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Abstract
Objective—To investigate the association between inherited variation in the estrogen receptor
beta (ERβ) gene (ESR2) and ERβ lung tumor expression, a phenotype that possibly affects
survival differently in men and women.

Methods—We genotyped 135 lung cancer patients for 22 ESR2 single nucleotide
polymorphisms (SNPs) and measured nuclear and cytoplasmic ERβ expression by
immunohistochemistry (IHC) in their primary lung tumor. Distributing Allred ERβ IHC scores
according to ESR2 genotype classified under a dominant genetic model, we used rank sum tests to
identify ESR2 SNPs significantly associated (p<0.05) with ERβ expression.

Results—35%, 35%, and 29% of lung tumors showed no/low (Allred <6), intermediate (Allred 6
to 7), and maximal (Allred 8) cytoplasmic ERβ expression, whereas 13%, 27%, and 60% showed
no/low, intermediate, and maximal nuclear ERβ expression. For SNPs rs8021944, rs1256061 and
rs10146204, ERβ expression was higher according to the rank sum test in lung tumors from
patients with at least one minor allele. For each of these three SNPs, the odds of maximal (Allred
8) relative to no/low (Allred <6) ERβ expression was 3-fold higher in tumors from patients with at
least one minor allele than in tumors from patients homozygous for the common allele.

Conclusion—Inherited variability in ESR2 may determine ERβ lung tumor expression.
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Introduction
In 1996, Kuiper et al. [1] described ERβ, an estrogen receptor (ER) isoform coded by the
estrogen receptor 2 (ESR2) gene on chromosome 14q23.2. Using immunohistochemistry
(IHC), Schwartz et al. detected nuclear ERβ expression in 170 (61%) of 278 lung cancer
samples and in 2 (20%) of 10 normal lung samples [2]. Though generally associated with
better survival [3–6], nuclear ERβ lung tumor expression, in one study [2], portended poorer
survival in women and better survival in men. Having observed both cytoplasmic and
nuclear ERβ expression in both normal and subject-matched lung tumor cells, we recently
reported poorer outcomes in association with cytoplasmic ERβ lung tumor expression [7]. In
a study from Taiwan [6], moderate to strong nuclear ERβ expression occurred less
frequently in lung cancer tissue from patients with than patients without a history of
cigarette smoking. Genetic variation in ESR2 has been associated with prostate [8, 9],
colorectal [10], and breast cancer risk [11–16].

In the same study population we used to study the prognostic importance of lung tumor
estrogen receptor expression [7], we examined cytoplasmic and nuclear ERβ lung tumor
expression in relation to 22 ESR2 single nucleotide polymorphisms (SNPs). We speculate
that inherited variation in ESR2 affects ERβ expression in transformed cells, either directly,
or indirectly, by selectively favoring the development of lung tumors with specific
expression patterns. To our knowledge, no other study has reported associations between
inherited ESR2 gene variation and ERβ protein expression in lung tumors.

Materials and Methods
Study population

The study population, designed as a convenient sample to enable systematic study of a lung
tumor marker panel [7], included 204 ≥ 21 year-old patients who received surgery between
1990 and 2006 at a University of Pittsburgh Medical Center hospital for staging or treatment
of biopsy-confirmed primary lung cancer. We assembled risk factor and tumor information
from several sources, including outpatient paper charts, inpatient and outpatient electronic
medical records, and hospital-based cancer registries.

The absence of blood or tissue for DNA extraction reduced the study sample to 185. Low
DNA quantity or poor quality further reduced the sample to 172. Excluding 26 subjects with
poor genotype call rates (<15 of 18 and <3 of 4 SNP genotypes called on two separate
Sequenom multiplex assays) and 11 subjects lacking information about ERβ expression, 135
subjects remained for analysis. This group with available genotype and ERβ tumor
expression data included: 54% women, median age 68 years (inter-quartile range 60–75
years), 89% white and 5% black, and 86% current or former cigarette smoker, 10% never
smoker, and 4% smoking history unknown. The case series included 10 small cell and 125
non-small cell lung tumors (93% of total; 52% adenocarcinoma, 39% squamous cell, and
9% other non-small cell histology; 60% early (stage I–II), 38% advanced (stage III–IV or
recurrent), and 2% unknown stage). The frequency of exclusion did not vary significantly
(p>0.1) according to sex, age, smoking status, histology, stage, or lung tumor ERβ
expression level. However, relatively high and low proportions of black and unknown race
patients, respectively, were excluded (Supplemental Table 1). The University of Pittsburgh
Institutional Review Board approved subject recruitment and tissue use protocols.

SNP selection
We queried Medline®, NCBI Entrez SNP1, Cancer Genome Anatomy Project (CGAP)
SNP500Cancer Database2 [17], and FastSNP3 [18] to identify both commonly studied ESR2
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SNPs and putative functional ESR2 SNPs located in coding or promoter regions. This
procedure identified six SNPs, the AluI SNP (rs4986938) in the 3′-untranslated region of
exon 8, the RsaI SNP (rs1256049) in the exon 6 ligand binding domain, and four other
SNP500Cancer Database SNPs (rs8006145, rs1256031, rs1256030, and rs3020450). In
addition, using data from the International HapMap project (www.hapmap.org; release #24
phase 1 & 2 full dataset; CEU population) and Haploview 4.1 [19] software, we selected 19
tagSNPs to capture common inherited variation in ESR2. TagSNPs capturing common
variants [minor allele frequency (MAF)≥0.05] in a region spanning 20 kb upstream and 20
kb downstream of the estrogen receptor beta isoform 2 (NM_001040276) with pairwise
correlation r2≥0.80 were chosen by Haploview’s Tagger [20]. Genotyping efforts failed for
three SNPs, rs1256031, rs1273196 and rs8018687, leaving 22 SNPs (genotype call rate >
95%) available for analysis. Genotype frequencies in white subjects for one SNP
(rs1256120) deviated from Hardy-Weinberg equilibrium (p=0.031). The final 22 SNP set
captured (r2 ≥ 0.80) 84 (91%) of the 92 CEU HapMap SNPs with MAF ≥ 0.05.

Genotyping
DNA was extracted using isolation kits from Gentra Systems Inc. (Minneapolis, MN),
EASY-DNA Kit from Invitrogen Corporation (Carlsbad, CA), or DNeasy Kit from Qiagen
Inc. (Valencia, CA). MassARRAY® iPLEX Gold (Sequenom, Inc., San Diego, CA) was
used to determine SNP genotypes. To evaluate genotype data quality, assay runs included
sample duplicates, two Centre d’Etude du Polymorphisme Humain (CEPH#7038) positive
controls, and two DNA sample-free negative controls. Genotyping results were 100%
concordant within duplicates.

Immunohistochemical assay
As previously described [7], the ERβ IHC assay used formalin-fixed and paraffin-embedded
tissue specimens, processed on tissue microarrays (n=58), whole tissue sections (n=63), or
both (n=14). Slide preparations included deparaffinization and hydration with xylene and
ethanol, heat-induced antigen retrieval with 10mM citrate buffer at pH 6, quenching
endogenous peroxidase with 3% hydrogen peroxide for 5 min at room temperature, and
blocking with non-immune normal serum for 5–20 min at room temperature. ERβ staining
used anti-ERβ (MCA1974ST, Serotec) at 1:20 dilution in PBS overnight at 4 C and
EnVision™ reagents (DAKO Corp., Carpinteria, CA). Final steps incubated with
diaminobenzidine (DAB) chromogenic substrate at room temperature for 5–10 min and
counterstained with hematoxylin for 2–2.5 min. Breast cancer tissues, with and without the
application of primary antibodies, were used as positive and negative IHC controls.
Representative photomicrographs from ERβ IHC can be viewed in our earlier publication
[7].

Assessing cytoplasmic and nuclear staining separately, the study pathologist (S.D.)
determined the percentage of tumor cells staining and the intensity of staining. Scoring for
the percentage of tumor cells staining used a six-level ordinal scale (0 to 5, respectively, for
no cells stained, 0–1% cells stained, 2–10% cells stained, 11–33% cells stained, 34–66%
cells stained, and 67–100% cells stained). Scoring for intensity of staining used a four-level
ordinal scale (0 to 3, respectively, for no, weak, moderate, and strong staining). Data
analyses represented IHC expression in terms of the Allred score (range 0 to 8), the sum of
the percentage and intensity scores [21], and total IHC expression by averaging the
cytoplasmic and nuclear Allred scores.

1http://www.ncbi.nlm.nih.gov/sites/entrez
2http://snp500cancer.nci.nih.gov/home_1.cfm
3http://fastsnp.ibms.sinica.edu.tw/pages/input_CandidateGeneSearch.jsp
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Statistical analysis
Distributing Allred ERβ IHC scores according to ESR2 genotype classified under ordered
and dominant genetic models, we used Jonckheere-Terpstra and Wilcoxon rank sum tests to
screen for ESR2 SNPs statistically associated (p<0.05) with ERβ expression. Because the
rare variant homozygous genotype was absent or too infrequent for many SNPs, only results
from dominant genetic models are shown. For those SNPs statistically associated with ERβ
expression according to a rank sum test, we used generalized logistic regression to estimate
the strengths of association [odds ratios (OR) and 95% confidence interval (CI)] between
ESR2 genotype (binary explanatory variables classified under dominant genetic models) and
ERβ expression (three category response variable). To form three ERβ expression categories
large enough for statistical analysis, arbitrary Allred cutpoints to define no/low (Allred <6),
intermediate (Allred 6 to 7), and maximal (Allred 8) ERβ expression were used. The Wald
chi-square test from ordered (cumulative) logistic regression was used to evaluate the
statistical significance of the association between ESR2 genotype and three-level ERβ
expression category. All analyses used SAS 9.2 (SAS Institute, Inc., Cary, North Carolina)
and two-sided p-values.

Results
With expression values skewed toward higher Allred scores (Figure) and moderately
correlated expression levels consistently equal or higher in the nucleus than the cytoplasm
(Table 1; Spearman correlation coefficient 0.68), a roughly equal number of lung tumors
(35%, 35%, and 29%) showed no/low (Allred <6), intermediate (Allred 6 to 7), and maximal
(Allred 8) cytoplasmic ERβ expression, whereas 13%, 27%, and 60% showed no/low,
intermediate, and maximal nuclear ERβ expression. Apart from possibly higher cytoplasmic
ERβ expression in tumors from black subjects and higher nuclear ERβ expression in early
stage tumors and tumors from older subjects, ERβ expression appeared independent of sex,
race, age, smoking status, histology, and stage (Supplemental Table 2). As shown in Table 1
Parts B–D, tumors with no/low total ERβ expression showed no/low expression in the
cytoplasm, but a range of expression in the nucleus, tumors with intermediate total ERβ
expression uniformly showed at least intermediate expression in the nucleus, and tumors
with maximal total ERβ expression showed, by definition, maximal expression in both the
cytoplasm and nucleus.

Table 2 uses percentile cutpoints to summarize cytoplasmic, nuclear, and total ERβ Allred
score distributions according to ESR2 genotype. Genotype-specific differences in ERβ
expression were most evident in the nucleus, where statistically significant (p<0.05)
differences were observed for three SNPs (rs8021944, rs1256061, and rs10146204). For the
three SNPs associated with nuclear ERβ expression, differences in cytoplasmic and nuclear
ERβ expression uniformly achieved at least borderline significance (p<0.10), with
cytoplasmic, nuclear, and total ERβ expression higher in tumors from subjects with minor
allele-containing genotypes.

For the three ESR2 SNPs significantly associated with ERβ expression, Table 3 uses the
odds ratio (OR) to express associations between genotype and cytoplasmic, nuclear, and
total ERβ Allred score categories. For each SNP, the odds of maximal (Allred 8) relative to
no/low (Allred <6) ERβ expression was approximately 3-fold higher in tumors from
subjects with a minor allele-containing genotype than in tumors from subjects homozygous
for the common allele. For two SNPs (rs1256061 and rs10146204), statistically significant
association (p<0.05) persisted, with or without adjustments for age, in analyses restricted to
white subjects and/or non-small cell histology tumors (data not shown). For rs1256061,
statistically significant association (p<0.05) persisted, with or without adjustment for age,
for tumors with adenocarcinoma histology (data not shown).
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Discussion
We observed higher ERβ expression in lung tumors from patients with a minor-allele-
containing ESR2 genotype for three SNPs, rs8021944, rs1256061, and rs10146204 (Tables
2 and 3). ERβ expression differences observed in relation to two SNPs (rs1256061 and
rs10146204) were independent of race, age, and tumor histology. With respect to rs1256061,
differences remained statistically significant for the subset of lung tumors with
adenocarcinoma histology.

The three SNPs associated with ERβ expression were selected as tagSNPs. SNP rs8021944
resides in an intron of an ESR2 gene neighbor (spectrin repeat containing nuclear envelope
2, SYNE2). SYNE2 codes for a nuclear outer membrane protein (nesprin-2) that binds
cytoplasmic F-actin. In a follow-up study, our laboratory used the Illumina whole genome
DASL HT Assay to profile mRNA expression in a subset of lung tumors included in the
current report. We retrieved SYNE2 and ESR2 mRNA expression data available for 43 lung
tumors, including 13 tumors with a high ERβ / low progesterone receptor (PR) IHC
expression pattern and 30 tumors with a low ERβ / high PR IHC expression pattern. As
reported in 2011 [7], these expression patterns distinguish lung tumors with less and more
favorable outcomes, respectively. We observed positive correlation between the mRNA
expression values of the SYNE2 and ESR2 genes (Spearman correlation coefficient = 0.39,
p-value = 0.010). SNP rs1256061 resides in an intron located toward the 3′ end of ESR2.
Finally, SNP rs10146204 resides 5′ of ESR2 in a genomic region between ESR2 and
MTHFD1. In our white sample, these SNPs mutually showed low linkage disequilibrium
(r2<0.3).

We used the National Institute of Environmental Health Sciences (NIEHS) SNP Function
Prediction (FuncPred) tool4 to evaluate possible functional significance [22]. FuncPred
placed rs10146204 in a transcription factor binding site. Given its location in 5′ of ESR2,
genetic variation in rs10146204 may affect transcription factor binding directly and ESR2
expression secondarily. In this context, we noted a not quite statistically significant (p=0.07)
association between rs10146204 and tumor stage at diagnosis among lung tumors with non-
small cell histology (data not shown). FuncPred did not predict functional effects for
rs8021944 or rs1256061. These SNPs may be linked to other unknown, but functional
genetic variants.

Our panel included two often studied SNPs (rs1256049 [RsaI] and rs4986938 [AluI]),
previously examined in relation to cancer at various sites, including colon or rectum [10],
endometrium [23], ovary [24], prostate [9, 25, 26], and breast [11–14, 16, 27, 28], though
implicated only in rectal (rs1256049 (RsaI); [10]) and breast cancer (rs4986938 (AluI);
[12]). Though rs1256049 [RsaI] showed moderate linkage with rs1256061 (r2=0.55),
differences in lung tumor ERβ expression in relation to rs1256049 [RsaI] were not
statistically significant (Table 2).

Study limitations included 1) a subject sample, with limited racial heterogeneity, too small
for adequate subset analysis, 2) reliance on lung tissue as a DNA source resulting in subject
losses due to poor DNA quality and a potential for somatic mutation contributing to
measured genetic variability, and 3) the inherent subjective and semi-quantitative nature of
immunohistochemistry as a measure of protein expression. In particular, skewing of
immunohistochemistry results toward higher ERβ expression limited the number of samples
with no or very low expression. A study strength included mutually blind assessments of
ESR2 genotype and ERβ expression.

4http://snpinfo.niehs.nih.gov/snpinfo/snpfunc.htm
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Some studies [2–6], but not all [7], identify ERβ expression as a favorable lung cancer
prognostic factor. Our study results suggest that host genetic variation in ESR2 may
determine lung tumor ERβ expression. To our knowledge, no other study has evaluated
inherited ESR2 genetic variation in relation to lung tumor ERβ expression. Considering the
possibly specific association involving ESR2 rs1256061 and adenocarcinoma, we speculate
that an ESR2 genotype and ERβ expression association may depend on tumor histology.
These findings require replication.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Figure Distribution of cytoplasmic and nuclear ERβ lung tumor expression scores (n=135).
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Table 1

Lung tumors cross-tabulated according to cytoplasmic and nuclear ERβ expression (n=135).

Part A: All tumors

Cytoplasmic ERβ expression Nuclear ERβ expression

no/low intermediate maximal

 no/low 18 19 11

 intermediate 0 16 32

 maximal 0 1 38

Part B: Tumors with no/low total ERβ expression (n=42)

Cytoplasmic ERβ expression Nuclear ERβ expression

no/low intermediate maximal

 no/low 18 17 7

 intermediate 0 0 0

 maximal 0 0 0

Part C: Tumors with intermediate total ERβ expression (n=55)

Cytoplasmic ERβ expression Nuclear ERβ expression

no/low intermediate maximal

 no/low 0 2 4

 intermediate 0 16 32

 maximal 0 1 0

Part D: Tumors with maximal total ERβ expression (n=38)

Cytoplasmic ERβ expression Nuclear ERβ expression

no/low intermediate maximal

 no/low 0 0 0

 intermediate 0 0 0

 maximal 0 0 38
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