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Abstract

Tissue inhibitors of metalloproteinases (TIMPSs) are endogenous inhibitors of matrix
metalloproteinases which are involved in normal cellular processes and also in cancer
development and progression. The purpose of this study was to evaluate polymorphisms in the
TIMP-2 and TIMP-3 genes for their associations with breast cancer susceptibility and survival.
Using data from the Shanghai Breast Cancer Study, 19 SNPs for each gene were evaluated for
associations with breast cancer risk among 1,062 cases and 1,069 controls; associations with
disease-free and overall survival were evaluated among the cases. For TIMP-2, women with the
rs7501477 TT genotype were 3 times more likely to be breast cancer cases than women with the
CC genotype (OR: 2.9, 95% CI: 1.2-7.0). For TIMP-3, women with the rs9609643 AA genotype
were 60% less likely to be breast cancer cases than women with the GG genotype (OR: 0.4, 95%
Cl: 0.2-1.0), whereas women with the rs8136803 TT genotype were 5 times more likely to be
cases than women with the GG genotype (OR: 5.1, 95% CI: 1.1-24.3). Further, breast cancer cases
with rs8136803 TT were almost four times more likely to have decreased disease-free survival
(HR: 3.9, 95% CI: 1.4-10.6) and had a trend towards decreased overall survival (HR: 1.9, 95% ClI:
0.6-6.1). An important study limitation was that these 3 SNPs (rs7501477, rs9609643, rs8136803)
had low minor allele frequencies which resulted in small numbers of homozygote individuals.
Genetic variation in the TIMP-2 and TIMP-3 genes may contribute to individual differences in
breast cancer susceptibility and survival.
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Introduction

Known germline mutations in high-penetrance breast cancer susceptibility genes, such as
BRCA-1 and BRCA-2, account for only 5-10% of all breast cancers because of their low
mutation frequency in the general population. In contrast, common low-penetrant genetic
factors likely contribute to the susceptibility of developing breast cancer for most sporadic
cases.1 Polymorphisms in these low-penetrance but high-prevalence genes may, in
combination, have a greater influence on cancer risk and prognosis, and their identification
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is an important goal. Relevant biological pathways include cell-cycle control and
extracellular matrix (ECM) remodeling, among others.

The human matrix metalloproteinase (MMP) family consists of over 20 proteolytic enzymes
that can degrade all components of the ECM, and are known contributors to tumor cell
invasion and metastasis.2"8 MMPs also have non-matrix substrates, and can therefore
influence not only ECM remodeling, but also cell growth, apoptosis, cell migration, and
cell-cell communication, further supporting their involvement in multiple stages of
carcinogenesis and tumor control processes.3:6'9 The expression and activity of the MMPs
are tightly regulated at 3 major levels: gene transcription, pro-enzyme activation, and
enzymatic activity inhibition.10:11

Tissue inhibitors of metalloproteinases (TIMPs) are endogenous inhibitors of activated
MMPs that contribute to normal functions such as tissue repair after injury and
development, as well as to pathologic states such as cardiovascular disease and cancer.
Traditionally thought to suppress cancer growth and metastasis, the TIMP genes have
recently been found to have additional paradoxical effects on tumorigenesis.11:12 For
example, TIMPs have been shown to be involved in cell growth stimulation and inhibition
of apoptosis, thereby favoring early tumor initiation and growth.13:14 In addition, TIMPs
may promote tumor angiogenesis either indirectly by inhibiting MMPs that help generate
angiogenic inhibitors such as angiostatin and endostatin, or directly through an inhibitory
effect on endothelial cell proliferation.15:16

There are four known TIMP genes (TIMP-1-4) which have both MMP-dependent and
MMP-independent effects in many cell types including the breast.11:17 TIMP-2 is normally
expressed in breast stromal tissue; however, increased expression has been found in ductal
carcinoma in situ and in invasive breast carcinomas.18:19TIMP-2 has been found to
stimulate cell growth and inhibit apoptosis in breast cancer cells, as well as to inhibit
endothelial cell growth and abrogate angiogenesis.11:17:20 Increased expression of TIMP-2
in breast cancer tissue has also been associated with tumor recurrence and development of
metastasis.21°23

TIMP-3 is a cell-cycle-regulated gene that is normally found in the breast epithelium;
reduced TIMP-3 expression in breast tumor and peri-tumoral tissues has been linked to cell
cycle deregulation and tumor cell proliferation.24TIMP-3 has been found to induce
apoptosis in both normal and malignant cells and also to inhibit endothelial cell motility and
proliferation.11:20 In addition to inhibiting tumor growth, TIMP-3 has also been found to be
a potent inhibitor of angiogenesis.25 Reduced expression of TIMP-3 in breast cancer tissue
has been associated with poor disease-free survival.24:26

Functional polymorphisms in the TIMP genes could lead to either increased or decreased
activities, which in turn could cause an imbalance in the TIMP/MMP ratio, and thus impact
cancer development and progression. Studies have begun to evaluate the association
between TIMP polymorphisms and cancer risk and survival,27-29 however, only one
TIMP-2 SNP and one TIMP-3 SNP have been considered, and studies in breast cancer are
sparse.30-31 The purpose of the present study was to systematically evaluate
polymorphisms in TIMP-2 and TIMP-3, and to characterize their association with breast
cancer susceptibility and survival.
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Methods

Study population

The Shanghai Breast Cancer Study is a population-based case-control study of women in
urban Shanghai, China, which has previously been described in detail.32 Briefly, cases were
women diagnosed with breast cancer between August 1996 and March 1998, 25-64 years of
age, without a previous cancer diagnosis, and alive at the time of interview. Cases were
identified via a rapid case-reporting system supplemented by the population-based Shanghai
Cancer Registry; diagnoses were confirmed by two senior pathologists. Controls were
women without a previous cancer diagnosis randomly selected from the general population
using the Shanghai Resident Registry, a population registry of adult residents in urban
Shanghai. Structured questionnaires were used to obtain detailed information on
demographic, reproductive, and behavioral factors. Of eligible participants, 1,459 (91.1%)
cases and 1,556 (90.3%) controls completed in-person interviews and 1,193 cases (81.8%)
and 1,310 controls (84.2%) donated blood samples. Information about clinicopathological
characteristics, including cancer stage, treatment, and estrogen receptor (ER) and
progesterone receptor (PR) status was obtained by medical record review using a standard
protocol.

Patients were followed through July 2005 by active follow-up and death certificate linkage
with the Shanghai Center for Disease Control and Prevention. Of the 1,459 breast cancer
cases, 1,378 (94.4%) patients were either contacted directly, or if deceased, contact was
made with the next of kin (N=266). Status of the remaining 77 patients was determined by
death registry linkage; 47 were found be deceased. The 30 remaining patients were assumed
to be alive six months prior to the date of death certificate linkage to allow for any possible
delay of record entry. Four subjects had insufficient information for record linkage and were
considered to be lost to follow-up.

SNP selection

Polymorphisms were selected by searching Han Chinese data from the HapMap Project33
using the Tagger program.34 Haplotype tagging SNPs (htSNPs) were selected to cover
SNPs with a linkage disequilibrium (LD) r2 of 0.90 or greater in the TIMP-2 and TIMP-3
genes £ 5 kb with a minor allele frequency (MAF) of at least 0.05. Known or potentially
functional SNPs were forced into the htSNP selection process. During assay design, two
TIMP-2 htSNPs failed (rs11547635 and rs130300) and were replaced by rs5754312 and
rs135029. Nineteen SNPs for each gene were selected and genotyped (Table 2).

DNA extraction and SNP genotyping

Genomic DNA was extracted from buffy coats using Puregene's DNA Purification Kits
(Gentra Systems, Minneapolis, MN) or Qiagen's DNA Purification kits (Qiagen, Valencia,
CA). Of the 2,503 participants who donated blood samples, 2,219 (88.7%) were genotyped
for the 19 TIMP-2 SNPs and 19 TIMP-3 SNPS with the Targeted Genotyping System
(Affymetrix, Santa Clara, CA) using an advanced Molecular Inversion Probe (MIP) method.
35 Successful genotyping data were obtained from 2,131 (96.0%) of the samples.
Consistency rates for blinded duplicates (N=39) and HapMap samples (N=12) averaged
99.6%. Laboratory personnel were blinded to the case-control status of all samples.

Statistical analysis

Hardy-Weinberg equilibrium (HWE) was tested by comparing differences in the observed
and expected genotype distributions for the cases and controls separately. Case and control
characteristics were compared with the 2 test or t-test when appropriate. The associations
between TIMP-2 and TIMP-3 polymorphisms and risk of breast cancer were estimated by
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odds ratios (ORs) and 95% confidence intervals (95% CIs) using logistic regression
analyses: additive, dominant, and recessive models were applied. Covariates considered
included age, education, age at menarche, age at first live birth among parous women, age at
menopause among postmenopausal women, use of oral contraceptives, use of estrogen
replacement therapy, family history of breast cancer, history of breast fibroadenomas, body-
mass index (BMI, kg/m?2), waist-to-hip ratio (WHR) and regular physical activity in the
decade preceding diagnosis.

Disease-free survival (DF) was calculated for cases using the time from cancer diagnosis to
disease relapse or death; overall survival (OS) was calculated using the time from cancer
diagnosis to death. Censoring occurred at the date of last contact or 6 months prior to the
date of record linkage. Differences in Kaplan-Meier survival functions were evaluated with
the log-rank test. Hazard ratios (HRs) and corresponding 95% Cls were determined by
proportional hazards regression. Covariates included age at diagnosis, menopausal status,
disease stage, estrogen (ER) and progesterone receptor (PR) status, and cancer treatment,
including chemotherapy, radiotherapy, and tamoxifen drug therapy.

Linkage disequilibrium between polymorphisms within each gene was assessed by
Haploview.36 Associations between haplotypes37 and breast cancer risk and survival were
analyzed with HAPSTAT software.38 Haplotype analysis covariates included age and
education for risk models, and age and disease stage for survival models. All other analyses
were performed using Statistical Analysis System software (Version 9.1; SAS Institute,
Cary, NC). Al statistical tests were two-tailed and p-values of < 0.05 were interpreted as
statistically significant.

Table 1 presents demographic, reproductive, and behavioral risk factors by case-control
status in participants of the Shanghai Breast Cancer Study for whom genotyping information
was available. Consistent with the findings from the parent study and prior epidemiologic
studies, early age at menarche, late age at menopause, late age at first live birth, prior history
of fibroadenomas, high BMI or WHR, and low physical activity were found to be associated
with the risk of breast cancer.

Of the 38 SNPs evaluated for TIMP-2 and TIMP-3, only two were found to deviate from
HWE after adjusting for multiple testing. rs7212662 deviated from HWE among both cases
and controls and was not included in further analyses; rs9609643 deviated from HWE
among breast cancer patients, but was in accordance with HWE among controls.

Associations between TIMP-2 and TIMP-3 polymorphisms and breast cancer risk are shown
in Table 2. Estimates are adjusted for age, education, age at menarche, age at menopause,
age at first live birth, BMI, and WHR. For all SNPs, major allele homozygotes serve as the
reference group, and heterozygotes and minor allele homozygotes are separately compared.
Dominant and recessive models were also considered when appropriate. Homozygotes for
the TIMP-2 rs7501477 minor allele (T) had an increased risk of breast cancer (OR: 2.9, 95%
Cl: 1.2-7.0), this was significant in a recessive fashion (p=0.020). Carrying a minor allele in
five other TIMP-2 SNPs (rs4789932, rs11654470, rs8064344, rs2277698, and rs9916809)
was associated with modest increases in breast cancer risk with ORs ranging from 1.2 to 1.4,
which were statistically significant in dominant models. For TIMP-3, homozygotes for the
rare T allele for rs8136803 had a significantly increased risk of breast cancer (OR 5.1, 95%
Cl 1.1-24.3), although the small number of homozygotes (N=8) affected the stability of the
point estimate. Homozygote women for the TIMP-3 rs9609643 minor A allele had a
marginally significant decreased risk of breast cancer (OR 0.4, 95% ClI: 0.2-1.0) when
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compared to women homozygous for the major G allele (p=0.06). When associations
between SNPs and breast cancer risk were estimated in models that included adjustment for
only age and education, results were materially unaltered (data not shown). Stratification by
menopausal status did not appreciably alter the effect estimates and there were no significant
interactions found (data not shown).

The LD structures of the TIMP-2 and TIMP-3 genes among the controls were used to
determine haplotype blocks (Supplemental Figure 1). Four haplotype blocks were identified
for TIMP-2 and five for TIMP-3. Haplotype analysis results were generally consistent with
single SNP analysis, and did not reveal any additional SNPs to be associated with breast
cancer risk (Table 3).

Table 4 shows the associations between breast cancer clinicopathological factors and
disease-free (DF) and overall survival (OS) among the 1,062 cases. Proportional hazards
regression models adjusted for age at diagnosis and stage of disease only, as well as models
adjusted for age, disease stage, menopausal status, ER/PR status, and treatment
(chemotherapy, radiotherapy, and tamoxifen drug therapy) are shown. As expected,
advanced disease stage was associated with decreased disease-free and overall survival in all
models. However, post-menopausal status was associated with worse disease-free and
overall survival, which may reflect that routine breast cancer screening was not performed in
the study population when the study began. In addition, ER/PR status was not associated
with survival in this patient population, possibly due to the high number of patients with
missing hormone receptor status information.

Of the 38 TIMP-2 and -3 SNPs evaluated, only one was found to be associated with
survival. Cases with the TIMP-3 rs8136803 TT genotype were almost 4 times more likely to
have worse disease-free survival when compared to GG homozygotes (HR: 3.9, 95% CI:
1.4-10.6), even after adjusting for known prognostic factors including age at diagnosis,
menopausal status, disease stage, ER and PR status, and cancer treatment. These women
also had decreased overall survival (HR: 3.7, 95% CI: 1.2-11.5), although adjustment for
additional clinicopathological factors attenuated this effect (HR: 1.9, 95% CI: 0.6-6.1). The
small number of rare allele homozygote cases (N=8) resulted in imprecise estimates. The
Kaplan-Meier survival functions and log rank p-values for all SNPs were consistent with
regression analyses (data not shown); results for TIMP-3 rs8136803 are shown in Figure 1.
Cases with the TT genotype had decreased disease-free survival (p=0.007), whereas overall
survival time was not significantly affected (p=0.136). Five-year survival estimates for TT
patients could only be approximated, because all outcomes after five years were censored.
Haplotype survival analysis was in agreement with single SNP analysis (data not shown);
only haplotypes with the rare allele of TIMP-3 rs8136803 (T) were associated with
significantly reduced disease-free and marginally reduced overall survival in recessive
models.

Discussion

Breast cancer is a leading cause of cancer deaths among women in Western countries and
China. Because a relatively small percentage of breast cancers are attributed to highly
penetrant germline mutations, we sought to examine other common, low-penetrant genetic
variants that may affect breast cancer susceptibility and survival. MMPs and TIMPs are
highly influential in cancer development and progression. In this study, we systematically
evaluated polymorphisms in TIMP-2 and TIMP-3 for their association with breast cancer
risk and survival in a large, population-based case-control study of Chinese women. For
TIMP-2, we found that women with the promoter rs7501477 TT genotype were almost 3
times more likely to be breast cancer cases than women with the CC genotype. Women with
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either one or two copies of the minor alleles for five other TIMP-2 SNPs (rs4789932,
rs11654470, rs8064344, rs2277698, and rs9916809) showed modest increases in breast
cancer risk. We did not find any significant associations between TIMP-2 polymorphisms
and breast cancer survival.

For TIMP-3, we found that women with the rs8136803 TT genotype were 5 times more
likely to be breast cancer cases than women with the GG genotype, whereas women with the
TIMP-3 rs9609643 AA genotype were 60% less likely to be breast cancer cases than women
with the GG genotype. The effects of these two SNPs appeared to be independent, as a
logistic regression model that included both polymorphisms yielded associations comparable
to each SNP alone. However, their interaction could not be fully evaluated, as no individuals
were found to have both rs8136803 TT and rs9609643 AA. In addition to being associated
with breast cancer risk, rs8136803 was also found to be associated with decreased breast
cancer survival in this population. Rare allele homozygotes (TT) were almost four times
more likely to have decreased disease-free survival, and also tended to have shorter overall
survival. The precision and significance of the estimates for this SNP were limited by its low
minor allele frequency in our study population (5.4%) and its recessive effect.

TIMP-2 is an endogenous inhibitor of MMP-2; MMP-2 over-expression is generally thought
to promote cancer invasion. We found that a genetic polymorphism in the promoter of
TIMP-2 (rs7501477) was strongly associated with an increase in breast cancer risk.
Although the functional significance of this polymorphism is not yet known, it is possible
that it down-regulates the transcriptional activity of TIMP-2, or else tags a variation that
does. To our knowledge, there has been only one other study that evaluated an association
between a genetic polymorphism in TIMP-2 and breast cancer risk. Zhou and colleagues
examined a promoter SNP (-418 G/C; rs8179090) in TIMP-2 whose functional significance
is not known, but has been hypothesized to lead to transcriptional down-regulation because
of its location within a consensus sequence for an Sp1-binding site.31 They found a reduced
risk of breast cancer (OR 0.76; 95% CI: 0.58-0.99) for the variant allele compared to the
common allele. In contrast, the variant allele has been associated with an increased risk of
head and neck cancer,27 oral squamous cell cancer,28 and gastric cancer,29 in other studies.
Unfortunately, we did not examine this particular SNP in our study.

TIMP-3 has been found to induce apoptosis in cancer cells39 and be a potent angiogenic
inhibitor.25 We found that 2 intronic TIMP-3 polymorphisms (rs8136803 and rs9609643)
were associated with increased and decreased breast cancer risk, respectively. The functional
relevance of these polymorphisms is not known; they may directly impact TIMP-3
expression or activity, or they may be markers of other functionally relevant variations. As
yet, there has been only one other study to examine a TIMP-3 SNP (-1296 T/C; rs9619311)
for an association with breast cancer susceptibility. This functional significance of this
promoter SNP is not known, but is thought to affect transcription factor binding sites. Lei
and colleagues found a moderately increased risk of breast cancer among Swedish women
who were carriers of the C allele (OR 1.25, 95% CI 1.05-1.50).30 We found a similar
association, but our result did not reach statistical significance (OR 1.2, 95% CI 0.9-1.5),
perhaps due to the lower MAF among Chinese. Also consistent with the findings of Lei et
al.,30 we did not find a significant association between the TIMP-3 polymorphism
rs9619311 and breast cancer survival.

The TIMP-3 intronic SNP, rs8136803, was associated not only with an increased risk of
breast cancer, but also decreased survival in this study. To the best of our knowledge, no
other study has examined this polymorphism in relation to cancer, nor is it known whether
this SNP is functional. rs8136803 is reported to have a higher MAF among Africans than
Asians or Caucasians,33 and validation of this association in an African population should
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be pursued. Of note, the entire TIMP-3 gene, which spans approximately 55 kb of DNA, is
located within an exon of SYN-3, a neuronal-specific synapsin involved in vesicle
neurotransmitter release. Therefore, although the role of SYN-3 in breast cancer
development and progression is unknown, it is possible that the association with breast
cancer observed for rs8136803 may be due to SYN-3 rather than TIMP-3.

An important limitation to our study was the small numbers of homozygote individuals with
rare alleles which produced unstable odds and hazard ratio estimates. Studies with larger
sample sizes are necessary to confirm our findings. In summary, we systematically
investigated 38 polymorphisms across TIMP-2 and TIMP-3, and found several novel
associations with breast cancer susceptibility and survival. Although the functional
significance of these polymorphisms is not yet known, and some of the associations
identified in our study could be the result of multiple comparisons, these findings do support
a possible role for TIMPs in breast cancer development and progression. Future studies that
include these polymorphisms may lead to a better understanding of genetic determinants of
breast cancer risk and disease outcome.
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Table 1
Characteristics of Study Participants, The Shanghai Breast Cancer Study

Population Characteristics Controls (N=1,069) Cases (N=1,062) p—value*

Demographic Factors

Age (years) 47.0+8.7 475+79 0.203
Education
Elementary school or less 158 (14.8%) 130 (12.2%)
Middle school 454 (42.5%) 473 (44.5%) 0.213
High school or more 457 (42.8%) 459 (43.2%)
Reproductive Risk Factors
Age at menarche (years) 147+1.7 145+16 <0.001
Age at menopause (years)? 47.2+5.0 48.1+4.8 0.019
Age at first live birth (years)? 262+3.8 268+4.1 <0.001
Used oral contraceptives 226 (21.1%) 228 (21.5%) 0.854
Used estrogen replacement therapy 28 (2.6%) 28 (2.6%) 0.974
Additional Risk Factors
First degree relative with breast cancer 30 (2.8%) 36 (3.4%) 0.437
Ever had breast fibroadenomas 50 (4.7%) 104 (9.8%) <0.001
Body mass index (kg/m?) 23334 23.6+3.4 0.020
Waist-to-hip ratio 0.80 + 0.06 0.81+0.06 <0.001
Regular physical activity 272 (25.5%) 202 (19.0%) <0.001

*
Bold values considered to be significant p<0.05
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