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Abstract
Estrogen signaling pathways may play a significant role in the pathogenesis of non-small cell lung
cancers (NSCLC) as evidenced by the expression of aromatase and estrogen receptors (ERα and
ERβ) in many of these tumors. Here we examine whether ERα and ERβ levels in conjunction with
aromatase define patient groups with respect to survival outcomes and possible treatment
regimens. Immunohistochemistry was performed on a high-density tissue microarray with
resulting data and clinical information available for 377 patients. Patients were subdivided by
gender, age and tumor histology, and survival data was determined using the Cox proportional
hazards model and Kaplan-Meier curves. Neither ERα nor ERβ alone were predictors of survival
in NSCLC. However, when coupled with aromatase expression, higher ERβ levels predicted
worse survival in patients whose tumors expressed higher levels of aromatase. Although this
finding was present in patients of both genders, it was especially pronounced in women ≥ 65 years
old, where higher expression of both ERβ and aromatase indicated a markedly worse survival rate
than that determined by aromatase alone. Conclusion: Expression of ERβ together with aromatase
has predictive value for survival in different gender and age subgroups of NSCLC patients. This
predictive value is stronger than each individual marker alone. Our results suggest treatment with
aromatase inhibitors alone or combined with estrogen receptor modulators may be of benefit in
some subpopulations of these patients.
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Introduction
Lung cancer continues to be the leading cause of cancer mortality in both men and women
throughout the world. According to the American Cancer Society, in the United States there
were an estimated 222,520 new cases of lung cancer and 157,300 deaths from the disease in
2010 [1]. Survival rates for non-small cell lung cancer (NSCLC) continue to be very poor
with the 5-year survival rate for all stages at approximately 16% [1]. The search for effective
treatment protocols remains elusive although newer agents such as epidermal growth factor
receptor (EGFR) inhibitors gefitinib and erlotinib may have beneficial effects in
subpopulations of lung cancer patients with certain EGFR mutations [2,3,4,5].

There is increasing evidence to suggest that estrogens and estrogen signaling play a
significant role not only in normal lung development but also in lung cancer
pathophysiology. In addition to known hormone responsive tissues, estrogen receptors (ERα
and ERβ) are expressed in normal lung [6] and in a many non-small cell lung cancer cells
[7,8,9,10,11,12,13,14,15]. The most biologically active estrogen, 17β-estradiol, is a mitogen
for NSCLC cells and stimulates gene transcription both in vitro and in vivo [9,16,17]. In
addition, aromatase, the enzyme that catalyzes formation of estrogens, is expressed in many
NSCLCs and correlates with measures of estrogen production in these tumors [11,18]. Thus,
localized production of estrogen may contribute to tumor promotion, whether through
increased ER signaling or through the formation of oxidative metabolites of estrogen which
can lead to formation of unstable DNA adducts and mutagenesis in the lung [19].

Previously we found that, in women 65 years and older with NSCLC, higher aromatase
levels in tumor cells conferred a worse prognosis for survival [18]. In the retrospective study
described here, we utilized tissue microarray (TMA) technology to examine whether the
expression of ERα and ERβ correlated with lung cancer pathology and/or disease outcome.
ERβ, but not ERα, showed significantly increased levels of expression with increasing tumor
grade. Neither ERα nor ERβ alone were predictors of survival in NSCLC. However, when
coupled with levels of aromatase expression, in tumors expressing higher levels of
aromatase, ERβ became a strong independent predictor of survival.

Materials and Methods
Patient material

A lung TMA was constructed with archival formalin-fixed, paraffin embedded lung tissue
samples as previously described [20,21,22]. All appropriate Institutional Review Board
(IRB) and Health Insurance Portability and Accountability Act (HIPPA) regulations were
followed. Tissues sampled include primary lung tumor, adjacent non-neoplastic lung
parenchyma and metastatic lung carcinoma to lymph nodes and distant sites. Primary lung
tumor specimens were derived from patients who underwent segmentectomies or
lobectomies with clear surgical margins. All tumors were reviewed by at least two
pathologists to confirm the diagnosis. At least three core tissue biopsies, each 0.6 mm in
diameter, were taken from select, morphologically representative regions of each paraffin
embedded lung tumor and precisely arrayed using a custom built instrument as previously
described [20,21,22]. More specific details on the array are included in the Supplemental
data section.

Mah et al. Page 2

Lung Cancer. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



For this study, 377 of these patients had sufficient clinical and tissue staining information on
primary non-small cell lung tumors. Of these, 192 were women, and 185 were men. Of the
cases, 226 were adenocarcinoma (127 women, 99 men), and 93 were squamous cell
carcinoma (36 women, 57 men). The remaining histologies included 30 large cell
carcinomas and small numbers of adenosquamous carcinoma, adenoid cystic carcinoma,
mucoepidermoid carcinoma, carcinoid, and atypical carcinoid. The mean age of patients was
65 years for men and 65.6 years for women. For smoking status, 320 were current or former
smokers and 47 were never smokers. No smoking history was available on the remaining
patients. Overall, 122 patients had received pre-operative treatment with either
chemotherapy, radiation or both.

Immunohistochemistry
The lung TMA was stained using standard two-step indirect immunohistochemistry similar
to previous experiments [20,22]. Briefly, TMA sections were cut immediately prior to being
stained. After deparaffinization in xylenes, the sections were rehydrated in graded alcohols.
Endogenous peroxidase was quenched with 3% hydrogen peroxide in methanol at room
temperature (25° C). The sections were placed in a 95° C solution of 0.01M sodium citrate
buffer pH 6.0 for antigen retrieval. Blocking nonspecific protein-binding sites was done
using background sniper from Biocare Medical (catalog# BS966G/H/L) applied for 5
minutes.

Primary antibody used for detecting ERβ was a mouse anti-ERβ-1 monoclonal antibody
(clone PPG5/10, product #MCA1974ST, AbDSerotec, Raleigh, NC) against a synthetic
peptide derived from amino acid residues 516 - 530 at the C-terminus of ERβ isoform 1. The
primary antibody was applied overnight at 4°C at 1:20 dilution. For ERα, primary rabbit
anti-ERα antibody (1D5 obtained from Invitrogen/Zymed, Carlsbad, CA) was applied for 30
minutes at room temperature at 1:800 dilution. For aromatase a goat anti- human CYP19
antibody (C16, Santa Cruz Biotechnology) was used as previously described [18]. Detection
was accomplished with the Dako Envision System, followed by chromogen detection with
diaminobenzidine (DAB). The sections were counterstained with Harris' haematoxylin,
followed by dehydration through graded alcohol solutions and mounting. Positive controls
for ERα and ERβ were from breast cancer cases. Positive controls for aromatase were from
breast and known positive lung cancer cases. Negative controls were identical array sections
stained in the absence of the primary antibody. Semiquantitative scoring of antibody staining
on the TMA was performed by one pathologist (VM) and rechecked by a second (MA),
without prior knowledge of clinical information. These scores were highly consistent with a
correlation coefficient of 0.97. Nuclear and cytoplasmic ERβ staining on array spots was
evaluated using staining intensity (0 = not detected, 1 = weak, 2 = moderate, and 3 = strong)
and percentage of cells staining at each intensity level (0-100%). A final integrated value of
intensity and frequency was derived with the formula: [(3x) + (2y) + (1z)] / 100 where x, y,
and z are % staining at intensity 3, 2, and 1, respectively. This value was used for comparing
tissue staining.

Statistical analysis
Analyses were performed using the open source R software (http://www.R-project.org)
including survival, Design, Hmisc and akima and lattice packages. Pooling criteria are
discussed in the Supplemental material section. ERβ expression differences among various
subgroups was determined using the Wilcoxon signed rank test or Kruskal-Wallis rank sum
test. For dichotomized (high versus low of ERβ and aromatase) expression, the Fisher exact
test was used for analysis with categorical variables such as stage, grade and smoking
history (Supplement, Table S3). Survival curves were calculated using the Kaplan-Meier
method and comparisons were made using the log-rank test. The Cox proportional hazards
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model (univariate and multivariate) was used to determine the significance of other factors
related to survival. The proportional hazards assumption was verified using Schoenfeld and
dfbeta residuals. LogRank and Fisher exact P-values were two-sided and a P < 0.05 was
considered significant.

Results
Based on our previous work which showed aromatase expression in NSCLC strongly
predicting survival in women ≥ 65 years of age, we now examined ERα and ERβ expression
in this same setting. These two receptors are the most well characterized effectors of
estrogen signaling with possibilities for therapeutic interventions.

Expression profile of ERα and ERβ in NSCLC
We first considered ERα and ERβ expression separately in lung cancer samples using TMA
technology. ERα expression in NSCLC was detected primarily in the nucleus and only very
weakly in the cytoplasmic compartment. Representative images are shown in Figures 1A-C.
ERβ expression was also observed in both the nuclear and cytoplasmic compartments with
relatively strong cytoplasmic staining in some cases (Figure 1D-F) When we considered
expression levels based on histologies, we observed that there was only slight difference in
ERα expression between non-malignant bronchial epithelial cells and any major subclass of
NSCLC (i.e., adenocarcinoma, squamous cell carcinoma, or large cell carcinoma) (Figure
1J). However, both nuclear and cytoplasmic ERβ showed a markedly significant increase in
expression in NSCLC compared to bronchial epithelium (Figure 1J). For ERβ higher grade
was also associated with notably higher expression, in contrast to ERa where increase in
expression was much less prominent (Figure 1K).

Neither ERα nor ERβ expression alone predicts survival in patients with NSCLC
We next examined whether the expression levels of ERα or ERβ were predictive of disease
specific survival. For ERβ we considered both nuclear and cytoplasmic expression. Using
both univariate and multivariate Cox models, neither ERα nor ERβ alone was a predictor of
survival in NSCLC patients (P=0.57 for nuclear ERα; P=0.38 and 0.99 for cytoplasmic ERβ
and nuclear ERβ, respectively). This was the case with expression both as a continuous
variable or as a dichotomized variable (i.e., low versus high expression). We further
stratified the population to examine whether ERα or ERβ (cytoplasmic or nuclear) was a
prognostic marker in a subset of individuals. However, when we considered gender, stage,
histopathology subtype, or smoking status, neither protein predicted outcome in any
subpopulation examined. We further examined whether expressions of these proteins in
combination might predict outcome. The combined expression of ERα and ERβ was not
predictive of survival for individuals with NSCLC or any subpopulation that we examined.

ERβ plus aromatase expression predicts survival in NSCLC
Recently, we and others observed that the enzyme aromatase was expressed in NSCLC cells
[11,23,24,25] and that the expression levels were a powerful predictor of disease-specific
death in women with NSCLC who were 65 years or older [18]. Aromatase is the final
enzyme in the biosynthesis of estrogens. Here we considered whether the combination of
aromatase plus ER expression would further segment the NSCLC population and prove to
be an even stronger predictor of survival outcome. High versus low expression of all
markers was initially defined in a non-biased fashion by dichotomizing at the median value.
When such an analysis was conducted, ERα added no predictive value compared to
aromatase alone (data not shown). However, when we considered ERβ expression, we found
that the combination of high ERβ and high aromatase predicted a significantly poorer
outcome in all individuals with NSCLC compared to individuals with higher levels of
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aromatase but relatively lower levels of ERβ (Figure 2A; P = 0.029). This observation was
similar for both cytoplasmic and nuclear expression; however, cytoplasmic ERβ was a
considerably stronger predictor as a continuous variable by the univariate Cox model (P=
0.008; hazard ratio = 1.41). Notably, this observation was even stronger if we considered
patients with aromatase expression above the 60th percentile (defined as high aromatase
expression) and dichotomized based on ERβ levels (Figure 2B; P=0.0098). Under these
conditions, ERβ also had a strong predictor of outcome as a continuous variable as well (P =
0.005, hazard ratio = 1.48; see Supplement, Figure S1 and Table S1).

We further examined whether in individuals with high aromatase ERβ remained an
independent predictor of outcome when compared with additional clinical variables. Indeed,
when we considered stage, age, and grade in a multivariate Cox model, of individuals whose
tumors had higher aromatase levels, ERβ remained an independent predictor of survival
(P=0.007, Table 1).

We further stratified the population by gender to test whether the combination of aromatase
plus ERβ was a stronger predictor for women or men. For both men and women, the
combination of higher aromatase expression with elevated ERβ expression predicted a poor
outcome (Figures 3A and 3B; P = 0.019 and 0.030, respectively). However, only for women
were the markers significant both as a continuous (P = 0.020) and a dichotomized variable.

As highlighted above, aromatase alone was a strong indicator of survival primarily in
women who were 65 years and older [18]. Therefore, we further assessed men and women
by separating them into groups of those under or over 65. Stratifying the population by both
gender and age groups yielded slightly stronger differences for women 65 years of age or
older, with higher aromatase and ERβ predicting a shorter time course to death due to
disease (P=0.003, Figure 3C). Although higher levels of ERβ in women under 65 and men
65 and over with higher aromatase were also associated with poorer survival, this difference
did not reach significance in either group. In men under 65 with higher aromatase
expression, ERβ did not affect survival.

In individuals with higher ERβ expression, aromatase levels predict outcome
We conducted a comparable analysis to the one described above with first dichotomizing in
a non-biased fashion (50% percentile) the population by high versus low ERβ expression.
Within the population with higher ERβ expression, individuals with lower aromatase
expression had a significantly higher probability of survival than those with higher
aromatase levels (Figure 4A; P=0.001). This was similarly the case when aromatase was not
dichotomized but considered as continuous variable using the univariate Cox model
(P=0.001, hazard ratio = 1.88). Aromatase remained an independent predictor of survival
when stage, grade and age were taken into consideration (P=0.0001, Table 2). If the ERβ-
high population was stratified by gender, aromatase expression predicted survival
differences more strongly in women (Figure 4B; P=0.013) than in men (Figure 4C;
P=0.052).

Discussion
A mounting body of evidence from cell culture and mouse models has shown that estrogen
and activation of the estrogen receptor pathways are important not only in lung
embryogeneis [26,27] but also in lung cancer pathogenesis [9,28,29] Aromatase mediated
conversion of androstenedione to estradiol [30] may also be important for lung cancer
progression [29]. Evidence suggests that the majority of intratumoral estradiol is produced
locally by aromatase in the lung tumors themselves, possibly from circulating androgens
[11]. The exact functions of estrogens in lung cancers however are not clear and gender-
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based differences also need to be further elucidated. In NSCLC cells, estradiol (E2) was
shown to increase cell proliferation in both in vitro and in vivo models [9,28,29,31]. In
contrast, agents which blocked estrogen synthesis (such as the aromatase inhibitors
anastrazole, exemestane) or interfered with receptor function (such as the pure antiestrogen
fulvestrant) inhibited tumor xenograft proliferation [9,28,32]. Effects of estrogen in lung
cancers may be mediated directly by receptor binding followed by nuclear localization and
activation of transcription or indirectly by extranuclear pathways that engage kinase
signaling to modulate transcription and tumor progression. In addition certain oxidative
metabolites of estrogen such as catechol estrogen-3,4-quinones can react with DNA to form
depurinating adducts, possibly leading to mutations that promote cancer initiation [33].

Gender related differences in lung cancer have been well documented and suggest a role for
hormonal influences. Of non-smokers with lung cancer, a higher percentage are women
[34]. Women have increased susceptibility to lung cancers from tobacco exposure but have
overall better prognoses in some studies but not others [35,36,37,38]. In an analysis of the
SEER database, a survival advantage for older (55-59 years) versus younger (40-49 years)
women was seen for squamous cell carcinoma and bronchioloalveolar carcinoma suggesting
postmenopausal status might be advantageous at least for these histologic subtypes [16].
Also recent studies from the Women's Health Initiative (WHI) and the Vitamins and
Lifestyle studies showed a possible increase in incidence and mortality from NSCLC in
post-menopausal women treated with combined estrogen and progesterone hormone
replacement therapy [39,40,41]. A somewhat analogous finding was reduced lung cancer
mortality in breast cancer patients who had been treated with anti-estrogens[42].

We have set out to profile key elements of the estrogen / ER signaling pathway in
individuals with lung cancer. Previous proteomics results showed that aromatase expression
levels were a strong predictor of survival in women over 65 years of age with NSCLC.
Lower levels of aromatase predicted a significantly longer survival. Here, we have
continued to assess the estrogen signaling pathway by examining the expression levels and
localization of ERα and ERβ. While ERβ in contrast to ERα displayed enhanced expression
with increasing grade, neither ERα nor ERβ alone was predictive for survival in individuals
with NSCLC nor any patient subgroup examined (gender, histology, stage, or smoking
status). However, when we combined ERβ expression with aromatase expression, we found
that higher levels of both proteins together predicted a significantly poorer survival outcome.
While this observation held true for all individuals with NSCLC examined together, it was
somewhat stronger for women of age 65 years and older and weakest in men under 65 years
of age.

ER Signaling Pathways
Of note, cytoplasmic levels of ERβ were a stronger predictor of outcome than nuclear
expression. Extranuclear estrogen receptor signaling may have considerable importance
through interactions with tyrosine kinase receptors (EGFR and IGF1-R), MAP kinase and/or
PI3/AKT kinase signaling [16,43,44]. In breast cancer cells, recent data suggest proline-
glutamic acid-leucine-rich protein-1 (PELP1) couples ERs to signaling pathways such as
Src-MAPK, PI3K-Akt and EGFR-Stat3 [45].

ERs have also been found to cross-communicate with EGFR signaling in NSCLC cells such
that combined targeting of ER and EGFR enhances antitumor effects [17,28,32,46,47].
EGFR mutations are well documented in a subset of individuals with lung cancer; such
mutations are more prevalent in women in East Asian populations, never-smokers and
individuals with adenocarcinoma [48]. Recently, Nose et al. observed that in individuals
with EGFR mutations, higher ERβ expression significantly correlated with lung cancer-free
survival [49]. While we do not currently have the EGFR mutation status in the cohort we
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examined, the interplay between ER and EGFR is certainly an aspect that we are actively
examining.

The observation that cytoplasmic levels of ERβ were more strongly predictive of survival in
the presence of high aromatase than nuclear ERβ levels could suggest that extranuclear
signaling, likely in concert with kinase signaling pathways, may have important factors in
lung cancer progression. Indeed, it was recently reported that extranuclear ER forms are
critical in regulating invasion and metastatic progression in breast cancer [45]. It will be
important to determine if similar functions are mediated by extranuclear ERs in lung cancer.

Niikawa et al. recently reported measurements of aromatase and estradiol within lung
tumors [11]. They found that estradiol levels correlated with aromatase expression and that
median estradiol concentrations were significantly higher in NSCLCs than non-neoplastic
lung tissues. In addition, they also observed that when tumors were dichotomized based on
the median level of estradiol, the group with both elevated estradiol and ER positivity,
tended to have a worse prognosis. Although these earlier results did not quite reach
statistical significance, they indicated a trend consistent with our current report.

ER Immunohistochemistry
Published data on both the presence and effects of ERα and ERβ on survival in lung cancer
is somewhat varied [11,12,13,14,15,17,28,32,50,51,52]. This might be due to a lack of
reproducibility in IHC with different anti-ER antibodies and diverse preparative methods
[7,53,54] and/or to the relatively lower levels of ER proteins in lung tissue as compared to
breast tissue. Of note, there is currently no standardized IHC assay for the measure of ERs in
lung cancer nor for breast cancer [54]. In addition, as is seen for EGFR, ethnic and regional
variations in the several patient populations may account for different effects of estrogen
signaling. Nevertheless, general trends are starting to emerge with overall higher expression
levels of ERβ in lung cancer compared to ERα and a trend towards the former playing a role
in lung cancer pathobiology and reflecting disease aggressiveness [8,10,11,13,15,16,50]. As
one example, Hershberger et al. reported that ERβ agonists are highly effective in promoting
proliferation of lung tumor cells [16]. This contrasts somewhat with what is observed in
breast cancers where ERα tends to predominate over ERβ expression [11,55].

Conclusion
The results presented here are consistent with our overall hypothesis that NSCLC cells
hijack the estrogen signaling pathway. We predict that the mechanism of progression for
most if not all NSCLCs involves dysfunction at one or more nodes in this pathway. It is
interesting to note that while aromatase was primarily predictive in women 65 years or
older, the combination of aromatase plus ERβ levels was a strong indicator of outcome in
both men and women. This observation could reflect hormonal differences as a function of
age. Estrogen levels in women decline after menopause while levels remain relatively
constant in men throughout life. In postmenopausal women, the ovaries respond to higher
gonodotropin levels and therefore contribute significantly to the circulating pool of
testosterone and androgens. This appears to be maintained for at least ten years past the
onset of menopause [56]. Levels of androgens fall in women during the reproductive years,
then may continue to fall [57] or level off after approximately 65 years of age [58]. Effects
of other interacting proteins such as sex hormone-binding globulin (SHBG) may also play a
role in their bioavailability. Androgens are the substrates used by aromatase for estrogen
synthesis. As we continue to map branches of the ER signaling pathway with regard to
expression level and activation in men and women with NSCLC, we predict that different
nodes will be preferentially enhanced in different substrata of individuals. Such
characterization may provide useful clinical tools to determine disease aggressiveness as
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well as potential targets of therapeutic attack. We continue to explore both of these
possibilities.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A-C: representative staining of ERα in bronchial epithelium, adenocarcinoma and squamous
carcinoma respectively; D-F: representative staining of ERβ in bronchial epithelium,
adenocarcinoma and squamous carcinoma; G-I: representative staining of aromatase in
bronchial epithelium, adenocarcinoma and squamous carcinoma; J: barplots of ERα and
ERβ in different tumor histologies; K: barplots of ERα and ERβ in different tumor grades
show a significant increase in cytoplasmic levels of ERβ with increase in grade.
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Fig 2.
A: For patients with high aromatase expression (determined by staining intensity above
median levels) splitting cytoplasmic ERβ expression at the median level, the Kaplan-Meier
survival curve shows significantly worse survival in those patients with high ERβ (hazard
ratio = 1.6, p-value = 0.029); B: Using above the 60th percentile as a cutoff to define high
aromatase expression, low cytoplasmic ERβ (again median expression level) conferred a
slightly better prognosis (p=0.0098, hazard ratio = 1.81).
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Fig 3.
A: For women with high aromatase expression (staining intensity above the 60th percentile
splitting cytoplasmic ERβ expression at the midpoint), the Kaplan-Meier survival curve
shows worse survival in those patients with high ERβ (hazard ratio = 2.18, p-value = 0.019);
B: For men, findings were similar but slightly weaker (hazard ratio = 2.04, P = 0.030). C: In
women 65 and over, the findings were stronger than other population subgroups (p=0.003,
hazard ratio = 3.25).
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Fig 4.
A: For patients with high cytoplasmic ERβ expression (determined by staining intensity
above median levels) splitting aromatase expression at the median level, the Kaplan-Meier
survival curve shows significantly worse survival in those patients with aromatase (hazard
ratio = 1.47, p-value = 0.001); B: For women with high cytoplasmic ERβ expression, again
the Kaplan-Meier survival curve again shows worse survival in those patients with higher
aromatase (hazard ratio = 1.49, p-value = 0.013); C: For men, findings were similar but
slightly weaker (hazard ratio = 1.38, P = 0.052).
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Table 1
Multivariate Cox proportional hazards model for all patients with high aromatase
[defined by higher than median levels], (n=190)

Variable Hazard Ratio
(95% confidence interval)

P-value

Cytoplasmic ERβ mean intensity 1.48 (1.11 - 1.96) 0.0073

Stage 2.32 (1.88 - 2.87) <0.0001

Grade 0.93 (0.72 - 1.38) 0.1200

Age 1.05 (1.02 - 1.07) 0.0003
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Table 2
Multivariate Cox proportional hazards model for all patients with high cytoplasmic ERβ
[defined by higher than median levels], (n=189)

Variable Hazard Ratio
(95% confidence interval)

P-value

Aromatase mean intensity 2.17 (1.46 - 3.23) 0.0001

Stage 2.13 (1.69 - 2.68) <0.0001

Grade 1.08 (0.81 - 1.45) 0.5767

Age 1.05 (1.02 - 1.08) 0.0005
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