyay D. Central role of p53
on regulation of vascular permeability factor/vascular
endothelial growth factor (VPF/VEGF) expression in
mammary carcinoma. Cancer Res. 2001; 61:6952-7.
[PubMed]

Gonzalez L, Agullo-Ortuiio MT, Garcia-Martinez JM,
Calcabrini A, Gamallo C, Palacios J, Aranda A, Martin-
Perez J. Role of ¢-Src in human MCF7 breast cancer cell
tumorigenesis. J Biol Chem. 2006; 281:20851—64. https://
doi.org/10.1074/jbc.m601570200. [PubMed]

Gutwein P, Oleszewski M, Mechtersheimer S, Agmon-
Levin N, Krauss K, Altevogt P. Role of Src kinases in the
ADAM-mediated release of L1 adhesion molecule from
human tumor cells. J Biol Chem. 2000; 275:15490-7.
https://doi.org/10.1074/jbc.275.20.15490. [PubMed]
Migliaccio A, Di Domenico M, Castoria G, de Falco A,
Bontempo P, Nola E, Auricchio F. Tyrosine kinase/p21ras/

MAP-kinase pathway activation by estradiol-receptor
complex in MCF-7 cells. EMBO J. 1996; 15:1292-300.
[PubMed]

Song RX, McPherson RA, Adam L, Bao Y, Shupnik M,
Kumar R, Santen RJ. Linkage of rapid estrogen action to
MAPK activation by ERa-She association and Shc pathway
activation. Mol Endocrinol. 2002; 16:116-27. https://doi.
org/10.1210/mend.16.1.0748. [PubMed]

Reddy KB, Nabha SM, Atanaskova N. Role of MAP
kinase in tumor progression and invasion. Cancer
Metastasis  Rev.  2003;  22:395-403.  https:/doi.
0rg/10.1023/a:1023781114568. [PubMed]

Hartmann G, Weidner KM, Schwarz H, Birchmeier W. The
motility signal of scatter factor/hepatocyte growth factor

mediated through the receptor tyrosine kinase met requires
intracellular action of Ras. J Biol Chem. 1994; 269:21936—
9. [PubMed]

34.

35.

36.

37.

38.

39.

40.

41.

Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-
Iniesta C, Gonzalez-Barén M. PI3K/Akt signalling pathway
and cancer. Cancer Treat Rev. 2004; 30:193-204. https://
doi.org/10.1016/j.ctrv.2003.07.007. [PubMed]

Kirkegaard T, Witton CJ, McGlynn LM, Tovey SM, Dunne
B, Lyon A, Bartlett JM. AKT activation predicts outcome
in breast cancer patients treated with tamoxifen. J Pathol.
2005; 207:139-46. https://doi.org/10.1002/path.1829.
[PubMed]

Tokunaga E, Kimura Y, Mashino K, Oki E, Kataoka
A, Ohno S, Morita M, Kakeji Y, Baba H, Machara Y.
Activation of PI3K/Akt signaling and hormone resistance

in breast cancer. Breast Cancer. 2006; 13:137—44. https://
doi.org/10.2325/jbes.13.137. [PubMed]

Girard BJ, Daniel AR, Lange CA, Ostrander JH. PELP1:
A review of PELPI interactions, signaling, and biology.
Mol Cell Endocrinol. 2014; 382:642-51. https://doi.
org/10.1016/j.mce.2013.07.031. [PubMed]

Nair BC, Nair SS, Chakravarty D, Challa R, Manavathi B,
Yew PR, Kumar R, Tekmal RR, Vadlamudi RK. Cyclin-
Dependent Kinase—Mediated Phosphorylation Plays a
Critical Role in the Oncogenic Functions of PELP1. Cancer
Res. 2010; 70:7166-75. https://doi.org/10.1158/0008-5472.
can-10-0628. [PubMed]

Manavathi B, Nair SS, Wang RA, Kumar R, Vadlamudi
RK. Proline-, glutamic acid-, and leucine-rich protein-1 is

essential in growth factor regulation of signal transducers
and activators of transcription 3 activation. Cancer Res.
2005; 65:5571-7. https://doi.org/10.1158/0008-5472.can-
04-4664. [PubMed]

Hiscox S, Rakha E, Smith C, Farrow L, Gandahara S, Green
A, Ellis I, Barrett-Lee P, Nicholson RI, Gee J. P1-06-18:
Loss of E-Cadherin Expression in Clinical Breast Cancer

Is Associated with an Adverse Outcome on Tamoxifen.
Cancer Res. 2011; 71(24 Suppl):P1-06-18. https://doi.
org/10.1158/0008-5472.SABCS11-P1-06-18.

Carlson JJ, Roth JA. The impact of the Oncotype Dx breast
cancer assay in clinical practice: a systematic review and
meta-analysis. Breast Cancer Res Treat. 2013; 141:13-22.
https://doi.org/10.1007/s10549-013-2666-z. [PubMed]

www.oncotarget.com

4734

Oncotarget


https://doi.org/10.1016/s0140-6736(05)66544-0
https://doi.org/10.1016/s0140-6736(05)66544-0
https://www.ncbi.nlm.nih.gov/pubmed/15894097
https://doi.org/10.1038/375577a0
https://doi.org/10.1038/375577a0
https://www.ncbi.nlm.nih.gov/pubmed/7540725
https://www.ncbi.nlm.nih.gov/pubmed/11559575
https://doi.org/10.1074/jbc.m601570200
https://doi.org/10.1074/jbc.m601570200
https://www.ncbi.nlm.nih.gov/pubmed/16728403
https://doi.org/10.1074/jbc.275.20.15490
https://www.ncbi.nlm.nih.gov/pubmed/10809781
https://www.ncbi.nlm.nih.gov/pubmed/8635462
https://doi.org/10.1210/mend.16.1.0748
https://doi.org/10.1210/mend.16.1.0748
https://www.ncbi.nlm.nih.gov/pubmed/11773443
https://doi.org/10.1023/a:1023781114568
https://doi.org/10.1023/a:1023781114568
https://www.ncbi.nlm.nih.gov/pubmed/12884914
https://www.ncbi.nlm.nih.gov/pubmed/8071312
https://doi.org/10.1016/j.ctrv.2003.07.007
https://doi.org/10.1016/j.ctrv.2003.07.007
https://www.ncbi.nlm.nih.gov/pubmed/15023437
https://doi.org/10.1002/path.1829
https://www.ncbi.nlm.nih.gov/pubmed/16088978
https://doi.org/10.2325/jbcs.13.137
https://doi.org/10.2325/jbcs.13.137
https://www.ncbi.nlm.nih.gov/pubmed/16755107
https://doi.org/10.1016/j.mce.2013.07.031
https://doi.org/10.1016/j.mce.2013.07.031
https://www.ncbi.nlm.nih.gov/pubmed/23933151
https://doi.org/10.1158/0008-5472.can-10-0628
https://doi.org/10.1158/0008-5472.can-10-0628
https://www.ncbi.nlm.nih.gov/pubmed/20807815
https://doi.org/10.1158/0008-5472.can-04-4664
https://doi.org/10.1158/0008-5472.can-04-4664
https://www.ncbi.nlm.nih.gov/pubmed/15994929
https://doi.org/10.1158/0008-5472.SABCS11-P1-06-18
https://doi.org/10.1158/0008-5472.SABCS11-P1-06-18
https://doi.org/10.1007/s10549-013-2666-z
https://www.ncbi.nlm.nih.gov/pubmed/23974828

