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Abstract

CYP19A1 encodes for aromatase, which irreversibly converts androgens to estrogens; therefore,
variation in this gene may affect individual susceptibility to breast cancer and other sex hormone-
dependent outcomes. In a case-control study nested within a breast self-examination trial conducted
in Shanghai, China, we examined whether ten CYP19A1 polymorphisms (rs1870049, rs1004982,
rs28566535, rs936306, rs11636639, rs767199, rs4775936, rs11575899, rs10046, rs4646) were
associated with risk of breast cancer and fibrocystic breast conditions. Cases were diagnosed with
breast cancer (n=614) or fibrocystic breast conditions (n=465) during 1989-2000. Controls were free
of breast disease during the same time period (n=879). Proliferative changes within the extratumoral
tissue of women with breast cancer and the lesions of women with fibrocystic conditions were
assessed. None of the polymorphisms were associated with overall risk of breast cancer or fibrocystic
breast conditions. Differences in breast cancer risk, however, were observed by proliferation status.
The risk of breast cancer with (but not without) proliferative fibrocystic conditions was increased
among women homozygous for the minor allele of rs1004982 (C), rs28566535 (C), rs936306 (T),
and rs4775936 (C), relative to those homozygous for the major allele [age-adjusted odds ratios and
95% confidence intervals, respectively: 2.19 (1.24-3.85), 2.20 (1.27-3.82), 1.94 (1.13-3.30), and
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1.95 (1.07-3.58)]. Also, haplotypes inferred using all polymorphisms were not associated with
overall risk of either outcome, although some block-specific haplotypes were associated with an
increased risk of breast cancer with concurrent proliferative fibrocystic conditions. Our findings
suggest that CYP19A1 variation may enhance breast cancer development in some women, but further
confirmation is warranted.
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INTRODUCTION

The critical role of endogenous estrogens in breast cancer etiology is widely accepted (1-3).
Increased breast cancer risk has been linked to a number of factors representing greater lifetime
exposure to endogenous estrogens, including early age at menarche, late age at first pregnancy,
late age at menopause, nulliparity, and obesity. In particular, obesity is accompanied by greater
estrogen biosynthesis through the conversion of adrenal androgens to estrogens by the
cytochrome P450 enzyme aromatase in adipose tissue, and the aromatization of testosterone
to estradiol and of androstenedione to estrone in adipose tissue is the major source of
endogenous estrogens for postmenopausal women (4). Although the mechanisms by which
estrogens contribute to breast cancer are not entirely clear, one possibility is their positive
influence on cell proliferation and signal transduction; another is the genotoxic effects of the
catechol estrogens, such as 4-OH estradiol, 4-OH estrone, 16 a-OH estradiol, and 16 a-OH
estrone, as well as the reactive free radicals generated during estrogen catabolism (5-7).

Given that aromatase is a key enzyme involved in estrogen biosynthesis, interindividual
differences in the CYP19A1 gene, which encodes for aromatase, may alter susceptibility to
breast cancer by altering the levels of circulating estrogens. CYP19A1 is located at chromosome
15921.1 and spans about 123 kb in length. It contains nine coding exons (I11-X) and multiple
untranslated first exons whose expression are regulated by tissue-specific promoters (8-11).
Prior studies examining the associations of selected CYP19A1 variants, including the
(TTTA), repeat (12-27) and TCT insertion/deletion (rs11575899) (14,17,23,27,28)
polymorphisms in intron 4, the nonsynonymous polymorphisms Trp39Arg (rs2236722) in
exon 2 (16,29-31) and Arg264Cys (rs700519) in exon 7 (16,29,32), and the C>T (rs10046)
polymorphism in the 3’ untranslated region (28,33,34), with breast cancer risk have been
inconclusive. More systematic investigations, which have employed haplotype-based
approaches, have provided more consistent results (27,35-37), with the most recent suggesting
that susceptibility to breast cancer is unrelated to CYP19A1 gene variation (27,36,37).

However, fairly consistent evidence has been published linking the (TTTA), repeat, TCT
insertion/deletion, and rs10046 polymorphisms to notable differences in steroid hormone
concentrations among postmenopausal, Caucasian women (15,28,34,38). Only one known
study has yielded contrary results, suggesting that these CYP19A1 polymorphisms might not
be associated with plasma estradiol levels (39). In the most recently published study, single
nucleotide polymorphisms (SNPs) tagging the CYP19A1 locus (which included rs10046) were
associated with 10% to 20% increases in levels of circulating estradiol and estrone (36).

Fibrocystic breast conditions are comprised of a wide variety of histologic types, including
nonproliferative breast disease, proliferative breast disease without atypia, and atypical
hyperplasia. Little is known about their etiology, but women with proliferative breast disease
(but not atypia) are reported to be almost twice as likely to develop breast cancer as women
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with non-proliferative breast disease (40-42). The extent to which these benign breast
conditions are influenced by genetics has not been well studied.

Herein, we examine a set of CYP19A1 haplotype-tagging SNPs (htSNPs) (rs1870049,
rs1004982, rs28566535, rs936306, rs11636639, rs767199, rs4775936, rs11575899, rs10046,
and rs4646), previously identified among Caucasians (43), in relation to risk of breast cancer
and of fibrocystic breast conditions in a case-control study conducted in Shanghai, China. We
also evaluate whether these relationships are modified by histologic evidence of proliferative
changes (in non-malignant epithelial tissue), menopausal status, and/or body mass index
(BMI).

MATERIALS AND METHODS
Study Design

We conducted a case-control study of participants in a randomized trial of breast self-
examination (BSE) that enrolled employees of the Shanghai Textile Industry Bureau (STIB),
ages 30-64 years, from 1989 to 1991. A detailed description of the trial, as well as the methods
used to select the current study population, are published elsewhere (44-46). Briefly, women
who were diagnosed by biopsy with either a benign fibrocystic breast condition between
September 1995 and July 2000 (n=622) or breast cancer between November 1989 and July
2000 (n=1,256) at STIB-affiliated hospitals were eligible as cases. Structured in-person
interviews were completed for 551 (89% of the 622 eligible) women with fibrocystic breast
conditions, of whom 470 provided a blood sample, and for 376 (88% of the 426 eligible) women
with breast cancer, of whom 323 provided a blood sample, diagnosed between September 1995
and July 2000. Women in the BSE cohort diagnosed earlier with breast cancer were
retrospectively recruited, with preferential selection of the cases under age 45 and an equal
number of older cases. Among the 830 women who had developed breast cancer between
November 1989 and September 1995, 153 of the 270 cases under age 45 and 147 of the 560
cases ages 45 and above were interviewed and provided a blood sample. Controls were women
who were medically served by the same hospitals as the cases, presumably free of clinical
breast disease, and randomly selected by matching to the cases on age. Of the 1,071 (75% of
the eligible) controls interviewed, 911 provided a blood sample.

For cases diagnosed between September 1995 and July 2000, a single pathologist classified
the non-cancerous breast tissue in the benign biopsies and surrounding the malignant tumors,
according to the scheme developed by Stalsberg (47). Proliferative conditions included atypical
hyperplasia, moderate or florid ductal hyperplasia, and moderate or predominant sclerosing
adenosis, and non-proliferative conditions included mild or no ductal hyperplasia, mild or no
sclerosing adenosis, and no atypia. The minimum requirement for classification was five
scanning power fields containing benign epithelial breast tissue, excluding areas of
fibroadenoma. About 75% of the genotyped women with breast cancer and 72% of the
genotyped women with fibrocystic breast conditions diagnosed from September 1995 onward
had sufficient tissue samples to assess proliferation status.

All participants provided their informed consent prior to interview. The study was approved
by the Institutional Review Board of the Fred Hutchinson Cancer Research Center, the Station
for Prevention and Treatment of Cancer of the STIB (in accordance with an assurance filed
with the Office for Human Research Protections of the U.S. Department of Health and Human
Services), and the Human Genetic Resources Administration Office of China.
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Comparison of the D’ linkage disequilibrium (LD) patterns of the CYP19A1 gene between
CEPH (Centre d’Etude du Polymorphism Humain) and Han Chinese populations

Genotyping

We created separate D’ LD plots of the CYP19A1 gene for the CEPH (Utah residents of northern
and western European ancestry) and Han Chinese using the Genome Variation Server (GVS,
version 2.05, http://pga.gs.washington.edu/), in order to examine the similarities and
differences in the LD pattern of CYP19A1 between these two populations and to evaluate the
suitability of carrying out our study using the htSNPs characterized in a Caucasian population
by Paynter et al(43). We excluded one of the identified htSNPs, rs2008691, that has been
mismapped. Only SNP data on the unrelated individuals from the CEPH and Han Chinese
populations of the International HapMap Project (http://www.hapmap.org) were used (NCBI
build 36, dbSNP build 126). The base pair range of 22,466 bp upstream to 29,500 bp
downstream of the CYP19A1 gene was selected to match the SNP range of the LD plot
published by Haiman et al (35).

Genomic DNA was isolated from buffy coat using a salt-precipitation (48) and/or phenol-
chloroform method (49,50). Genotyping was primarily conducted using buffy coat DNA, but
when buffy coat DNA yield was inadequate, genomic DNA was subsequently isolated from
whole blood using the QlAamp® DNA Blood Midi Kit (Qiagen, Alameda, CA). In addition,
genotyping was conducted using genomic DNA isolated from whole blood when genotyping
results from buffy coat DNA for a set of microsatellite polymorphisms indicated possible
sample contamination. A total of 43 women (eight with breast cancer, three with fibrocystic
breast conditions, and 32 controls) had mismatched genotyping results between paired buffy
coat and whole blood aliquot DNA samples and were omitted from the analyses, as were three
women (one with breast cancer and two with fibrocystic breast conditions) who were not
genotyped due to insufficient amounts of DNA.

Applied Biosystems (ABI) TagMan assays were used for rs1870049, rs1004982, rs28566535,
rs936306, rs11636639, rs767199, and rs4775936. These assays were validated by genotyping
and sequencing several in-house samples. The remaining three SNPs were assayed in a single
SNaPshot reaction. SNPs rs10046 and rs4646 were coamplified with the forward and reverse
primers 5’-CTG GAA CAC TAG AGAAGG CTGGTCAGT ACC-3’and5-TTG TAG CCT
GGTTCTCTG GTG TGA A-3’. SNP rs11575899 was amplified with the forward and reverse
primers 5’-GCA TCG GTA TGC ATG AGA AA-3’ and 5’-AAA AGG CAC ATT CAT AGA
CAA AA-3’. The respective SNaPshot probes were: rs10046: 5°-GAT GAG AAA TGC TCC
AGA GT-3’; rs4646: 5°-CAC CAA GCT AGG TGC TAT T-3’; and rs11575899: 5’-AGG
TAC TTAGTT AGC TAC AAT CTT-3". In-house DNA samples of known genotypes were
used as positive controls. Negative controls were prepared identically, but without template.
Laboratory personnel were blinded to the case-control status of the samples.

Data Analysis

Departure from Hardy-Weinberg equilibrium among the controls was assessed using the chi-
square test. Age-adjusted odds ratios (OR) and 95% confidence intervals (Cl) for the genotypes
of each polymorphism related to breast cancer and to fibrocystic breast conditions were
calculated from unconditional logistic regression models in Stata® 9 (StataCorp, College
Station, TX). Haplotype frequencies were estimated using the expectation-maximization
algorithm, and age-adjusted differences in haplotype frequencies by case-control status were
evaluated using the global score test. To further assess haplotype associations with breast
cancer and fibrocystic breast conditions, age-adjusted ORs and 95% Cls for inferred haplotypes
were calculated. Each of the less common haplotypes was compared to the most common
haplotype, adjusted for the effects of the other haplotypes; an additive genetic model, which
implicitly assumes the effect of two copies of a given haplotype is twice that of a single copy,
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was used. All haplotype analyses were conducted in R version 2.6.1
(http://www.R-project.org) with the haplo.stats package (51). Stratified analyses were also
performed to evaluate whether the risk of breast cancer or fibrocystic breast conditions
associated with each htSNP or haplotype differed by histologic evidence of proliferation in the
non-cancerous epithelium (non-proliferative, proliferative), menopausal status
(premenopausal, postmenopausal), or BMI (dichotomized using the median value of 23.0 kg/
m?2 among control subjects).

As shown in Figure 1, the LD patterns at the CYP19A1 locus were generally similar for Han
Chinese and CEPH individuals. Utilizing the HapMap data, which currently includes seven of
the ten polymorphisms that were genotyped, we estimated post hoc the amount of genetic
variation captured by these seven polymorphisms across the 189.4-kb region specified by
Haiman et al. (35), separately for Han Chinese and CEPH individuals, using the Tagger
program in Haploview 4.0 (http://www.broad.mit.edu/mpg/haploview). With a minimum
minor allele frequency of 5% and r? threshold of 0.8, the seven polymorphisms (when defined
as tag SNPs, not htSNPs) captured 48 of the 207 (23.2%) alleles in Han Chinese individuals
and 55 of the 209 (26.3%) alleles in CEPH individuals. The amount of genetic variation
represented by the remaining three polymorphisms could not be quantified, but it is unlikely
to differ considerably between the two ethnic groups.

Quality control checks of the genotyping data were also conducted. Among control subjects,
all polymorphisms were in Hardy-Weinberg equilibrium. The proportion of positive control
samples with genotype calls ranged from 64.6% to 95.8%; three polymorphisms had genotype
calls below 90% (64.4% for rs1004982, 83.7% for rs1870049, and 85.0% for rs4775936). For
each polymorphism, however, all genotyping calls were 100% concordant with the known
genotypes of the control samples.

No overall associations were found between any of the CYP19A1 variants and risk of either
breast cancer or fibrocystic breast conditions (Table 1). These results remained unchanged
when the prevalent breast cancer cases (i.e., cases diagnosed prior to September 1995) were
excluded from the analysis. Stratifying by proliferation status, the risk of breast cancer was
elevated among those women with concurrent proliferation in the extratumoral epithelium who
carried two (vs. no) copies of the variant allele for rs1004982, rs28566535, rs936306, and
rs4775936. In light of this observation, we additionally compared those women with breast
cancer with concurrent proliferative fibrocystic conditions to women with proliferative
fibrocystic conditions only, in order to estimate the risk of progression to breast cancer
associated with these four CYP19A1 variants. The corresponding age-adjusted odds ratios
associated with the homozygous variant genotype were 1.63 (95% CI: 0.78, 3.40) for
rs1004982, 2.05 (95% ClI: 0.96, 4.37) for rs28566535, 2.22 (95% Cl: 1.03, 4.75) for rs936306,
and 1.68 (95% CI: 0.81, 3.48) for rs4775936. There was suggestive evidence of an increased
risk of breast cancer in postmenopausal, but not premenopausal women who carried two (vs.
no) copies of the variant allele for rs28566535 (CC vs. AA: OR=1.63, 95% CI: 0.97, 2.74 for
postmenopausal women; OR=0.83, 95% CI: 0.51, 1.38 for premenopausal women) and
rs10046 (CCvs. TT: OR=1.35, 95% ClI: 0.99, 2.45 for postmenopausal women; OR=0.91, 95%
Cl: 0.59, 1.39 for premenopausal women), and no evidence of effect modification by BMI
(data not shown). The risk of fibrocystic breast conditions did not vary by proliferation status,
menopausal status, or BMI.

Inferring haplotypes using unphased genotype data for all ten SNPs, we observed six common
haplotypes that occurred at a frequency of 5% or greater in the control group or either case
group. The frequencies of each haplotype for both case groups were similar to the control
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group, and none of the haplotypes were associated with overall risk of breast cancer or
fibrocystic breast conditions. When we examined haplotypes by block structure as previously
characterized by Haiman et al. (35), we again noted no associations with individual block-
specific haplotypes (range of global score test p-values: 0.31 to 0.87). However, as shown in
Table 2 and akin to the SNP-based analysis, we observed an elevated risk of breast cancer in
women with concurrent proliferative fibrocystic conditions carrying the haplotypes TC (vs.
TT) for rs1870049 and rs1004982 in block 1; CC (vs. AC) for rs28566535 and rs936306 in
block 2; and GCITG and GCDTG (vs. ATITG) for rs767199, rs4775936, rs11575899, rs10046,
and rs4646 in block 4. Each of these haplotypes included at least one variant allele of the four
SNPs found to confer risk. The p-values of the global score test for blocks 1, 2, and 4 were
0.11, 0.007, and 0.055, respectively, when the analysis was limited to this subgroup of breast
cancer cases.

Given these observations, we further explored whether the associations might be modified by
menopausal status or BMI among breast cancer cases with concurrent proliferative fibrocystic
conditions. Although the number of cases and controls in these strata were extremely small,
the same patterns of SNP and haplotype-based results were generally limited to women who
were postmenopausal or who had a higher BMI; the one exception was the GCDTG haplotype
in block 4, which corresponded to increased risks in premenopausal women and women with
a BMI <23.0 kg/m? (Table 3 and Table 4).

DISCUSSION

In this study, we evaluated whether interindividual variation in the CYP19A1 gene alters
susceptibility to breast cancer or fibrocystic breast conditions in Chinese women. Overall risk
of either disease outcome was not related to any of the individual genotypes or block-specific
haplotypes, although the risk of breast cancer associated with several gene variants differed
according to proliferation status. The observed increases in risk among breast cancer cases
with, but not without, concurrent proliferative fibrocystic conditions suggest that CYP19A1
variation may only influence breast cancer etiology in this specific subgroup of women.

A clear limitation of our study was the selection of SNPs identified to tag common haplotypes
in Caucasian women. Different htSNPs would have been chosen if sequencing data for the Han
Chinese population had been available for use at the time this study was conducted. Using
genotype data for the Han Chinese and CEPH individuals from the International HapMap
Project, we attempted post hoc to estimate the extent of common variation captured by the
SNPs genotyped across the CYP19A1 locus in each ethnic group. Of the ten SNPs selected,
the seven for which HapMap data were available captured approximately 23% of the
CYP19A1 variation in the Han Chinese. Despite this very modest estimate of gene coverage,
the corresponding estimate in the CEPH was only 3% higher, and our LD structure plots of the
CYP19A1 gene for the CEPH and Han Chinese populations were generally similar (Figure 1).
This observation is compatible with resequencing data published by Ma et al. (52) that show
minor allele frequencies for Caucasian-American and Han Chinese-American individuals are
comparable in some, although not all polymorphic regions of this gene. Therefore, due to this
inherent limitation, we can only assess the risks of breast cancer and fibrocystic breast
conditions in relation to each individual SNP alone and in combination with other SNPs (as
defined by block-specific haplotypes).

Novel features of the present study were 1) the inclusion of women with fibrocystic breast

conditions as a separate comparison group and 2) the classification of biopsied tissue according
to the presence of proliferative changes in the non-malignant epithelium adjacent to the breast
tumor or in the benign lesion. Although proliferation status was determined for a limited subset
of cases, homozygous carriage of the minor allele, relative to that of the major allele, for four
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of the SNPs was associated with close to a twofold increased risk of breast cancer in the
presence, but not absence of concurrent fibrocystic conditions. Assessing the validity of these
results is challenging, since no known genetic association studies of breast cancer have
collected data on fibrocystic changes in the extratumoral epithelium. With the small size of the
biopsies taken, however, some non-differential misclassification of proliferation status likely
occurred, and the true magnitude of risk could be even greater than observed.

Several recent studies, including another also conducted in Shanghai, have not been able to
link CYP19A1 variation to breast cancer risk (27,36,37). Yet in one of these studies comprised
of primarily Caucasian, postmenopausal women, associations were noted between tagging
SNPs, particularly in blocks 3 and 4, and 10% to 20% increases in circulating estrogen levels
(36). The strongest associations were reported for two SNPs that we did not genotype, rs749292
and rs727479. Again utilizing the HapMap data on the Han Chinese, we did not note strong
pairwise correlations for either rs749292 or rs727479 with the three SNPs that were related to
an increased risk of breast cancer with proliferative fibrocystic conditions (pairwise r? ranged
from 0.04 to 0.41). Therefore, the functional relevance of these three “at risk” SNPs is not
clear.

Other investigations in Shanghai have produced some evidence linking CYP19A1 variation to
related outcomes, including breast cancer mortality (53), endometrial cancer (54), and obesity
(55). The same population of Chinese women, who were genotyped for 19 htSNPs identified
previously for Japanese women in the Multiethnic Cohort Study (35), have been examined in
the studies of breast cancer incidence (37), breast cancer mortality (53), and obesity (55). Of
the 19 markers, four (rs28566535, rs936306, rs10046, and rs4646) were also selected as htSNPs
in our study. In the Long et al. study of CYP19A1 variation and breast cancer mortality in
Shanghai, poorer survival was associated with homozygous carriage of the minor allele,
relative to that of the major allele, for all five SNPs examined in block 2 and a nonsynonymous
SNP (Arg264Cys) in block 4 (53).

In our study, the risk-conferring variants for breast cancer with proliferative fibrocystic
conditions were two of the same SNPs in block 2 (rs28566535 and rs936306), as well as one
SNP each in blocks 1 and 4 that were not genotyped by Long et al. Also, compatible with our
hypothesis that some proliferative fibrocystic lesions may represent precursor lesions for breast
cancer, we found elevated odds ratios of breast cancer with proliferative fibrocystic conditions
in relation to these four variants, when compared to proliferative fibrocystic conditions only.
In light of these findings, the increased risk of breast cancer that has been previously reported
in women with proliferative (but not non-proliferative) fibrocystic conditions may, at least in
part, be explained by differences in CYP19A1 variation.

In exploratory analyses, we further found the increased risk of breast cancer with proliferative
fibrocystic conditions in relation to certain CYP19A1 markers was pronounced among women
who were postmenopausal or had a BMI >23 kg/m2. While these findings should be viewed
as suggestive, the direction and magnitude of the odds ratio estimates are consistent with
evidence that adipose tissue serves as the primary source of endogenous estrogens in
postmenopausal women and that aromatase expression is upregulated in malignant relative to
normal breast tissue (4).

Although the associations that we observed could be explained by chance due to the number
of analyses conducted and comparisons made, there are data to suggest that the chromosomal
region 15921.1, where CYP19A1 is located, may influence breast cancer progression. Among
patients with primary breast carcinoma, known predictors of poor prognosis have been strongly
correlated with allelic imbalance at 15g21.1, and much higher frequencies of allelic imbalance
in this genomic region, particularly at the TTTA repeat in intron 4 (block 4), have been found
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in more advanced tumors (56). Furthermore, multiple promoters, including those expressed in
adipose tissue and breast cancer (i.e., 1.3 and 1.4), are located about 93 kb upstream of the
coding exon Il (4). Variants in haplotype blocks 1 to 3 are located in this region.

Our results, coupled with current knowledge about the biology of the CYP19A1 gene, suggest
that CYP19A1 variation may contribute toward the origin of breast tumors in women with
proliferative fibrocystic conditions. Until replicated by others, however, these findings should
be interpreted cautiously. Well-designed studies examining CYP19A1 variation in relation to
breast cancer risk in a cohort of women with benign proliferative fibrocystic breast conditions
could be conducted to validate our results.

Abbreviations

CYP19A1, cytochrome p450 19; BSE, breast self-examination; SNP, single nucleotide
polymorphism; PCR, polymerase chain reaction; OR, odds ratio; CI, confidence interval.
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Figure 1. CYP19A1 linkage disequilibrium patterns in the HapMap CEPH and Han Chinese
populations

SNPs range from rs2445781 (chromosome pos: 49440552) to rs1122044 (chromosome pos:
49259537). SNPs shown have a minor allele frequency of > 5% in both HapMap CEPH and
Han Chinese populations.
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