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Estrogen receptor (ER)x activity is regulated by phosphorylation at several sites. Recently several anti-
bodies specific for individual phosphorylated sites within ERa have became available. Validation and use
of these antibodies suggests that several forms of phosphorylated ERa can be detected in multiple ER+
human breast tumor samples, thus providing relevance for investigating the regulation and function of
phosphorylated ERa in human breast cancer. Generally, the phosphorylated ERa isoforms are associated
with parameters that suggest that they are markers of an intact estrogen dependent signaling pathway
and better clinical outcome with respect to tamoxifen therapy. Profiling of phosphorylated ERa may
provide better biomarkers of endocrine therapy response over and above those currently available.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The estrogen status of human breast tumors is an impor-
tant biomarker with respect to both prognosis and prediction of
treatment response [1]. The latter is probably of more practical
importance and ER+ status predicts for responsiveness to endocrine
therapies such as tamoxifen, other selective ER modulators (SERMs)
and aromatase inhibitors. This is because of the central role of ER in
estrogen signaling [2]. However, only about 50% of patients whose
tumors are ER+ will respond to tamoxifen treatment and therefore
display de novo resistance to tamoxifen and of those that originally
respond, many will eventually progress on tamoxifen treatment
having acquired tamoxifen resistance [3]. The need for more pre-
cise markers of treatment response and other targets for endocrine
therapies has prompted us to investigate phosphorylated forms of
ER in this regard.

ERs are members of the nuclear hormone receptor super-
family of ligand-activated transcription factors that regulate
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transcription by recruiting co-activator proteins via estrogen inde-
pendent and estrogen dependent activation function regions (AF-1
and AF-2 respectively) [4]. Phosphorylation, a well investigated
post-translational modification event, that regulates subcellular
localization, dimerization, DNA binding and transcriptional activity
of nuclear receptors is an important mechanism for regulating ER
activity [5,6]. Currently ER status in breast tumors only reflects an
assessment of ERa expression [7], so it is the phosphorylation of
ERa that will be the focus of this discussion.

2. Studies of P-ER« in human breast cancer biopsy samples

Multiple phosphorylation sites on ERa have been identified
[5,8-11] and potential functional roles have been studied using,
most often, mutated receptors expressed in cell culture models
[5,12]. Little, if any, in vivo studies have been published. Since
ERa can be a substrate of several kinases activated by growth
factor/growth factor receptor driven pathways in breast cancer,
and growth factor receptor pathways are often upregulated and/or
abnormally regulated during breast cancer progression, the ligand
independent activation of ERa has been hypothesized to be a
mechanism by which resistance to endocrine therapies in breast
cancer may occur [13]. One way to gain insights as to potential roles
in vivo has been to measure the expression of the phospho-ERa
(P-ERat) and determine if there are any significant associations with
known parameters of prognosis and treatment outcome [14,15].
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Antibodies to phospho-specific sites on ERa i.e. P-serine!'8-ERa
(P-S118) and P-serine'®’-ERa (P-S167) have recently become
commercially available. As a result there are now a few studies
in which the expression of one or both of these two P-ERa sites
has been determined in cohorts of breast tumor biopsy samples
and the results published [10,14-20]. As well some studies using
custom antibodies to other sites of P-ERa have been published
recently [9,10]. A list of the published studies is shown in Table 1.
In some of these studies associations with other histopathological
markers, clinical outcome and specific kinases have been found.
Differences in association of these phospho-epitopes with estab-
lished parameters in breast cancer and clinical outcome due to
endocrine therapies have been found and will be discussed below.

3. Validation of antibodies
3.1. Immunohistochemistry (IHC) and Western blotting

In most cases the specificity of the phospho-specific antibodies
has been done by Western blot of extracts from cell lines transiently
transfected with wild-type or serine to alanine mutant expression
plasmids. However, this is really not rigorous enough when it comes
to either Western blotting of extracts from human breast cancer
biopsies or for IHC. And the lack of rigorous validation of antibody
specificity for the application to be used, may be a significant factor
in the contrasting conclusions that have been made.

Validation for IHC should include positive predominantly
nuclear staining in ER positive and not ER negative tumors, together
with loss of signal by pre-absorption of the antibody with excess
specific phospho-peptide used to generate the antibody, no loss
of signal with excess non-phospho-peptide nor excess irrelevant
phospho-peptide in known positive tumors, taking into account the
known tumor cell heterogeneity found in breast biopsy samples.
Some of the studies but not all of the publications have reported
these types of validation [10,17,19,20]. Those that have performed
extensive validation are marked with an asterisk in Table 1.

Some studies have also provided data in which Western blots
of extracts from fresh frozen human breast cancer biopsy sam-
ples using P-ERa specific antibodies have detected appropriately
sized bands [20,21]. In our hands, we find that multiple bands
can often be found using Western blots of breast biopsy extracts
and therefore we have also used immunoneutralization studies

Table 1
List of published studies of the determination of P-ERa expression in human breast
cancer biopsy samples.

P-ERa Number of cases Reference

P-S118 45 Murphy et al. (2004)
P-S118 113 Murphy et al. (2004)
P-S118 Not known Gee et al. (2005)
P-S118 75 Yamashita et al. (2005)
P-S167 75 Yamashita et al. (2005)
P-S118 301 Sarwar et al. (2006)
P-S118 40 Weitsman et al. (2006)
P-S118 279 Bergqvist et al. (2006)
P-S118 290 Jiang et al. (2007)"
P-S167 290 Jiang et al. (2007)
P-S305 377 Holm et al. (2008)"
P-S118 278 Yamashita et al. (2008)
P-S167 278 Yamashita et al. (2008)
P-S118 370 Skliris et al. (in press)
P-S104/106 301 Skliris et al. (in press)
P-S167 400 Skliris et al. (in press)
P-5282 374 Skliris et al. (in press)
P-S294 410 Skliris et al. (in press)
P-T311 406 Skliris et al. (in press)’
P-S559 380 Skliris et al. (in press)’

" Values that have performed extensive validation.

to confirm the specificity of the bands. Examples of the data are
shown in Fig. 1. Using tumors that were IHC positive for P-S167
and for which frozen material was available, extracts were made
and subjected to Western blotting. In the positive tumors an appro-
priately sized band disappeared after immuno-neutralization with
the phospho-specific peptide (Fig. 1A, right top panels) but not
with the non-phosphorylated peptide (Fig. 1A, right bottom pan-
els). Similarly, we identified a specifically immuno-neutralizable
protein for P-S118 in breast tumors that was positive by IHC but
not in a tumor that was negative for staining (Fig. 1B, left panels,
non-absorbed antibodies; right panels pre-absorbed antibodies). It
should be noted that the upper band of the doublet that is seen with
the P-S118 antibody is immuno-neutralized and specific, while the
lower band of the doublet is not neutralized and therefore is consid-
ered non-specific. This lower non-specific band has been previously
observed in extracts from MCF-7 cells using the same antibody
[12,22].

3.2. Epitope stability

Stability of the phospho-epitopes under the collection and stor-
age conditions of the tumor tissue may also be a problem and
contribute to differences in study conclusions. We have been some
of the first to try and determine the effect of time to collection on
expression of RNA, proteins and phospho-epitopes within the ER in
human breast tumor biopsy samples [10,23]. Our data suggest that
longer times of tissue collection to processing and storage result in
decreased ER and PR levels as determined by ligand binding assays
(LBA) [10,23] but have little effect on total ER protein measured by
[HC [10]. We also used a subset of these timed collection samples
to do preliminary studies to investigate effects of time to collec-
tion on P-ERa stability [10]. We examined P-S118 and P-S167, and
while there was a trend to decreased expression as determined by
H-score in the >30 min compared to the <30 min collection groups,
the differences were not statistically significant. However, this may
be due to the small sample size used. Furthermore, it is possible
that different phosphorylation sites may be more or less stable than
the ones we have specifically measured in our study. However, it is
still unclear how the extent of the variability of epitope expression
due to time of tissue collection, might be significant in compari-
son to the scale of the biological differences amongst biospecimens
[23], and several studies using stored human breast biopsy samples
have found biologically plausible correlations of P-ERa with known
important clinical and pathological parameters in human breast
tumors as reviewed in this current manuscript (see Tables 1 and 2).

4. Expression of P-ERa in human breast cancer biospy
samples and relationship to clinical parameters and
outcome

Insights into the putative role of gene expression in human
breast cancer in vivo is often obtained by investigating the relation-
ship of expression in retrospectively collected cohorts of samples,
to other biomarkers of prognosis and treatment response as well
as to clinical outcomes such as relapse free survival (RFS) and over-
all survival (OS). A summary of such data currently published with
regard to phosphorylated forms of ERx is presented in Table 2. As
is frequently the case with such studies, quite contradictory results
are often found, variably due to the relatively small numbers in the
cohorts studied, differences in scoring and quantifying expression,
differences in definitions of positivity and negativity, differences
in the characteristics of the patient populations studied, technical
issues etc. However, some common themes are emerging especially
with regard to P-S118 and P-S167 which have been the major focus
to date. In particular the detection of P-ER« is generally associated
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Fig. 1. Expression of ERa phosphorylated at P-S167 and P-S118 in human breast tumor extracts. (A) The left panels show extracts from breast tumors (T) that were positive
(+) or negative (—) for P-S167-ERa IHC, analyzed by Western blotting and visualized with the anti-P-S167-ERa or total ERa antibodies. The right panel shows the same
extracts analyzed with the P-specific antibody pre-absorbed with excess phosphorylated peptide (10x P-S167-ERq, right top panel) or the same extracts analyzed with the
antibody pre-absorbed with excess non-phosphorylated peptide (10x non-P-S167-ERa) or the same blots incubated with antibody to total ERa. (B) Extracts from breast
tumors that were positive or negative for P-S118-ERa IHC, analyzed by Western blotting and visualized with the anti-P-S118-ERa antibodies. The right panel shows the
same extracts analyzed with the antibody pre-absorbed with excess phosphorylated peptide; the second from bottom panel shows the same extracts analyzed with the
antibody pre-absorbed with excess non-phosphorylated peptide. 100 g protein from breast tumor extracts were analysed by immunoblotting. Positive controls obtained
from transiently transfected COS-1 cells were also included. Total ER« levels for each extract are shown on the bottom panel for both A and B using ERa monoclonal antibody
(clone 6F11, Novocastra, Newcastle, UK). N.B. In tumor extracts both the phosphorylated ERa and the total ERa run slightly below the equivalent immunoreactive protein in

cell line extracts.

with more differentiated, less aggressive tumor characteristics and
features of an intact estrogen responsive signaling pathway. This is
consistent with either P-S167 or P-S118 positivity being most often
associated with a better clinical outcome to tamoxifen therapy in
retrospectively collected cohorts [14,19,24,25]. We have confirmed
our previously published results [14] in a larger cohort of patients
representing over 300 cases, where expression of P-S118 was asso-
ciated with a significantly better clinical outcome on tamoxifen
therapy (Fig. 2A and B). As well, we observed that in this latter
cohort detection of P-S167 was associated with a trend towards
better clinical outcome on tamoxifen (Fig. 2C and D). This latter
result supports the earlier results published by Jiang et al. [19] and

Yamashita et al. [25]. In our cohort, the results also show that mea-
surement of PR either by IHC or LBA (Fig. 2E-H) is still a stronger
predictor of RFS and OS on tamoxifen therapy than the phospho-
rylated forms of ERa. Interestingly, however, our previous results
showed that addition of P-ER« to PR may further improve the pre-
diction of response to endocrine therapy [14].

The results also suggest that in primary breast tumors detection
of P-ERq, in particular, P-S118 and P-S167 but perhaps not P-S305
[20], is unlikely to be the cause of de novo tamoxifen resistance due
to over-expression of growth factors such as HER2 [13,26]. Some
studies have found a weak positive association of HER2 expres-
sion and P-S118 [19,25], however the one study, in which the
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Table 2
P-ERa expression and relationship to clinical outcome on tamoxifen therapy and other biomarkers in human breast cancer.
P-ERa Clinical outcome to tamoxifen Association with other biomarkers Number of cases Reference
P-S118 Negative with grade (P=0.023) 45 Murphy et al. (2004)
P-S118 +P-ERa longer DFS (P=0.0018) Positive with PR (P=0.012) 113 Murphy et al. (2004)
P-S118 +P-ERa longer TTP P<0.009 Not known Gee et al. (2005)
P-S118 Positive with p-S167 (P<0.0001) 75 Yamashita et al. (2005)
P-S118 Positive PRa (P<0.0001) 75 Yamashita et al. (2005)
P-S118 Higher in lymph node mets vs.1° (P=0.0098) 75 Yamashita et al. (2005)
P-S118 +P-ERa longer DFS P=0.033 Positive with p-S118 (P<0.0001) 75 Yamashita et al. (2005)
P-S118 Positive with PRa (P=0.0007) 75 Yamashita et al. (2005)
P-S118 Negative with grade (P<0.001) 301 Sarwar et al. (2006)
P-S118 No association with outcome Positive with PR (P=0.09) 301 Sarwar et al. (2006)
P-S118 Positive with PR (P<0.01) 279 Bergqvist et al. (2006)
P-S118 Negative with grade (P=0.009) 290 Jiang et al. (2007)
P-S167 +P-ERa longer DFS (P=0.006) Positive with p-S118 (P<0.0005) 290 Jiang et al. (2007)
P-S167 +P-ERa better OS (P=0.023) Negative with tumor size (P=0.002) 290 Jiang et al. (2007)
P-S305 Negative for P-ER more Tam responsive (P=0.01) Positive P-ER with high grade (0.032) 377 Holm et al. (2008)
P-S305 Positive P-ER With high MI (P=0.009) 377 Holm et al. (2008)
P-S305 Positive P-ER with small tumors (P=0.025) 377 Holm et al. (2008)
P-S118 Low P-ER with better DFS (P=0.0003), better OS (P=0.0007) Positive with p-S167 (P<0.0001) 240 Yamashita et al. (2008)
P-S167 High P-ER with better DFS (P=0.0002), better OS (P=0.0016) Positive with p-S118 (P<0.0001) 210 Yamashita et al. (2008)
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Fig. 2. Kaplan-Meier graphs for proportion disease free (RFS, relapse free survival-time to progression) and proportion/percent surviving (OS, overall survival) for patients
treated with tamoxifen therapy. P-S118 protein expression in breast cancer study cohort (A and B); P-S167 protein expression in breast cancer study cohort (C and D); PR
expression by LBA (E and F) and PR expression by IHC (G and H). Symbols on the graph lines represent censored data, P values are given for log-rank tests. P-Ser118-ERa
positive/high defined by IHC-score >0 (48% positive), n=336. P-Ser167-ERa positive/high defined by IHC score >0 (43% positive), n=381. PR LBA positive/high defined as
>20 fmol/mg protein, n=417. PR IHC positive/high defined as IHC score >20, n=367.
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Table 3

Associations of P-S118-ERa and P-S167-ERa with active kinases in human breast tumor samples.

P-ERa Active Kinase Relationship Reference

P-S118 P-MAPK/ERK1/2 Positive association P<0.0001 Murphy et al. (2004) [1]
P-S118 P-MAPK/ERK1/2 Positive association P<0.001 Sarwar et al. (2006) [2]
P-S118 P-MAPK/ERK1/2 Positive association P<0.01 Bergqvist et al. (2006)
P-S118 P-MAPK/ERK1/2 Positive association P<0.0005 Jiang et al. (2007) [4]
P-S118 P-MAPK/ERK1/2 Positive association P<0.0001 Yamashita et al. (2008) [5]
P-S118 P-p90RSK Positive association P<0.0005 Jiang et al. (2007) [4]
P-S118 P-AKT Positive association P=0.035 Jiang et al. (2007) [4]
P-S118 P-AKT Positive association P<0.0001 Yamashita et al. (2008) [5]
P-S167 P-MAPK/ERK1/2 Positive association P<0.0005 Jiang et al. (2007) [4]
P-S167 P-MAPK/ERK1/2 Positive association P<0.0001 Yamashita et al. (2008) [5]
P-S167 P-AKT Positive association P=0.005 Jiang et al. (2007) [4]
P-S167 P-AKT Positive association P<0.0001 Yamashita et al. (2008) [5]
P-S167 P-p90RSK Positive association P<0.001 Jiang et al. (2007) [4]

HER2+ and HER2- tumors were matched for equivalent ER and
PR expression as well as grade and tumor type, found no signif-
icant differences in the frequency or expression levels of P-S118
[22]. As well, using this latter cohort we found no significant dif-
ference in terms of P-S167 positivity between ER+/HER2+ tumors
versus ER+/HER2— tumors (Fishers exact test P=0.43). Although in
this study there was a trend towards decreased P-S167 expression in
HER2 over-expressing tumors compared to non-expressing tumors
(median IHC score HER2 over-expressors =50 vs. median for non-
expressors =67.5, P=0.10, Mann Whitney two tailed) this was not
statistically significant (unpublished data). These data confirm the
lack of association of P-S167 with HER2 over-expression, found by
Jiang et al. [19]. Therefore the majority of data, so far published,
are consistent with the conclusion that increased detection of
P-S118 and/or P-S167 expression is not associated with HER2 over-
expression in primary breast tumors that are ERa positive in vivo.

5. Multiple phosphorylated forms of ERx

Another common theme emerging from the results summa-
rized in Table 2 is that multiple phosphorylated forms of ERa can
be found in any one tumor sample [10,19,25]. Our recent results
[10] have extended this further to measure up to seven different
P-ERa forms in over 300 ER+ breast tumor samples. The phos-
phorylated forms of ERa that we validated and measured by IHC
were P-S104/106; P-S118, P-S167, P-S282, P-S294, P-T311 and P-
S559 [10]. We found that any one P-ERa isoform was positively
correlated with one or more other P-ERa isoforms. For example,
P-S167 was positively correlated with P-S118 (Spearman r=0.46,
P<0.0001, n=360). To investigate if the same ER molecules were
phosphorylated on multiple sites or whether there were distinct
separate molecular populations of each P-ERa versus populations of
ERa phosphorylated at multiple sites, we immunoprecipitated (IP)
ER phosphorylated at S118 with a specific antibody [22] from estro-
gen treated MCF7 cell extracts followed by Western blotting using
an antibody specific to P-S167. Fig. 3 illustrates that IP (beads) with
an antibody specific to P-S118 ERa, which quantitatively removes
signal from the extract (see decrease P-Ser118 signal in supernan-
tant), co-IP ERa molecules also phosphorylated at S167 identified
by Western blotting of the beads extract with an antibody specific
for P-S167. This suggests that there is a population of ER molecules
phosphorylated at both S118 and S167, supporting the idea that
there is a population of ERa molecules phosphorylated at multiple
sites.

The presence of multiple types of phosphorylated ERa isoforms
in any one tumor sample may reflect simply the fact that in most
model systems, estrogen treatment increases levels of ERa phos-
phorylated at most of the sites measured [5,9,12,22], therefore it is
possible that all or any phospho-ERa represent the presence of an
intact, estrogen dependent ER signaling pathway in primary human

IP: NS Ab-pl18 Input +ve

. e R | < AbplIS
{ p— ]
Beads

«Ig Heavy Chain

. + Ab-p167

Supernatanl | — e Ab-pl18

Fig. 3. MCF-7 cells were seeded in 15 cm dishes (10° cells/dish). Twenty-four hours
later medium was changed to medium containing 2x charcoal-treated serum for 5
days (media changed every second day) and then treated with estradiol (10 nM, E;)
for 30 min. Cell extracts were prepared, immunoprecipitated (IP) with anti-P-S118
antibody (mouse monoclonal) or an irrelevant isotype matched anti-insulin recep-
tor antibody (NS, Santa Cruz). Western blotting was either with anti-P-S118 antibody
(mouse monoclonal, Cell Signaling) or anti-P-S167 (rabbit polyclonal, Upstate). Input
represents 5% of total cell extract subjected to IP, and positive control is 50 g of cell
extract protein from E; treated COS1 cells transfected with ERa expression plas-
mid. The IP proteins = beads. Aliquots of the supernatant after IP were also Western
blotted = supernatant.

breast tumors. This conclusion is consistent with the association
of most phosphorylated ERa’s often with increased PR expression.
Alternatively, it is possible that the phosphorylation of ERa at any
one site may induce a conformational change which increases the
likelihood of phosphorylation at the other sites [27].

6. Kinases potentially involved in phosphorylation of ERx
in human breast cancer in vivo

Several kinases have been implicated in mediating the phospho-
rylation of ERa at various sites [5]. However, the kinases, that are
involved in breast cancer in vivo are not known. To gain some insight
into this matter, some of the studies, listed in Tables 1 and 2, have
also determined the relationship of individual P-ERa expression to
active forms of some of the kinases, implicated in cell line model
systems [5,12], in human breast tumor samples [15,17,19,25]. Sta-
tistically significant positive associations of P-S118 and/or P-S167
have been found with several activated kinases as shown in Table 3.
The data suggests that activated forms of MAPK/ERK1/2, p9ORSK
and/or P-AKT may be involved in phosphorylation of ERa in pri-
mary human breast tumors in vivo, under conditions where either
P-S118 or P-S167 is associated with an intact estrogen dependent
signaling pathway and better outcome to endocrine therapy.

7. Summary and conclusions

Multiple phosphorylated forms of ERa can be detected in mul-
tiple human breast tumor biopsy samples, thus establishing the
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relevance of investigating the regulation and function of ERa phos-
phorylation to human breast cancer. Although details may differ,
generally phosphorylated forms of ERa in primary human breast
tumors are associated with other known markers of an intact estro-
gen dependent ER signaling pathway and are associated with a
better clinical outcome on tamoxifen therapy and not de novo resis-
tance to tamoxifen. These data raise the possibility that expanding
ER status to incorporate post-translational profiling, such as the
phosphorylation status of ERa, may be useful in more precisely
selecting subgroups of patients that benefit best from endocrine
therapy. As well, identifying the important kinases involved in
phosphorylating ERa in human breast tumors in vivo may provide
targets for new endocrine therapies in breast cancer patients.
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