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Abstract A phospho-tyrosine 537-ER« (p-Y537-ER«) an-
tibody was validated for immunohistochemistry of formalin-
fixed paraffin-embedded human breast cancer biopsies and
used to interrogate multiple ER positive breast cancer cases
present on tissue microarrays already constructed by the
Manitoba Breast Tumor Bank. Nuclear p-Y537-ER« protein
expression was positively associated with positive nodes
(Spearman r=0.20, P=0.0002) and large tumor size (r=0.13,
P=0.02). On univariate analysis, high levels of p-Y537 were
associated with poor overall survival (HR=1.65, 95% CI
1.08-2.52, P=0.02) but not relapse free survival from breast
cancer. The association with overall survival was not
significant on multivariate analysis. These data support the
relevance of phosphorylation at p-Y537-ERa in human
breast cancers and add further support to the presence of a
phosphorylation code for ERx in human breast cancer in
vivo.
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Introduction

Although phosphorylation of tyrosine 537 in the human
estrogen receptor has been of interest and explored
experimentally for several years, its detection in breast
cancer cell lines has been inconsistent [1-3]. The
detection of a mutation at this site in ERx in a biopsy
sample from a human breast cancer metastasis [4],
however, supports its potential relevance in human breast
cancer in vivo. However, detection of phosphorylated
Y537-ER«x in human breast tumor biopsies has not been
reported. We have optimized and validated an antibody
specific for phosphorylation at Y537 on ERa for immu-
nohistochemistry (IHC) of formalin-fixed paraffin-embedded
(FFPE) breast tumor tissues and investigated p-Y537-
ER«x protein expression in multiple human breast cancer
biopsies in order to establish relevance in human breast
cancer in Vvivo.

Materials and Methods
Tissue Microarrays

The tissue microarrays (TMAs) used in this study were
constructed prior to this study by the Manitoba Breast
Tumor Bank (MBTB, CancerCare Manitoba and Univer-
sity of Manitoba) from over 5,000 cases that have been
accrued over the period 1988 to present [5, 6]. Detailed
descriptions of the MBTB, case selection, and TMA
construction have been published previously [7]. There
were over 450 cases represented on the original TMAs,
but due to exhaustion of tumor cores from previous use of
the TMAs or incomplete data for some cases, the tumor
numbers (n) analyzed for some markers were less than
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450. This is shown in the results section. MBTB is part of
the Canadian Tumor Repository Network (http:/www.
CTRNet.ca) and embraces their policies and operating
protocols. The MBTB operates with approval from the
Research Ethics Board of the Faculty of Medicine,
University of Manitoba.

Antibodies

The phospho-Y537-ER« antibody was a rabbit polyclonal
affinity-purified antibody (1 mg/ml; Abcam Inc Cambridge
MA) and was used at a 1/150 final dilution. Other phospho-
ER« specific antibodies used for IHC were validated
previously [8]. HER-2 (mouse monoclonal, clone CBI11)
and ER« (6F11, mouse monoclonal, Abcam, Cambridge,
MA) were used as previously described [9].

Immunohistochemistry, Quantification, and Cut-Off
Selection

Immunohistochemistry was performed as described pre-
viously [8], where 5 um sections were submitted to heat-
induced antigen retrieval in the presence of a tris/borate/
EDTA buffer (CCI1, Ventana Medical Systems, AZ, USA)
using an automated tissue immunostainer (Discovery
Staining Module, Ventana Medical Systems, AZ, USA).
Specificity of the phospho-specific antibodies generally
was determined in parallel using antibodies that had been
immunoabsorbed (immunoneutralized) with ~30x excess
phospho-specific peptide or non-phosphorylated peptide.
Nuclear staining was assessed and H scores (0-300) were
generated as previously reported [7, 8]. TMAs were
evaluated by two investigators (GPS, PHW) and when
discordance was found, cases were re-evaluated to reach
consensus.

Statistical Methodology

Relapse-free survival was defined as the time from initial
surgery to the date of clinically documented local or
distant disease recurrence or death attributed to breast
cancer (censors were other death and end of follow-up).
Overall survival (OS) was defined as the time from
initial surgery to the date of death attributable to breast
cancer (censors were other deaths and end of follow-up).
Survival was analyzed by Cox regression to examine
hazard ratios (HR). Each model was tested and complied
with the assumption of proportional hazard. Statistical
analyses were performed using SAS™version 9.1. Analyses
were performed with single predictors and in a multivariate
model.
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Results

Validation and Optimization of a Phospho-Tyrosine 537 ER
Alpha Antibody for Immunohistochemistry

The antibody was screened for its ability to detect nuclear
staining in ER« positive but not ER o negative breast tumors
(Fig. la versus d—f). A breast cancer case showing strong
nuclear staining was then chosen for further analysis. One
section was stained with the p-Y537-ER« antibody (Fig. 1a)
and loss of nuclear staining was observed in a serial section
stained with antibody that had been immunoabsorbed
with ~30x excess of the phospho-peptide used to generate
the antibody (Fig. 1b), but not with excess non-phospho-
peptide (Fig. 1c). It should be noted that while the excess
phospho-peptide immunoneutralization lead to loss of nuclear
staining (compare Fig. 1a to b), there appeared to be no loss
of cytoplasmic staining (Fig. 1b), and indeed, an increase in
cytoplasmic staining was sometimes seen (not shown).

Relationship of Phospho-Tyrosine 537 ER« to Known
Prognostic Markers in Human Breast Tumor Samples

The validated p-Y537-ERo antibody was then used to stain
TMA sections of FFPE ER« positive breast cancer cases.
These TMAs have been previously used [7], and the clinical
characteristics of these patients have been previously
reported [7].

Statistically significant positive correlations were found
with size (Spearman r=0.13, P=0.02, n=348) and nodes
involved (Spearman r=0.20, P=0.0002, n=341). Further-
more, the median IHC score for p-Y537-ER« in tumors
<2.5 cm was 85 and the median for tumors >2.5 cm was
180, and this difference was statistically significant (Mann—
Whitney two-tailed, P=0.02). The median IHC score for p-
Y537-ERa in node negative patients was 70, and the
median for node positive patients was 180. The difference
in level of expression of p-Y537-ER« between the node
negative and positive groups was statistically significant
(Mann—Whitney two-tailed, P=0.0002). Large size and
positive nodal status are markers of poor prognosis;
therefore, these data suggest that detection of high levels
of p-Y537-ERwx in primary breast tumors is associated with
poor prognosis in this cohort of breast cancer patients.

Relationship of Phospho-Tyrosine 537 ERa to Other
Phosphorylation Sites on ER Alpha in Human Breast
Tumors

Previously, using the same TMAs, we had determined the
expression of other known and novel phosphorylated sites
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Fig. 1 Immunohistochemical validation of p-Y537-ER« phosphoanti-
bodies in human breast cancer biopsy samples. a An ER+ (95 fmol/mg
protein by ligand binding assay, LBA) breast tumor section stained with
the p-Y537-ER«x antibody showing strong, nuclear staining. b A serial
section of the same tumor using p-Y537-ER« antibody pre-absorbed

in ERx [7, 8]. By comparing p-Y537-ER«x expression with
other phosphorylated sites in this cohort, p-Y537-ER was
observed to be positively correlated with p-T311-ERx
(Spearman r=0.41, P<0.0001, n=343) and p-S559-ER«
(Spearman r=0.24, P<0.0001, n=340). When the cases
were dichotomized into high or low expression of p-T311-
ERa using the median IHC score as a cut-off, the
expression of p-Y537-ER« was significantly higher in the
high p-T311-ER« versus the low p-T311-ER«x (180 versus
40 median IHC score, Mann—Whitney two-tailed, P<
0.0001). Similarly, the expression of p-Y537 was signifi-
cantly higher in the high p-S559-ER« versus the low p-S559-
ER«x expressing tumors (90 versus 25 median IHC score,
Mann—Whitney two-tailed, P<0.0001). These phosphoryla-
tion sites have been found to be previously associated with a
poor prognosis in women treated with tamoxifen [7].

Relationship of Phospho-Tyrosine 537 ERa« Detection
in ER Positive Breast Cancers Patients Treated
with Tamoxifen

The relationship of p-Y537-ERa to known and novel
markers of poor prognosis in breast cancer suggested that p-
Y537-ERa may also be associated with poor prognosis and
potentially poor outcome to tamoxifen therapy. Since

with excess of the phosphorylated peptide. ¢ A serial section of the
same tumor using p-Y537-ER« antibody pre-absorbed with excess of
the non-phosphorylated ERa peptide. d—f Three different ERx negative
(0 fmol/mg protein by LBA) breast tumors stained with the p-Y537-
ER« antibody. All magnifications, X500

patients represented on these TMAs had surgery, plus or
minus radiation, followed by adjuvant tamoxifen therapy
with a median clinical follow-up was 99 months (range 9—
217 months), the relationship of high versus low expression
of p-Y537-ER«x to clinical outcome was determined.
Univariate analysis for overall survival from breast
cancer death (OS) is shown in Table 1. Detection of high
levels of p-Y537-ERx was associated with a poorer OS
from breast cancer in women treated with tamoxifen
(Fig. 2a). The association of other parameters such as nodal
status, size, PR levels, etc., with clinical outcome in this
cohort has been previously reported [7]. Size was the only
parameter that remained significantly associated with OS
from breast cancer death after multivariate analysis. High
expression of p-Y537-ERa was not found to be associated
with relapse free survival (Table 2, Fig. 2b). These data
suggest that high expression of p-Y537-ER«x is not an
independent factor associated with clinical outcome.

Relationship of Phospho-Tyrosine 537 ERa Expression
and HER2 Expression

The expression of HER2 was determined by scoring

membrane staining intensity (0, 1, 2, 3) as previously
described [9]. There appeared to be an inverse relationship
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Table 1 Overall survival from death due to breast cancer

Predictor N HR 95% C.I P
Age>50 years 420 1.67 0.74-3.81 0.22
Size>2.5 cm 422 227 1.56-3.30 <0.0001*
Node +ve 415 2.06 1.42-3.00 0.0002*
Grade 420 1.38 1.02-1.87 0.035*
PR LBA>20 421 0.61 0.42-0.87 0.007*
p-Y537>median 348 1.65 1.08-2.52 0.02*
Multivariate analysis
Age>50 year 337 1.37 0.42-4.43 0.60
Size>2.5 cm 337 1.90 1.23-2.94 0.0038*
Node +ve 337 1.58 1.02-2.45 0.04*
Grade 337 1.40 0.99-1.97 0.056
PR LBA>20 337 0.67 0.44-1.03 0.065
p-Y537>median 337 1.49 0.96-2.30 0.073
a
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Fig. 2 a Kaplan—Meier graphs of overall survival from breast cancer
specific death with respect to expression p-Y537-ER« (high>median
H score). b Kaplan—Meier graphs of relapse free survival from breast
cancer recurrence or breast cancer specific death with respect to
expression of p-Y537-ERa (high>median H score). P value repre-
sents the significance of a simple survival analysis without the
proportional hazard assumption that was applied in the analyses
presented in Tables 1 and 2
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Table 2 Relapse-free survival from recurrence or death due to breast
cancer

Predictor N HR 95% C.1 P
Age>50 year 420 1.57 0.80-3.07 0.19
Size>2.5 cm 422 1.85 1.36-2.51 <0.0001*
Node +ve 415 2.02 1.48-2.76 <0.0001*
Grade 420 1.45 1.12-1.88 0.0055*
PR LBA>20 421 0.60 0.44-0.81 0.001*
p-Y537>median 348 1.35 0.96-1.90 0.087
Multivariate analysis
Age>50 year 337 0.93 0.40-2.15 0.87
Size>2.5 cm 337 1.64 1.16-2.33 0.0055*
Node +ve 337 1.68 1.17-2.39 0.0044*
Grade 337 1.43 1.07-1.91 0.015*
PR LBA>20 337 0.60 0.42-0.86 0.0047*
p-Y537>median 337 1.22 0.86-1.73 0.28

between p-Y537-ERa and HER2 staining (Spearman
r=-0.065, P=0.024, n=187). Furthermore, the median H
score for p-Y537-ER«x in tumors where HER2 was not
detected was significantly higher than those tumors which
were >2+ for HER2 staining (90 versus 45, P=0.027). In
addition, in a small group of tumors (n=9) that were
matched for ERx, PR, and grade, no significant difference
was observed in p-Y537-ERo expression in the HER2
negative versus the HER2 over-expressing group (90 versus
120, P=0.93 Mann—Whitney). These data suggest that
phosphorylation of Y537 is unlikely to be due to HER2
over-expression in ER positive breast cancer.

Discussion

Post-translational modifications (PTMs) such as phosphory-
lation are known to be important in regulation of protein
function [10]. ERx can be phosphorylated at multiple
residues including serines, threonines, and tyrosines. We
and others have previously been able to establish the
potential relevance in vivo of phosphorylation at several
serine and threonine residues by IHC mainly in breast cancer
biopsy samples [7, 11-15]. While phosphorylation at
tyrosines on ER« has been of interest due to the previously
determined interactions of ER«, c-Src, and growth factor
receptor kinases, tyrosine phosphorylation on ER« has only
been performed to date using cultured cells [1, 3, 16].
However, the finding from Suzanne Fuquas laboratory that
at least one breast cancer metastasis was found to express a
missense mutant ERo such that an asparagine residue
replaced tyrosine 537 [4] suggests that this residue and its
phosphorylation may have a role in metastasis in breast
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cancer in vivo. Furthermore, this mutant displayed potent
estrogen independent transcriptional activity that was mini-
mally affected by either tamoxifen or ICI164384 [4],
supporting a role of tyrosine phosphorylation in breast
cancer progression and possibly antiestrogen resistance.
Previous evidence suggests that phosphorylation at Y-537
increases the efficiency of estrogen binding [17], and site-
directed mutagenesis experiments to eliminate phosphoryla-
tion at this site resulted in increased ligand-independent
transcriptional activity that was still however inhibited by
antiestrogen [16]. Other experiments using an excess of a 12
amino acid peptide containing p-Y537 of human ER«x
demonstrated that this disrupted the dimerization of ERx
such that the receptor no longer bound to DNA containing
an ERE using an electromobility shift assay [18]. Further-
more, Y537 is at the base of helix 12 in ERo. Upon ligand
binding, the positioning of helix 12 is critical for coactivator
recruitment [19]. Interestingly, mutation of Y537 to a serine
was found to impart stability to recombinant ligand binding
domain fragments of ER«x to facilitate crystallization in the
absence of ligand [20]. It appears that the structure of the
amino acid at residue 537 as well as its phosphorylation can
have significant functional consequences for ERo. The
limited data currently available in the literature suggest that
in particular, phosphorylation at Y537 can affect stability of
the receptor dimer and coactivator recruitment. Therefore, it
is tempting to speculate that persistent phosphorylation at
Y537, which could be concluded from our ability to detect
p-Y537 (often an unstable event) in breast tumor biopsy
samples, could significantly alter the cyclical and dynamic
interaction of the ligand-bound receptor with target gene
promoters, which is known to be critical for regulation of
gene transcription [21, 22]. This could lead in turn to
deregulated estrogen signaling and increased risk of disease
progression. These data together with the current detection of
p-Y537 in human breast cancer biopsy samples, now
strongly support the relevance of phosphorylation of Y-537
in breast cancer in vivo.

The association of pY537 with large tumor size and
positive node status suggested that it might be a poor
prognostic marker. This was supported by a significant
association of detection of high levels of nuclear p-Y537
with a poorer overall survival. However, this relationship did
not remain significant on multivariate analysis suggesting that
p-Y537's association with tumor size and/or nodal status was
driving the significance associated with univariate analysis.
Recently, we reported that some phosphorylated sites on
ER« were associated with good outcome, but others were
associated with poor outcome in the same patient cohort.
P-Y537 was found positively correlated with two other sites,
p-T311 and p-S559 also associated with poor outcome [7];
however, if we added the presence of high p-Y537 to the P7-
score that we had previously developed [7], to generate a P8-

score, no further value for predicting prognosis was found.
Interestingly, as was noted previously, the phospho-sites
associated with poor outcome seemed to cluster in the C-
terminal region while those associated with good outcome
were located in the N-terminal region of ER«x [7]. P-Y537
reinforces this pattern, although the functional significance
remains to be determined. It is speculated that differential
phosphorylation in the N- versus the C-terminal regions may
influence how these two regions interact with each other to
recruit co-factor complexes [23, 24].

The kinases involved in phosphorylation at Y537 in vivo
are unknown. Experimental data from cells in culture have
suggested that HER2 and/or Src-like kinases are possible
candidates. However, the detection of activated c-Src in the
nucleus of ER+ breast cancer patients treated with
tamoxifen is generally associated with improved patient
outcome [25]. In contrast, increased expression of HER2
and/or EGFR in breast tumors is associated with poor
patient outcome and when co-expressed with ER«x is also
associated with tamoxifen resistance [26, 27]. In the current
study, no association was found between p-Y537-ER« and
increased HER2 expression, and EGFR was not measured
in these tumors. Interestingly, p-Y537-ER« is required for
the receptor to interact with the SH2 domain of c-Src and to
regulate c-Src/EGFR-like signaling [28, 29], but such
interactions appear to be associated most often with the
extra-nuclear, so-called non-genomic actions of ER«x, and
in the present study, only nuclear localization of p-Y537-
ERo was measured. Recently, the nuclear localization of
receptor tyrosine kinases such as EGFR, HER2, and IGF1R
has been reported [30, 31], and functional roles of nuclear
localized receptor tyrosine kinases in transcription, DNA
synthesis and cellular proliferation, DNA repair, chemo-
and radio-resistance have been suggested [32]. Importantly,
high levels of nuclear localized EGFR have been correlated
with poor patient outcome in breast cancer [32] as well as
in other cancer sites [31]. Since nuclear localized HER2 or
EGFR was not assessed in this current study, it is possible
that the nuclear localized HER2 and/or EGFR may have a
role in phosphorylation of ERx at p-Y537. This exciting
possibility requires further investigation.

Somatic ER mutations in primary breast cancer are
relatively rare [33]. Due to the paucity of banked tissue
from distant breast cancer metastases, studies in this regard
are also rare. However, of interest is the observation that
ER mutations were found in two out of eight breast cancer
metastases analyzed by Fuqua's group [4]. Fuqua's group
have also identified a more frequently occurring mutation
in early breast cancers and interestingly this mutation alters
a residue, K303, which can undergo post-translational
modification [34]. In this case, the mutation (K303R)
results in the inability of the site to be acetylated and also
regulates the phosphorylation of a down-stream site S305
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[35]. Such data underscore the importance of PTMs of ERx
and suggest the possibility that altered regulation of PTMs
may have important roles in breast cancer progression.
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