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Abstract

E-cadherin is involved in cell-cell adhesion and epithelial-to-mesenchymal transitions (EMT). In

cancers, loss or inactivation of E-cadherin is associated with epithelial cell proliferation and

invasion. Here, we sought to determine if risk associations for 18 breast cancer susceptibility

single nucleotide polymorphisms (SNPs) differed by E-cadherin tumor tissue expression in the

Polish Breast Cancer Study (PBCS), using data on 1,347 invasive breast cancer cases and 2,366

controls. E-cadherin expression (low/high) was assessed using immunohistochemical staining of

tumor tissue microarrays. Replication data on 2,006 cases and 6,714 controls from the Study of

Epidemiology and Risk Factors in Cancer Heredity (SEARCH) was used to follow-up promising

findings from PBCS. In PBCS, we found the rs11249433 SNP at the 1p11.2 locus to be more

strongly associated with risk of E-cadherin low tumors (OR = 1.30, 95% CI 1.08 – 1.56) than with

E-cadherin high tumors (OR = 1.06, 95% CI 0.95 – 1.18; case-only p-heterogeneity (p-het) =

0.05). Findings in PBCS for rs11249433 were replicated in SEARCH. Combined analyses of the

two datasets for SNP rs11249433 revealed significant heterogeneity by E-cadherin expression

(combined case-only p-het = 0.004). Further, among carriers of rs11249433, the highest risk was

seen for E-cadherin low tumors that were ER-positive and of lobular histology. Our results in two

independent data sets suggest that rs11249433, which is located between the NOTCH2 and

FCGR1B genes within the 1p11.2 locus, is more strongly associated with risk of breast tumors
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with low or absent E-cadherin expression, and suggest that evaluation of E-cadherin tumor tissue

expression may be useful in clarifying breast cancer risk factor associations.

INTRODUCTION

Genome-wide association studies (GWAS) have identified numerous breast cancer

susceptibility single nucleotide polymorphism (SNP) markers (1, 2). Several follow-up

studies have reported that the risk for breast cancer associated with these markers can vary

by clinical and pathological characteristics. For example, Broeks and colleagues noted the

associations with breast cancer risk for multiple SNPs differed by hormone receptor

expression in breast tumor tissue (3). Analysis of SNP risk associations by tumor

characteristics could provide additional etiological insights and more precise relative risk

estimates for risk prediction models. Prediction of subtype-specific risk might result in

improved prevention and screening interventions offered to individuals at highest risk of

tumors that are more likely to respond to specific interventions such as hormonal

chemoprevention.

Analysis of molecular markers in breast tumors has clarified risk factor associations that

may be obscured when considering breast cancer as a single homogenous disease (1, 3, 4).

In this study we explored E-cadherin as a potential protein marker for clarifying breast

cancer risk associations. Expression of E-cadherin protein (encoded by the CDH1 gene) is

critical for maintaining epithelial cell-cell adhesion and epithelial-to-mesenchymal

transitions (EMT) (5). E-cadherin is considered a tumor-suppressor protein because its loss

or inactivation by mutations is frequently seen in invasive epithelial cell cancers and is

thought to be an essential step in both tumorigenesis and progression (5, 6). Decreased

cellular adhesion due to loss of E-cadherin leads to enhanced invasion of tumor cells and

metastases. Ductal and lobular carcinomas comprise the two major histologic subtypes of

invasive breast cancers. Loss of E-cadherin expression has been noted more frequently in

invasive lobular carcinomas compared to invasive ductal carcinomas (7).

Here we explored whether common breast cancer susceptibility loci were differentially

associated with tumors classified by either low or high E-cadherin expression. These

analyses were done in two independent breast cancer case-control studies, the Polish Breast

Cancer Study (PBCS) and the Study of Epidemiology and Risk Factors in Cancer Heredity

(SEARCH).

MATERIAL AND METHODS

Study population

Polish Breast Cancer Study (PBCS)—The study population has previously been

described in detail (8, 9). In brief, eligible cases included all women between the ages of 20

and 75 years who were residents of Warsaw or ŁódŸ, Poland from 2000 to 2003 and who

were diagnosed with incident in situ or invasive breast cancer. These cases were confirmed

and reviewed centrally to provide standardized classification. Approximately 2,386 cases

(79% of eligible) and 2,502 (69% of eligible) age and study site frequency matched
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population controls agreed to participate in the study and provided informed consent

required by the National Cancer Institute (USA) and local institutional review boards. This

analysis is based on 1,347 invasive cases with available E-cadherin tumor tissue expression

data.

Study of Epidemiology and Risk Factors in Cancer Heredity (SEARCH)—We

used data from the SEARCH Breast Cancer Study (10) an ongoing population-based study

of women diagnosed with breast cancer in the region of England included in the Eastern

Cancer Registration and Information Centre (ECRIC, formerly East Anglia Cancer

Registry). Eligible participants included women diagnosed with invasive breast cancer who

were either under 70 years of age since the beginning of the study on July 1, 1996 (incident

cases) or age 55 or younger since January 1, 1991 and were alive at the start of the study

(prevalent cases). Controls, frequency matched to cases by age and geographic region, were

selected from the EPIC-Norfolk cohort study recruited between 1992 and 1994 and from

general practitioner practices from March 2003 to present. Approximately 64% of eligible

cases and 41% of controls agreed to participate in the study and provided blood samples. All

participants in the study provided informed consent, and the study was approved by the

Cambridgeshire 4 Research Ethics Committee.

Pathology and tumor markers

For PBCS, histopathologic features including diagnosis, grade, tumor size, ER status of the

tumors and axillary lymph node metastases were assessed using clinical reports and

independent evaluation by the study pathologist (M.E.S.). Routinely prepared formalin-fixed

paraffin-embedded (FFPE) blocks of 1,347 invasive breast tumors were used to construct

tissue microarray (TMA) blocks with 2-fold representation of 1.0 mm diameter cores per

tumor (Pathology Devices, Westminister, MD). TMA blocks were sectioned with a

microtome at 5-μm thickness onto charged slides. Due to the limited availability of tissue,

cases with small tumors were underrepresented in the TMAs (52% of cases with tissue

samples in the TMAs had tumors ≤2 cm compared with 66% of cases not included in the

TMAs, P < 0.0001; data not shown). This might contribute to the fact that tumors in the

TMAs were more frequently lobular (18 vs. 12%), node positive (41 vs. 29%), ER-positive

(69 vs. 59%) and low grade (75 vs. 69%) compared to patients with available FFPE blocks

but not included in the TMAs due to limited tissue.

For immunohistochemistry (IHC) analysis: TMA sections were deparaffinized with zylene

and graded alcohols, antigen retrieval was mediated with citrate buffer pH 9 (Dako) for 20

minutes in a pressure cooker. Primary mouse monoclonal antibody, anti-E-cadherin (clone

NCH-38, 1:500; Dako, Carpinteria, CA) was applied at room temperature for 2 hours.

Detection of the antigen-antibody complex was done with Envision+ (Dako) and DAB was

applied for 20 minutes. Slides were counterstained with hematoxylin, dehydrated and

coverslipped. Slides were imaged with a Hamamatsu Nanozoomer (Bridgewater, NJ), at

20X magnification. A cytotechnologist assessed whole digital images of stained TMAs

using the SlidePath Digital Image Hub (Leica Biosystems, Wetzlar, Germany), blinded to

any clinical phenotypes or genetic data. Manual readings for each TMA spot was performed

and the percentage of cells positively stained for E-cadherin (0–100%) and the intensity of
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staining (0 = negative, 1 = weak, 2 = intermediate, and 3 = strong) were recorded. Quality

assurance and reproducibility of IHC scoring done on 200 images, by cytotechnologist and a

clinical pathologist (M.E.S.) showed good inter- and intra-observer agreement (≥90%)

calculated by weighted kappa analyses. An overall E-cadherin score was generated using the

product of percent positive tumor cells and intensity, resulting in a product score range of 0–

300. Tumors having a score of <100 were classified as E-cadherin low and those with a

score ≥100 as E-cadherin high (Figure 1). This dichotomous cut-point was determined prior

to genetic association analyses and was based on the observed distribution of the composite

scores and supported by evidence in the literature (11, 12).

We obtained SEARCH data on clinicopathologic characteristics, specifically, ER status,

histology, grade, tumor size and axillary node involvement. Clinical characteristics for

SEARCH participants were obtained through Eastern Cancer Registration and Information

Centre (formerly the East Anglian Cancer Registry). For this report we used genotyping and

clinicopathologic data from 2006 incident breast cancer cases with E-cadherin expression

data and 6,714 controls. In this set, IHC staining for E-cadherin (M3612, 1:25, Dako,

Carpineteria, CA) was done on TMAs constructed from paraffin-embedded TMA blocks as

previously described (13). Scoring for E-cadherin was done manually by a study pathologist

who assessed the percent of cells staining positive (0–100%). Tumors with ≤10 percent of

cells stained were classified as E-cadherin low while tumors with >10 percent of cells

stained were classified as E-cadherin high.

As described above, the IHC in the two studies was performed with different anti-E-

cadherin antibodies and different scoring criteria; in PBCS E-cadherin scores were based on

both intensity of staining and percentage of positive cells, while SEARCH scores were

based solely on percentage of positive cells. Of the tumors stained for E-cadherin

expression, 10% (N=138) were categorized as E-cadherin low in PBCS and 23% (N=471) in

SEARCH.

Genetic analyses

Genotyping for PBCS and SEARCH was performed using pre-designed TaqMan assays

(Applied Biosystems, Foster City, CA, USA) according to standard protocols described

previously in the framework of the Breast Cancer Association Consortium (BCAC) of which

both PBCS and SEARCH are participating studies (3, 14–16). For PBCS, we used

genotyping data for 18 breast cancer SNPs available at the time of analyses (see

Supplementary Table 1). Importantly, the SNPs in this study were not associated with

missingess of the samples in the PBCS TMA (OR = 1.06, 95% CI (0.90 – 1.25). For

SEARCH we received existing genotyping data to replicate our two significant findings of

risk differences observed with E-cadherin expression in PBCS: SNPs rs2046210 and

rs11249433 (17).

Statistical analyses

Polytomous logistic regression models adjusted for age and study site (PBCS or SEARCH)

were used to estimate per-allele odds ratios (OR) and 95% confidence intervals (95% CI) for

genetic association between SNPs and E-cadherin low/high tumor expression, compared to
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controls. We used fixed effects meta-analysis to generate the combined ORs and 95% CI for

PBCS and SEARCH. P-values to test for heterogeneity (P-het) for tumor characteristics

were obtained using logistic regression models restricted to cases (case-only analyses),

adjusted for age and study site (PBCS) or age only (SEARCH). Differences between E-

cadherin low/high expressing tumors and clinicopathologic characteristics were examined

using chi-square test for all tumors and then stratified by ductal and lobular histology.

Results with p < 0.05 were considered statistically significant; no adjustment for multiple

testing was implemented. All analyses were conducted using Stata version 11.2 for

Windows (College Station, TX).

RESULTS

Among the 18 susceptibility loci evaluated, 10 were significantly associated with breast

cancer risk at a p < 0.05 significance level in PBCS (Supplementary Table 1). We next

determined if these 18 SNPs exhibited risk differences by E-cadherin tumor tissue

expression. Two SNPs, rs2046210 (ESR1) and rs11249433 (NOTCH2/FCGR1B), showed

stronger associations with breast cancer risk among patients with E-cadherin low compared

to E-cadherin high tumors: rs2046210 SNP at 6q25.1 with OR = 1.43, 95% CI 1.18 – 1.75

for E-cadherin low tumors, compared to OR = 1.06, 95% CI 0.94 – 1.19 for E-cadherin high

tumors (case-only p-het = 0.007; Table 1 & Supplementary Table 2). Similarly, rs11249433

at 1p11.2 was more strongly associated with E-cadherin low tumors (OR = 1.30, 95% CI

1.08 – 1.56) than with E-cadherin high tumors (OR = 1.06, 95% CI 0.95 – 1.18; case-only p-

het = 0.05).

We next evaluated the two significant findings from PBCS in the SEARCH dataset. In

SEARCH, evaluation of rs2046210 and rs11249433 replicated only rs11249433 association,

with effect sizes being in the same direction as in PBCS. For rs11249433 we found stronger

associations with E-cadherin low tumors (OR = 1.30, 95% CI 1.14 – 1.49) than with E-

cadherin high tumors (OR = 1.11, 95% CI 1.03 – 1.21; p-het = 0.04; Table 1). However, the

association for rs2046210 for SEARCH participants was in the opposite direction of PBCS,

with stronger risk associations observed for E-cadherin high tumors compared with E-

cadherin low tumors, and combined analysis of rs2046210 was not significant (combined

case-only p-het = 0.84; Table 1). Combined analysis of the PBCS and SEARCH studies

(3,231 case and 9,054 controls) for rs11249433 showed differing estimates of breast cancer

risk based on E-cadherin expression: E-cadherin low tumors (combined OR = 1.30, 95% CI

1.16 – 1.45) and E-cadherin high tumors (combined OR = 1.09, 95% CI 1.02 – 1.16);

combined case-only p-het = 0.004 (Table 1).

To further refine the risk associations for rs11249433, we next assessed relationships

according to combined parameters of E-cadherin and both ER status and histologic subtype

(ductal or lobular; Table 2). Risk associated with rs11249433 was stronger in patients with

E-cadherin low tumors that were ER-positive (combined OR = 1.38, 95% CI 1.21 – 1.56) as

well as those of lobular histology (OR = 1.41, 95% CI 1.20 – 1.61; Table 2). Further

stratification of the ER-positive E-cadherin low tumors by histology did not reveal

significantly different risk estimates from what was observed in ER-positive tumors alone

(Table 2). There was no evidence of an association for rs11249433 among ER-negative
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tumors, irrespective of histologic subtype (data not shown). When assessing differences in

risk associations by E-cadherin tissue expression among the stratified tumor cases, we only

observed significant heterogeneity among ER-positive tumors (combined case-only p-het =

0.001; Table 2).

Given the known association of E-cadherin with tumor histology and its probable

association with ER status, we evaluated the differences in the distribution of tumor

characteristics among E-cadherin low and high breast cancer cases. Supplementary Table 3

summarizes the distribution of select clinicopathologic features stratified by E-cadherin

tumor tissue expression for both PBCS and SEARCH. As expected, E-cadherin low tumors

were largely composed of lobular breast tumors (38–49% lobular for E-cadherin low vs. 8–

10% for E-cadherin high; Supplementary Table 3). Further, compared to E-cadherin high

tumors, E-cadherin low tumors were more frequently larger in size both in PBCS and

SEARCH (40–55% >2 cm for E-cadherin low vs. 33–46% for E-cadherin high;

Supplementary Table 3). There were observed differences between PBCS and SEARCH for

associations between E-cadherin expression status and tumor characteristics. In PBCS only,

E-cadherin expression was associated with tumor grade, whereas in SEARCH, E-cadherin

expression was associated with ER status (p < 0.05; Supplementary Table 3). Comparing

PBCS and SEARCH cancer cases with available E-cadherin IHC data revealed significant

differences by histology, grade, tumor size and ER status. Specifically, tumors in SEARCH

were more frequently of ductal histology, poorly differentiated, smaller in size (≤2 cm) and

ER-positive (p < 0.001; data not shown), compared to PBCS.

DISCUSSION

In this report from two large breast cancer studies totaling over 3300 cases, we provide

evidence that E-cadherin breast tumor expression can be used as a protein marker to further

refine SNP breast cancer risk associations. Specifically, we show that the SNP rs11249433

on 1p11.2 was more strongly associated with breast tumors with low or absent levels of E-

cadherin. We also demonstrate a consistent association with low E-cadherin expression and

both lobular histology and large (≥2 cm) tumor size. To our knowledge, E-cadherin has not

been included as a molecular marker in previous analyses of risk differences for breast

cancer susceptibility loci.

Our finding for rs11249433 is consistent with previous data showing that the 1p11.2 locus

was most strongly associated with ER-positive tumors that were of low grade and lobular

histology (15). Our current analyses extends these previous findings by showing a stronger

association for rs11249433 among patients with either ER-positive or lobular tumors that are

also E-cadherin low, indicating that E-cadherin tumor tissue expression can further refine

this association. Though the SNP we identified appears to modify the risk of developing a

more favorable breast cancer subtype, the utility of SNPs for refining breast cancer risk

profiles is relevant for both more and less aggressive tumor types. Specifically, prediction of

subtype-specific risk may benefit women at highest risk of tumors that are more likely to

respond to specific therapies. Notably, invasive lobular tumors comprise a special subtype of

breast cancer displaying a low response to preoperative chemotherapy indicating that a more

tailored approach to treatment is warranted (18). Also, given the recent identification of 41
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new susceptibility loci associated with breast cancer risk (19), it will be interesting to

determine if any of these SNPs display heterogeneity in risk by E-cadherin tissue

expression. Furthermore, combining multiple SNPs into breast cancer risk prediction models

could increase the discriminatory ability of individual genetic risk factors (20).

The rs11249433 SNP resides in a pericentromeric, nongenic region on chromosome 1p11.2,

in a large linkage disequilibrium block neighboring the NOTCH2 and FCGR1B genes (21).

Using HaploReg (22) we found 3 motif changes linked to SNP rs11249433, including Mef2,

Pax-2 and Pou1f1, which could potentially influence transcriptional regulation. Although the

rs11249433 SNP is about 600 kb away from the NOTCH2 gene, a study examining the

association between rs11249433 and all surrounding genes reported that NOTCH2

expression in breast tumors was increased in carriers of the risk allele of rs11249433 (23).

Interestingly, this study also noted that the association of NOTCH2 expression and

rs11249433 was only found in TP53 wild-type/ER-positive tumors. NOTCH overexpression

leads to preferential differentiation of mammary stem cells into luminal type epithelium

(24). Furthermore, it is important to note that the NOTCH signaling pathway has been

shown to promote the EMT process during oncogenesis via the transcriptional induction of

the Snail repressor leading to loss of E-cadherin expression (25). These findings provide a

feasible link between carriers of the SNP rs11249433, reduction in NOTCH2 expression and

development of E-cadherin low tumors, particularly those that are ER-positive.

Our analyses in the PBCS found that the SNP rs2046210 at 6q25.1 (ESR1) also displayed

risk differences by E-cadherin tumor expression levels. However, we were unable to

replicate this finding in the SEARCH population, where we observed stronger risk

associations of the SNP with E-cadherin high tumors. It is possible that the difference seen

in the PBCS and SEARCH for rs2046210 is due to population differences: PBCS is

unscreened whereas SEARCH is a highly screened population. Also, there may be

differences between PBCS and SEARCH in the prevalence of menopausal hormone therapy

(MHT) use among participants. MHT may be an important factor to consider given the

results of a case-only analysis by O’Connor et al. (26) which found a trend towards a higher

incidence of E-cadherin negative tumors among women on MHT compared to those who did

not receive MHT. Further, the IHC analysis of E-cadherin expression in PBCS and

SEARCH was performed with different antibodies and utilizing different scoring protocols,

thus, some technical differences between these sets could contribute to non-replication of the

results. There is also the possibility that the original finding in PBCS was in fact a false-

positive, hence the inability to replicate the finding in SEARCH. Future studies containing

larger sample sizes will be needed to determine the validity of the rs2046210 association.

The strengths of this study include the novel use of E-cadherin tissue expression as a

biomarker to assess differences in genetic associations with breast cancer risk and the ability

to replicate our findings for the rs11249433 (1p11.2) locus in two large, independent

datasets. A limitation of our study was the technical differences in E-cadherin IHC analysis

and scoring used in the two studies. However, in both studies, the cut-points for low and

high E-cadherin expression were chosen a priori to avoid data-driven inference. Also, the

percentage of lobular tumors that we observed to be E-cadherin low (57%) was lower than

what has been previously reported in the literature which typically ranges from 80 – 90% (7,
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27, 28). Consequently, some caution should be used when interpreting the results for lobular

breast cancers. However, these limitations would not likely affect our overall conclusions of

the paper but instead bias measures of association towards the null. The fact that the

association for rs11249433 was detected in both datasets, regardless of their technical

differences, strengthens our conclusions about the association of this variant with

development of E-cadherin low tumors. In summary, we have demonstrated heterogeneity in

risk associations for breast cancer susceptibility SNPs by expression of the tumor suppressor

protein E-cadherin. Our data provide support for inclusion of E-cadherin as a novel

molecular subtype marker in future molecular epidemiologic studies of breast cancer to

improve our understanding of breast cancer etiology and risk prediction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Detection of E-cadherin protein expression on tissue microarray (TMA) slides in PBCS
Tissue expression of E-cadherin in invasive breast tumors was assessed using

immunohistochemical staining of TMAs. Representative sections of (A) a tumor classified

as low for E-cadherin and (B) high for E-cadherin expression based on the intensity of the

staining and percentage of cells stained positive. Magnification x500
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