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Abstract

Ovarian cancer is one of the leading female cancers in the United States. Challenges remain in
early diagnosis of this deadly disease. Matrix metalloproteinases (MMPs) family genes are
paradoxically involved in cancer promotion and suppression. We hypothesize that genetic variants
in MMP genes are associated with ovarian cancer development, so they could be potential markers
for ovarian cancer diagnosis and prognosis. In this study of 417 ovarian cancer cases and 417
healthy controls, we genotyped a comprehensive panel of 266 single nucleotide polymorphisms
(SNPs) in 23 MMP genes and analysed their associations with ovarian cancer risk, overall survival
and treatment response in ovarian cancer cases who received platinum-based chemotherapy with
surgery. In the analysis on 339 Caucasian cases and 349 Caucasian controls, 4 SNPs were
significantly associated with cancer risk. The most significant association was observed for
rs2292730 (OR = 2.03, 95% CI = 1.39-2.96, = 0.0002). Classification and regression tree
analysis identified four terminal nodes with differential risk of ovarian cancer. Thirty-four SNPs
were significantly associated with overall survival and four of which showed significant
association with response to chemotherapy. Unfavourable genotype analysis of top SNPs on
overall risk of death showed significant gene-dosage effect, survival tree analysis differentiated
patients into distinct risk groups based on their genetic profiles with median survival times (MSTs)
ranging from 17.7 to 151.7 months. In conclusion, our results suggest that genetic variants in
MMP pathway genes may modulate the risk and clinical outcomes of ovarian cancer, both
individually and jointly.
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INTRODUCTION

Ovarian cancer is among the 10 leading cancers in women in the United States. In 2013,
there are an estimated 22,240 new cases and 14,030 new deaths [1]. Ovarian cancer has the
highest mortality rate among all the gynecologic cancers, largely because it is often at an
advanced stage by the time of diagnosis. Symptoms reported from ovarian cancer patients
include pelvic pain, abnormal vaginal bleeding, and involuntary weight loss, as well as non-
specific symptoms such as abdominal pain, back pain, urinary urgency, and fatigue, and etc.,
which contribute to the difficulties of early diagnosis and the resulting low survival rate [2—
5]. Diagnosed patients are usually treated with surgical resection followed by platinum-
based chemotherapy [6]. Despite continuous advances in ovarian cancer research, diagnosis,
and clinical treatment during the past 30 years [7], no cost-effective screening strategy for
early-stage ovarian cancer, which would significantly increase the survival rate, is available.
Improved understanding of genetic risk factors and the identification of novel biomarkers
will enable a tailored approach for personalized prevention and treatment strategies to be
developed for ovarian cancer.

In general, risk factors of ovarian cancer include aging, family history, infertility, hormonal
therapy, and etc [8,9]. Germline mutations in BRCA gene (the gene that produces breast
cancer susceptibility protein) are significantly associated with hereditary forms of ovarian
cancer. Female carriers of germline BRCA1 mutations have an approximately 60% lifetime
risk of developing ovarian cancer; carriers of BRCA2 mutations have a moderately increased
risk [10]. In addition, the most common histological type of ovarian cancer, serous
carcinoma, is reported to be associated with a particularly high frequency of molecular
events involving BRCA pathway dysfunction, such as TP53 mutation, chromosomal
instability, distinct molecular subtypes, and DNA copy number-driven changes in gene
expression [11].

Matrix metalloproteinases (MMPs) are a family of more than 20 zinc-dependent enzymes
known to degrade extracellular matrix and basement membrane components [12]. MMPs are
important in the development of a variety of inflammatory, neurode-generative, and
malignant diseases [13-17]. Previously, they were considered exclusively up-regulated in
tumor growth, invasion, and metastasis [18—20]; however, more recent studies have
suggested that MMPs, as well as tissue inhibitors of metalloproteinases (TIMPs), are
paradoxically involved in both cancer-promoting and cancer-suppressing functions [21]. In a
recent report, Delassus et al. [22] presented a detailed map of the known up- and down-
regulatory signaling pathways from common cancer progression suppressors to MMPs.
They reported that there were increased expressions of MMPs interlinked with known
suppressors in the tested ovarian cancer cell line. Specifically, MMP2 was up-regulated by
E-cadherin and p53, MMP14 by fibulin ID and Raf kinase inhibitory protein, MMP16 by
fibulin ID and phosphatase and tensin homolog, and MMP25 by phosphatase and tensin
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homolog [22].In addition, studies on ovarian cancer tissue samples demonstrated the positive
association of MMP2 and MMP9 high expression with disease aggressiveness, and that
MMP 9 mediates EGFR-dependent E-cadherin loss in ovarian carcinoma cells [23,24].

Genetic polymorphisms in the promoter regions from selected MMP have been investigated
in three Asian populations—two Chinese populations and one Korean population [25-27].
Study on large scale genetic variants covering a wide scope of MMP family and inhibitor
genes has not been reported. In our study, we carefully selected 266 single-nucleotide
polymorphisms (SNPs) from the complete gene region and from the flanking regions of 22
MMP genes and the TIMP1 gene. The purpose was to evaluate their association with ovarian
cancer risk, disease-specific survival, and treatment response.

MATERIALS AND METHODS

Study Population and Data Collection

In this study, we enrolled 417 patients with newly diagnosed and histologically confirmed
ovarian cancer at The University of Texas MD Anderson Cancer Center from August 1991
to January 2009. We define control subjects as individuals in normal health conditions
without prior history of cancer, excluding non-melanoma skin cancer. Controls were
prospectively recruited in parallel with cases from the Kelsey-Seybold Clinic. Controls were
matched to cases by age (£5yr), gender and ethnicity. Written consent forms were obtained
from all subjects before interviews on demographic and epidemiologic information,
including age, height, weight, ethnicity, alcohol consumption, and smoking history and
status. Immediately after each interview, a 40 ml blood sample was drawn into heparinized
tubes for lymphocyte isolation and DNA extraction. In this study, a patient’s treatment
response was defined by whether there was evidence of residual disease as indicated by
various clinical measures, such as positron emission tomography or computed tomography
scans, second-look surgery, and post-chemotherapy CA-125 level. Patients who had died
during the follow-up period were considered to have poor response. The study was approved
by the MD Anderson institutional review board.

SNP Selection and Genotyping

SNP selections were based on previously established criteria [28] through which a
customized panel of genes involved in cancer-related cellular pathways, including MMP
pathways, was generated using the iSelect platform (Illumina, Inc., San Diego, CA). A
priority score was assigned to each gene based on a literature review and a query of the Gene
Ontology database (http://www.geneontology.org/). A total of 266 potentially functional and
tagging SNPs from 22 genes in the MMP family and the TIMP1 gene were selected via
database mining of the International HapMap Project [29] and dbSNP [30]. Tagging SNPs
were defined as SNPs with an r2 threshold of 0.80 and a minor allele frequency (MAF)
>0.01 in Caucasians. Potentially functional SNPs were chosen from both coding and
regulatory regions such as promoter region, splicing site, 5" untranslated region (UTR), and
3’ UTR. In addition, SNP selection covered flanking regions 10 kb upstream of the
transcriptional start site and 10 kb downstream of the transcriptional end site of each gene. A
complete set of SNPs was sent to Illumina technical support for iSelect Infinium BeadChip
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design. Genomic DNA was extracted from peripheral blood lymphocytes using the QIAmp
DNA extraction kit (Qiagen, Hilden, Germany) and genotyped according to the
manufacturer’s protocol using the Illumina BeadArray platform. Genotypes were
automatically called using the BeadStudio software package provided by Illumina.

Statistical Analysis

Statistical analyses were performed using Inter-cooled STATA software, version 10.
Student’s #test was used to assess differences in continuous variables between cases and
controls. Chi-square analysis was used to evaluate differences in patient characteristics and
SNP genotypes. The chi-square test for Hardy—Weinberg equilibrium was applied to each
SNP among the control subjects. For each SNP, three genetic models (dominant, recessive,
and additive) were tested, and the most significant test among the three was used to report
the statistical significance. In all statistical analysis, a P-value < 0.05 was considered
significant. To control for the effects of multiple testing, we also calculated the q value, a
false discovery rate-adjusted P-value, for each SNP. SNPs in linkage disequilibrium were
identified, and the one with the smallest P-value was included for further analysis. Internal
validation of the results was performed a bootstrap resampling method. One hundred
bootstrap samples were generated for single SNP analysis. Each time, a bootstrap sample
was selected from the original dataset and the P-value was obtained for each SNP among the
dominant, recessive and additive models. Haplotypes analysis was performed using the
HelixTree software v6.4.3 (Golden Helix, Bozeman, MT) and were included in the analysis
on top SNPs associated with overall ovarian cancer risk. For unfavourable analysis, 10 000
bootstrap samples were generated, and the bias-corrected bootstrap confidence intervals
were reported.

The overall risk of ovarian cancer and likelihood of poor treatment response were estimated
as odds ratios with 95% confidence intervals (Cls) for each SNP using unconditional
multivariate logistic regression, adjusted for age. The overall risk of death was estimated as
hazard ratios (HRs) and 95% Cls for each SNP using the Cox proportional hazards model,
adjusted for age, clinical stage, treatment regimen, and histology. The cumulative effects of
combined variants were estimated by counting the number of unfavorable genotypes
identified from the main effects of a single SNP analysis. Unfavorable genotypes were
pooled and categorized into three groups with low, medium, and high risk, with the group
having the lowest risk being the reference group. Classification and regression tree (CART)
analysis by HelixTree software, and survival tree (STREE) analysis by the STREE program
(http://masal.med.yale.edu/stree/) were performed to identify higher order gene-gene
interactions involved in determining the overall risk and survival of ovarian cancer,
respectively. Kaplan—Meier plots and log-rank tests were applied to estimate differences in
overall survival by genotypes from each SNP. Survival time was calculated from the start
date of treatment to the date of death or last patient follow-up.

For functional validation, the publicly available web software Genevar [31] was utilized to
investigate expression quantitative trait loci (eQTL) associations within the genetic regions
of all the MMP pathway SNPs associated ovarian cancer risk, survival and treatment

response. ¢is-eQTL associations were obtained from profiling data in four previous studies
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incorporated in Genevar [32-35]. The Pvalue threshold for significant eQTL association
was set to be 0.05. For SNPs not directly reported by the above mentioned studies, their
proxy SNPs were utilized instead, which were determined by SNAP version 2.2, a web-
based software that identifies proxy SNPs based on linkage equilibrium, physical distance
and commercially available arrays [36].

Population Characteristics

Association

In our study, we collected data for 417 cases and 417 controls with average ages of 60.73
+10.36 and 60.30 + 10.71 yr, respectively (Supplementary Table 1). Because of the small
number of non-white participants, we limited our statistical analyses for overall risk
assessment to the 339 white cases (81.3%) and 349 white controls (83.7%). Among these
339 patients, 317 (94%) had sufficient information about survival time to permit statistical
analysis; their median survival time (MST) was 48.3 months, with 146 deaths (46%) and
152 recurrences (48%). Among the 304 patients for whom clinical stage information was
available, 202 (66%) were categorized as having FIGO stage Il disease, that is, ovarian
cancer that has spread outside the pelvis to the abdomen and abdominal lymph nodes [37]
(Supplementary Table 1). A total of 295 patients had sufficient follow-up data to allow
analysis of treatment outcome; 96 (33%) of them showed no response to chemotherapy.

Between MMP SNPs and Overall Risk

Among the 266 SNPs we analyzed, 24 were found to be significantly associated with the
risk of ovarian cancer. After adjusting for multiple comparisons using g value at 10% level,
four SNPs remained significant, and they are MMP9: rs6094237, MMP20: rs2292730,
rs12278250, and rs9787933 (Table 1). The top three SNPs were from MMP20. The most
significant association was observed for SNP rs2292730, which resulted in an increased
overall risk with an adjusted OR of 2.03 (95% ClI, 1.39-2.96, A= 2.23 x 1074), while
MMP9: rs6094237, MMP20: rs12278250, and MMP20: rs9787933 all led to decreased risk
of ovarian cancer, with adjusted ORs of 0.53 (95% ClI, 0.35-0.79), 0.50 (95% ClI, 0.32—
0.76), and 0.50 (95% ClI, 0.34-0.75), respectively.

Haplotype analysis was performed on the three MMP20 SNPs that presented significant
association with ovarian cancer risk. Using the wild-type alleles of all three SNPs as the
reference, the haplotype containing the variant alleles of SNP rs12278250 and rs9787933,
and the wild-type allele of rs2292730 showed significant association with decreased risk of
ovarian cancer (adjusted OR = 0.47, 95% CI = 0.29-0.75, £=1.85 x 1073).The haplotype
containing only wild-type alleles of rs12278250 and rs2292730, and variant allele of
rs9787933 also demonstrated borderline significance in association with decreased ovarian
cancer risk (adjusted OR = 0.41, 95% CI = 0.15-1.17, P=9.72 x 1072).

Cumulative effect of the top four SNPs on ovarian cancer risk was analyzed by counting the
number of unfavorable genotypes in each individual and a significant gene-dosage effect
(Pireng < 0.0001) was observed. Compared to patients having < 1 of these unfavorable
genotypes, those having 2 or 3 saw their risk of developing ovarian cancer more than
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doubled (OR, 2.37; 95% ClI, 1.46-3.85); for patients having 4 of these unfavorable
genotypes, their overall risk increased nearly five-fold (OR, 4.53, 95% Cl, 2.53-8.13) (Pireng
=2.45 x 107; Table 2).

CART analysis was applied, and demonstrated higher order gene interactions among SNPs
MMP20: rs2292730, MMP20:rs9787933, and MMP9:rs6094237 (Figure 1). Four terminal
nodes with differential risk of ovarian cancer (percentage of cases in terminal nodes ranging
from 33% to 63%) were also identified. The reference group (hode 1) with the lowest risk
was composed of subjects carrying the wild-type allele of MMP20:rs2292730 and the
variant allele of MMP20: rs9787933. The initial split determined by MMP20: rs2292730
resulted in the group with the highest risk (node 4), indicating the dominant effect of this
risk SNP in determining an individual’s risk for ovarian cancer.

Between MMP SNPs and Survival

In survival analysis, there were 42 SNPs significantly associated with overall survival, 34 of
which remained significant after adjusting for multiple comparisons using q value at 10%
level (Table 3). The most significant association was observed for SNP rs2239008 from
MMP1 (HR = 3.10, 95% CI = 1.54-6.24, P=1.57 x 1073).

We also studied the cumulative effect of the top SNPs on overall survival. Compared to low
risk group of individuals (<11 unfavorable genotypes), patients in medium (12~18
unfavorable genotypes) high risk groups (= 19 unfavorable genotypes) were exposed to
significantly increased risk of death (HR = 2.31, 95% CI = 1.51-3.51, and HR = 4.06, 95%
Cl = 2.45-6.73, respectively). The MST for patients having <11, 12-18, and >19
unfavorable genotypes were 70.7, 40.0, and 25.0 months, respectively (log rank £< 0.0001)
(Figure 2B). In our survival tree analysis, 9 SNPs demonstrated interactions that led to 12
terminal nodes with MSTs ranging from 17.7 to 151.7 months (Figure 2A). These 12 nodes
could be further differentiated into three distinct groups (Pyeng < 0.001), with MST of 69.5,
39.0, and 25.0 months for low-, medium-, and high-risk group, respectively (Figure 2C).

Between MMP SNPs and Response to Chemotherapy

In the evaluation of association between SNPs and chemotherapy response, 9 SNPs were
removed due to their failure to pass Hardy—Weinberg equilibrium in controls. 19 SNPs were
significantly associated with patients’ response to chemotherapy, and 4 of them also showed
significant association with overall survival. After adjusting for multiple comparisons using
q value at 10% level, rs7826929, a SNP in the intron region of MMP16 was the only one that
remained significant. The variant genotype of rs7826929 increased the risk for poor response
compared with the wild-type genotype by 3.3-fold (95% ClI, 1.82-6.12), with =1 x 1074
when using the dominant model. Unfavorable genotype analysis was not performed since
there was only one SNP that reached statistical significance after adjusting for multiple
comparisons.

cis-eQTL Association Between MMP Genes and SNPs

cls-eQTL associations were investigated among the above reported MMP pathway SNPs
significantly associated with ovarian cancer risk (4 SNPS), survival (34 SNPs), and
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treatment response (1 SNP). Among all 39 SNPs investigated, the MMP8 5’ flanking region
SNP rs17099462 was identified to have an eQTL association with MMP8 in the HapMap3
population [33], and the variant allele was significantly associated with decreased expression
of MMP8 in lymphoblastoid cell lines in the Caucasian subgroup (Figure 3).
DISCUSSION

The MMP family of proteases has long been suggested to play a role in the progression of
different types of human cancer. Expressions of MMP1, MMP2, MMP7, MMP9, MMP11,
MMP13, and MMP14 were previously reported to be up-regulated in tumor cells and to
appreciably decrease the rate of cancer survival [21]. In this study, we evaluated the
association of MMP genetic variants with ovarian cancer risk, survival, and treatment
response. By assessing the effects of 266 SNPs from 23 genes in the MMP family, we found
that four SNPs were associated with ovarian cancer risk after adjustment for multiple
comparisons. In the evaluation of single SNP associations with overall risk of death, 34
SNPs from 13 MMP and TIMP1 genes were shown to have significant effects after
adjustment for multiple comparisons. Only one intronic SNP (rs7826929) showed a
significant association with patients’ response to chemotherapy; it was not, however, among
the SNPs most strongly associated with overall risk or risk of death.

SNP rs2292730 with the most significant association with ovarian cancer risk resides in the
intronic region on gene MMP20, and it was shown to double the overall risk. Interestingly,
another MMP20 SNP rs9787933 was suggested to have protective effect on ovarian cancer
risk. MMP20 is a relatively newly identified member of the MMP family and was named
“human enamelysin” when first studied [38]. MMP20 has been considered a tooth-specific
protease, and studies on the association of MMP20 with cancer have been limited to
odontogenic, dental, and tongue carcinomas [39-44]. Our results suggest that MMP20 can
play both risk-heightening and -mitigating roles, and that MMP20 may be regulatory in
ovarian cancer. However, because of the lack of functional studies and the fact that most
intronic SNPs are non-functional, these results more likely suggest that other coding SNP(s)
tagged by rs2292730 or rs9787933 might be causal to ovarian cancer. Furthermore, the
haplotype containing the wild-type allele of the MMP20: rs2292730 and the variant alleles
of MMP20: rs12278250 and rs9787933 showed strong association with decreased ovarian
cancer risk by almost one half compared to the reference haplotype with all wild-type alleles
of these three SNPs. These results are highly consistent with the findings from single SNPs
analysis, and demonstrated that the haplotype pattern composed of the wild-type alleles of
risk SNPs and the variant alleles of the potentially protective SNPs could be significantly
favoured in individuals with relatively lower cancer risk.

In the evaluation of genetic variants on overall survival, SNPs MMP1:rs2239008 and
MMP11: rs738791 represented the most significant risk-conferring and risk-protective roles,
respectively. MMP1 is expressed in ovarian cancer cells [45], and increased expression of
MMP1 has been associated with a lower survival rate in several kinds of cancer, including
those of the breast, lung, gastric, and colon [21]. Considering its 3’ UTR location in MMP1,
SNP rs2239008 could potentially play a role in regulating MMP1 expression or protein
folding and thereby affect ovarian cancer progression and survival. As predicted by
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PolymiRTS [46], rs2239008 located in the seed region of four human microRNAs
(miR-22-5p, miR-4277, miR-4524b-3p, and miR-5584-3p), disrupted the conserved
microRNA sites and potentially interfered with microRNA binding. Furthermore, these
microRNA binding sites have been shown to be also disrupted by the same SNP in gastric
cancer [47]. Although no experimental investigation has been performed to validate these
germline and somatic associations, these results from computational prediction have pointed
out the potential of this SNP in functional regulation of microRNA binding and MMP1
expression. The variant allele of rs738791 in the MMP11 gene was most strongly associated
with decreased risk of death in our ovarian cancer patient population. This result indicates
that this intronic SNP is protective and may be functionally correlated with MMP11’s
cancer-suppressive effects during metastasis, as suggested by previous studies [48]. In
addition, one of our top SNPs MMP8: rs17099462 obtained from the survival analysis was
identified to have eQTL association with MMP8, a gene involved in ovarian cancer
progression through interleukin and pro-inflammatory cytokine regulated overexpression
[49]. Taken into account of the statistical association with survival, as well as the
experimentally validated correlation with gene function, a functional mechanism is implied
for this MMP8 5’ flanking region SNP in regards to affect ovarian cancer progression and
patient survival.

Previous studies on the role of MMP16 in cancer have been relatively limited compared to
those for other MMPs. It was reported that MMP16 expression was higher in malignant
tumor cells than cells from pre-malignant lesions in melanoma [50], but its expression levels
in malignant tumors and in normal tissues of the pancreas were shown to be the same [51].
Our results suggest that, based on the association between the intronic SNP in MMP16 and
response to treatment, MMP16 plays a potential role in regulating response to
chemotherapy; our results further suggest that future studies that focus on MMP16 function
in cancer progression would be beneficial.

MMPs’ cancer-suppressing effects have been previously reported; one study used a mouse
model and another applied cell biology techniques to a number of MMPs, including MMP3,
MMP8, MMP9, MMP11, MMP12, MMP19, and MMP26 [52,53]. In our study, SNPs from
MMP9 and MMP20 associated with overall cancer risk and SNPs from MMP2, MMP3,
MMP8, MMP9, MMP11, MMP12, MMP13, MMP16, MMP20, and MMP24 associated
with overall risk of death all suggested protective effects in single SNP analysis, as shown
by corresponding ORs and HRs <1, respectively. It has been accepted that MMPs are both
cancer-promoting and cancer-suppressing in the modulation of cancer progression
[21,52,53], and our results indirectly support this notion from the perspective of the impact
of sequence variations on cancer risk and survival. In fact, our study is the first one to point
out MMPs’ paradoxical effects in ovarian cancer, and our genotypic analysis may provide
target loci of interest for further investigations on the specific mechanisms by which the
MMP pathway is involved in ovarian cancer.

Higher order gene—gene interactions among members of the MMP family were detected in
the association with both overall risk and survival of ovarian cancer. Meanwhile, unfavorable
genotype analysis confirmed the cumulative effects of combined variants on overall risk and
survival. From our eQTL analysis, we also found that multiple SNPs were functionally
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associated with distant genes in the MMP family, such as intronic SNP rs9787933 in MMP
20 was in eQTL association with MMP8, another intronic SNP rs476185 in MMP 12 was
also in eQTL association with MMP7, and the MMP13 5’ flanking region SNP rs579627
was in eQTL association with MMP1 (unreported data). These findings all pointed out the
fact that genes in the MMP family are likely to be inter-correlated and co-function in
regulating cancer development. Furthermore, the network of MMP interactions also involves
tumor suppressors from other signaling pathways. Considering the strong contribution of
MMP2 and MMP16 in our survival analysis, as well as the significant association between
the MMP16 SNP and patients’ response to chemotherapy as previously reported [22], it is
believed that the MMP family is highly cross-linked with genes from other pathways. To
obtain a full map of MMP interactions in terms of ovarian cancer risk, survival, and
treatment response, analyses of individual and pooled SNPs from broader gene networks
need to be performed. Also needed is a validation study in a larger population on selected
SNPs, so as to confirm the significant associations and filter out false positive results.

In conclusion, we evaluated the effect of genetic variants in MMP pathway on ovarian
cancer risk, survival and treatment response, utilizing a pathway-based analysis and a
respectable population size. For each case or control subject, we obtained detailed
demographic, epidemiologic, and clinical information from the same institution according to
standard procedures ensuring uniformity in operation. In order to minimize false discoveries,
we performed the adjustment of multiple comparisons as well as internal validation by a
bootstrap resampling procedure. To our best knowledge, this is the first study to examine the
association of MMP polymorphisms with ovarian cancer risk and clinical outcome. Top
SNPs resulted from our single SNP analysis presented the potential to serve as markers for
ovarian cancer risk and survival prediction. Higher order interactions between the top SNPs
were implied and established a novel combination of SNPs for risk assessment and survival
prediction. The ultimate goal is to establish a pathway-based network of biomarkers. With
further validation, our results could be of potential clinical interest in benefiting the
prognosis and treatment of ovarian cancer.

Supplementary Material
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MMP matrix metalloproteinase

TIMP tissue inhibitors of metalloproteinase
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CART classification and regression tree
STREE survival tree
eQTL expression quantitative trait loci
MST median survival time
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