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Abstract

The poor survival of adenocarcinomas of the gastroesophageal junction (GEJ) makes them clinically important. Discovery of
host genetic factors that affect outcome may guide more individualized treatment. This study tests whether constitutional
genetic variants in matrix metalloproteinases (MMP) and tissue inhibitors of metalloproteinases (TIMP) genes are associated
with outcome of GEJ adenocarcinoma. Single nucleotide polymorphisms (SNPs) at four TIMP (TIMP1-4) and three MMP
genes (MMP2, MMP7 and MMP9) were genotyped in DNA samples from a prospective cohort of patients with primary
adenocarcinoma of the GEJ admitted to the British Columbia Cancer Agency. Cox proportional hazards regression, with
adjustment for patient, disease and treatment variables, was used to estimate the association of SNPs with survival.
Genotypes for 85 samples and 48 SNPs were analyzed. Four SNPs across TIMP3, (rs130274, rs715572, rs1962223 and
rs5754312) were associated with survival. Interaction analyses revealed that the survival associations with rs715572 and
rs5754312 are specific and significant for 5FU+cisplatin treated patients. Sanger sequencing of the TIMP3 coding and
promoter regions revealed an additional SNP, rs9862, also associated with survival. TIMP3 genetic variants are associated
with survival and may be potentially useful in optimizing treatment strategies for individual patients.
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Introduction and contribute to the invasion, promotion, angiogenesis, and the
establishment and growth of metastatic lesions in distant organ
sites [9]. The balance between activated matrix metalloproteinase
stomach (known as gastroesophageal junction or GEJ adenocar- (\[MP) and tissue inhibitors of metalloproteinase (TTMP) controls
cinomas) [1] are rare, deadly and relatively under-studied. During ECM remodelling [10], making both TIMPs and MMPs rational
the past two decades, there has been a dramatic increase in the candidate genes for cancer outcome studies.

The objective of this study was to assess genetic polymor-
phisms at specific TIMP and MMP genes for association with
outcome for patients with adenocarcinomas of the esophagus
environment that can promote tumor growth and protect the and GEJ. All four members of TIMP gene family (TIMPI to
tumor from immune attack [6]. The extracellular matrix (ECM) TIMP4) were chosen as candidate genes, due to their roles as
influences tissue and organ architecture, as well as the growth of key regulators of ECM remodelling. MMPs comprise a large
neoplastic cells [7]. Matrix metalloproteinases (MMPs) are ECM gene fémily of at least 25 members. To limit the number of
proteases that have been implicated in carcinogenesis and tests and preserve statistical power, we chose three MMP genes

metastasis [8]. MMPs can be synthesized by tumor cells, but are (MMP2, MMP9 and MMP7), for which polymorphisms in the
frequently produced by surrounding stromal cells, including

fibroblasts and infiltrating inflammatory cells [9]. They can
influence cellular properties such as growth, death and migration

Adenocarcinomas of the lower esophagus and the proximal

incidence of adenocarcinoma of both the esophagus and proximal
stomach in North America and Western Europe [2-5].
Tumor cells can interact with surrounding cells to create an

promoter region have been previously associated with gastric
and esophageal cancers [11].
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Materials and Methods

The study was approved by the University of British Columbia/
British Columbia Cancer Agency (BCCA) Joint Research Ethics
Board. All subjects provided written informed consent.

This study used a prospective cohort of patients diagnosed with
primary adenocarcinoma of the GEJ between January 1, 2008 and
April 30, 2009; admitted to the BCCA in British Columbia (BC),
Canada; and able to provide written informed consent. Patients
were identified using electronic appointment list and pathology
reports of the BCCA Gastrointestinal (GI) Tumor Group for new
gastric and esophageal cancer patients. The anatomic sites
esophagus and cardia were defined as International Classification
of Diseases for Oncology (ICDO-3) site codes C150-C160;
adenocarcinoma was defined as ICDO-3 histology codes 8140/
3-8573/3. Eligibility and capability to participate were assessed by
a BCCA GI Tumor Group oncologist.

DNA was obtained from whole blood (47 patients) or saliva
collected using Oragene® DNA sample collection kits (47 patients).
To eliminate bias due to the ethnically heterogeneous BC
population only the 90 patients who identified themselves as
white Canadian, British, or Western European were included in

genotyping.

Clinical Data Collection

Patient characteristics and clinical information were obtained
from BCCA medical charts and pre-admission questionnaires.
Patient age was categorized as <65 or 65+ based on the median
age of patients. BMI was categorized into three groups (normal:
18.5 to <25, overweight: 25 to <30, and obese: 30+). Disease
stage was defined according to recent American Joint Committee
on Cancer Guidelines [12] and categorized as metastatic or non-
metastatic cancer. The Gastrointestinal Tumour Group at the
BCCA provides care for all patients in the province, including all
participants in this study, and uses province-wide treatment
guidelines and protocols (http://www.bccancer.bc.ca/HP1/
CancerManagementGuidelines/ Gastrointestinal/ default.htm).
Treatment was categorized as chemotherapy (5-fluorouracil[5FU]
and cisplatin), radiotherapy (4500 centi-Gray in 25 fractions), or
surgery, with only therapeutic surgeries considered as treatment.
Overall survival was the primary study outcome, and was
calculated as the time between diagnosis and death. April 30,
2010 was the end of follow-up; by this date all patients had at least
1 year of follow-up information. Median follow-up was 16.7
months.

SNP Selection

TagSNPs [13] representing genetic variation in each gene were
chosen using Haploview version 4.1 [14] on HapMap [15] (phase
3 release 2) western European ancestry (CEU) data. TagSNPs with
a minimum minor allele frequency (MAF) of 0.1 were chosen
within 10 kb of each gene using an r* threshold of 0.9. Non-
synonymous coding SNPs, and SNPs reported in the literature to
be associated with cancer, were force-included in the tagSNP
selection. The MAF values of these SNPs were obtained using
HapMart (BioMart version 7 using HapMap release 27) on CEU
population data. The list of SNPs genotyped is in Table S1.

Genotyping and Quality Control

Ninety subject DNA samples were genotyped for 63 SNPs using
two multiplex Sequenom iPLEX Gold assays [16] at the McGill
University/Genome Quebec Innovation Centre. 88 out of 90
DNA samples (98%) produced genotypes; 3 samples with call rates
<95% were excluded, leaving 85 samples for analysis. For quality
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control of SNPs, the clustering of observed genotypes was
reviewed manually by transferring intensity data to MassArray
Typer software (version 7.0.2.5). Fifteen SNPs with call rate <95%
were excluded from analysis. The average call rate of the
remaining 48 SNPs was 98%. Concordance between 2 pairs of
duplicate samples was 100% for all SNPs. The genotypes of X
chromosome SNPs (rs6609533, rs4898) were consistent with the
recorded sex of the patients. 85 samples and 48 SNPs across 7
genes were used for analysis.

Sequencing Exons of TIMP3

To identify possible functional genetic variation, the coding
region, 5’ untranslated region and the promoter region of the
TIMP3 gene were sequenced in all 90 European-ancestry GEJ
adenocarcinoma patients. Approximately 7700 bp in 15 ampli-
cons were sequenced using Sanger sequencing methods described
previously [17]. Primer sequences and PCR conditions are in

Table S2.

Statistical Analysis

Survival estimates were calculated using the Kaplan-Meier
method; log-rank tests were used to compare survival differences.
Haplotype analysis was performed using HAPSTAT software
[18]. Coox proportional hazards regression was used to estimate the
effect of SNPs on survival. SNPs that were significantly associated
with survival in the univariate model were then reanalyzed with
adjustment for patient age, tumor location, disease stage and
treatment. For each hazard ratio (HR), a 95% confidence interval
(95% CI) was calculated. P-values less than 0.05 were considered
statistically significant. Interactions between SNPs and treatment
protocols (5FU+cisplatin) were examined using the addition of
interaction terms in the Cox model. The false discovery rate (FDR)
method [19] was applied to address multiple comparisons. FDR
was applied based on the number of independent SNPs within
cach gene [20] and the number of genes related to each
hypothesis. The sample size and design of this study allows
detection of HRs of 2.1 or more with 80% statistical power for a
MAF=30%.

Gel Shift Assays

4 uM double-stranded probes were made by heating 200 pmol
each of HPLC-purified forward and reverse oligo in 50 uL. of
Tris:EDTA to 90°C and cooling to room temperature. 4 pmol of
each double-stranded probe was radioactively labeled with 10 puCi
[v-P32]ATP (Perkin Elmer, Waltham, MA) in a 10 ul reaction
with 10 units T4-PNK (Promega, Madison, WI) and 1X T4-PNK
buffer (Promega, Madison, WI). Labeled probes were diluted to
0.08 pmol/uLL in Tris:EDTA and cleaned in an illustra Probe-
Quant G-50 micro column (GE Healthcare Life Sciences,
Buckinghamshire, UK ). 10 uLL binding reactions included 1x
Gel Shift binding buffer (Promega, Madison, WI) and ~12 ug
HeLaScribe Nuclear extract (Promega, Madison, WI), with
4 pmol unlabelled probe (or Tris:EDTA), pre-incubated at room
temperature for 5 minutes before the addition of 0.08 pmol
(~20 000 cpm) labeled probe, followed by a 20 minute incubation
at room temperature. Samples were separated on a Novex 6%
DNA retardation gel (Life Technologies, Burlington, ON) run at
100 V in 0.5X TBE for 1 hour. Gels were transferred to Whatman
paper and dried for 2 hours at 80°C. Dried gels were exposed to a
Fugifilm Imaging Plate (Fugifilm, Mississauga, ON) for ~18 hours
and images captured on a Fugifilm FLA-7000 scanner (Fugifilm,
Mississauga, ON).
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Results

Characteristics of the Patients

During the study period, 202 gastroesophageal junction
(GE]) adenocarcinomas patients were assessed for eligibility.
Excluded cases were 15 (27%) patients who were already
deceased at the time of assessment, /8 (33%) patients who
were already deceased at time of contact and 22 (40%) patients
who were unable to consent because of poor health. The total
number of eligible cases for the study was /47 patients. Of
these, 4 (3%) could not be contacted, 37 (21%) did not reply to
repeated study invitations, and 8 (5%) refused to participate,
leaving 104 (71%) patients who were both eligible and willing
to participate. Biological samples appropriate for DNA
extraction were received for 94 cases. 4 cases were excluded
based on ethnicity, leaving 90 samples for genotyping.
Genotyping results were obtained for 88 (98%) samples;
genotype data from 85 samples met quality control criteria
and were analyzed.

The median age of diagnosis was 63 years. Men accounted for
91% of cases. With regard to BMI classifications, 27% of cases
were normal, 45% were overweight and 50% were obese. About
half of the patients (48%) were diagnosed with a tumor in the
esophagus (Siewert I); the others (52%) had a tumor in the GEJ.
The majority of patients received chemotherapy or radiation
(65%) as their primary treatment; 45% underwent surgery before
recruitment. In combination, 72.9% of cases received chemother-
apy+surgery+radiation; 29.4% received chemotherapy+radiation;
16.5% received chemotherapy+radiation; 7.7% received radiation
and surgery; 7.1% received only chemotherapy; 75.5% received
only radiation; 8.2% received only surgery and 3.5% received no
treatment. Stage was assessed for all patients: 59% had local/
regional disease and 4/% had metastatic disease. Table 1 shows
the demographic and clinical characteristics of the cohort and
their association with survival of patients. Chemotherapy is the
only treatment that shows a statistically significant association with
survival.

Associations of SNPs with Survival

At the end of follow-up, 57% events (deaths) had occurred.
Cancer was the cause of death for all patients. Kaplan-Meier
survival curves and log-rank test p-values for SNPs associated with
survival (rs130274, rs1962223, rs5754312 and rs715572) are
shown in Figure 1.

Estimates of association from a Cox model of survival with all
MMP and TIMP genetic variations are shown in Table S3.
Univariate analysis showed that TIMP3 SNPs were significantly
associated with the survival of GEJ cancer patients. Table 2 shows
the survival model for TIMP3 SNPs before and after adjusting for
the patients’ age, tumor location, disease stage and treatment. The
14 TIMP3 SNPs tested and the linkage disequilibrium (LD)
structure in patient data is shown in Figure 2. Of these, four
(rs130274, rs1962223, rs715572 and rs5754312) were associated
with survival both before and after adjustment for patient
variables; p-values were more significant with adjustment
(0.0012, 0.0012, 0.0023 and 0.018, respectively). Using the
method of Nyholt [20], which is based on inter-SNP linkage
disequilibrium (LD), the 74 SNPs in TIMP3 are equivalent to /1.8
independent SNPs. Three out of four survival-associated SNPs
passed multiple testing correction using the FDR method [19] for
11.8 independent SNPs (p=0.013, 0.0067, 0.0073 for rs130274,
rs1962223 and 1s715572, respectively); the fourth SNP
(rs5754312), showed borderline significance after correction
(p=0.053). The SNP with the lowest p-value (taken to represent
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Table 1. Demographic and clinical features of the cohort by
survival status.
Feature Category Alive Dead HR 95% CI
Sex Women 4(50.0%) 4(50.0%) 0.98 (0.349, 2.746)
Men 38(49.4%) 39(50.6%)
Age Group 65> 27(57.4%) 20(42.6%) 1.51 (0.83, 2.75)
65 and more 15(39.5%) 23(60.5%)
BMI Normal 12(54.5%) 10(45.5%) 0.924 (0.629,
(18.5-24.9) 1.357)
overweight 12(34.3%) 23(65.7%)
(25-29.9)
overweight 12(34.3%) 23(65.7%)
(25-29.9)
Location of Siewert | 21(51.2%) 20(48.8%) 1.24 (0.68, 2.27)
tumor
Siewert I 21(47.7%)  23(52.3%)
Stage 1A 2(66.7%) 1(33.3%) 1.16 (0.98, 1.38)
1A 1(50.0%) 1(50.0%)
1B 11(68.8%) 5(31.3%)
1A 13(61.9%) 8(38.1.0%)
1B 0(0.0%) 5(100.0%)
e 2(66.7%) 1(33.3%)
v 13(37.1%) 22(62.9%)
Metastatic No 29(58.0%) 21(42.0%) 1.60 (0.89, 2.92)
Yes 13(37.1%)  22(62.9%)
Chemotherapy No 8(26.7%)  22(73.3%)  0.37 (0.20, 0.68)
Yes 34(61.8%) 21(38.2%)
Radiation No 18(60.0%) 12(40.0%) 1.56 (0.80, 3.07)
Yes 24(43.6%) 31(56.4%)
Surgery No 19(40.4%) 28(59.6%) 0.54(0.29, 1.01)
Yes 23(60.5%) 15(39.5%)
doi:10.1371/journal.pone.0059157.t001

the gene), remained significant after correction for the number of
TIMP genes tested (4) (p = 0.028), as well as for all 7 genes studied
(»=0.049).

rs1962223, which is near the promoter region of TIMP3, was
associated with a 3-fold increased risk of death for patients who
carried the CG genotype after adjustment for patient age, tumor
location, disease stage and treatment. rs130274 is in moderate LD
(" =0.56) with rs1962223. 15130274 shows a more than 3-fold
increased risk of death. rs715572 was associated with about a 3-
fold increased HR; rs5754312 was associated with a 4-fold
reduction in the HR. A haplotype including rs5754312 and
rs715572 showed significant association with survival (p =0.002).
Our sample size did not permit additional tests for interactions
between SNPs.

Analysis for Interactions between TIMP3 Genotypes and
Chemotherapy

Interaction analyses revealed significant interactions between
each of the four TIMP3 survival-associated SNPs and chemother-
apy. In stratified analyses, genotypes at rs715572 and rs5754312
(but not the other two SNPs) were significantly associated with
outcome for patients who received chemotherapy, but not
associated with outcome in patients who did not receive

March 2013 | Volume 8 | Issue 3 | e59157



TIMP3 SNPs & Survival of GE Adenocarcinoma

A)rs130274 B)rs19062223

= —

£ Z CC(n=57)
o = |  Emmm L

= o = o

2 - Z B

2 % TT/TC (n=39 g -

=  I1/1C (n=39) = |GG/GC (n=28)
= '._...l T osd L_=

: — -
- o

p=0.014 p=0.012
Time {Months) Time {Months)
C)rs5754312 D) rs715572
I.g' l_ ! -
[ -

E g CC (n=57)
- — 'S _

En.- ;au-

= ("]
2 o —
= B —
T oud L_Eu L‘L —IT/C( (n=28)
: - Se—

£ AT (n=44) £ L*L

= [ 2 1 SOSNS——— N
L=

p=0.036 p=0.004

Time ( Months)

Time {Months)

Figure 1. Survival of the study cohort by 7/MP3 variations. Kaplan-Meier survival curves and log-rank test p-values are shown. A) rs130274,

B) rs1962223, C) rs5754312, D) rs715572.
doi:10.1371/journal.pone.0059157.g001

chemotherapy HR=2.7 (95% CI; 1.15, 6.4); HR=0.13 (95% CI;
0.02, 0.95) respectively.

Re-sequencing TIMP3 in the Study Samples

To identify and determine genotypes for additional 7TIMP3
SNPs potentially also associated with GEJ cancer outcome, we
performed Sanger sequencing of the coding exons, 5" UTR and
promoter region of TIMP3. Sequencing revealed 23 SNPs. A
structural model of the gene and the locations of the SNPs
detected is included in Figure 2. A summary of variants detected
in TIMP3 sequenced regions is in Table S4. SNPs with MAF
>0.05 (10 out of 23 SNPs) were considered for analysis. Four of
those 10 (rs9606994, rs1962223, rs9619311 and rs137485) had
already been genotyped. Genotypes determined from the sequence
data for these 4 SNPs were consistent with the original Sequenom
genotypes. Of the other SNPs in TIMP3 (rs62232902, rs8137129,
rs5749511, rs2234921, 1rs9862 and rs11547635), only rs9862
showed association with survival (a 3-fold reduction in the HR),
however, this SNP is in relatively high LD (¥ =0.77) with one of
the genotyped SNPs (rs5754312).

PLOS ONE | www.plosone.org

Functional Analysis of TIMP3 SNPs

None of the variants associated with survival in this study causes
a deleterious protein coding change in TIMP3. Of the associated
SNPs, only rs9862 in exon 3 is within the TIMP3 coding region.
Although this SNP does not result in an amino acid change, its
location within the TIMP3 transcript makes it a useful indicator
SNP to assess allele-specific expression levels. Attempts to assess
allelic imbalance by examining relative allele expression ratios in
RNA extracted from cultured lymphoblasts were unsuccessful,
however, due to extremely low 7IMP3 expression in lymphocytes
(data not shown). Low TIMP3 expression in lymphocytes also
prevents assessment of allelic imbalance using variants in the
3'UTR.

Although not associated with survival in this study, rs11547635
is also of functional interest because it is located within 12 bp of
1s9862. rs11547635 disrupts an ETS1 consensus binding site and a
12 base pair palindromic sequence. To test whether these SNPs
affect binding of protein factors to these sequences, probes
differing by rs9862 and rs11547635 alleles (Figure 3A) were
subjected to gel shift assays (Figure 3B). rs9862 was found to
influence protein binding in an allele specific manner. A protein
complex (indicated as Complex I in Figure 3B) appears to be
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doi:10.1371/journal.pone.0059157.g002

specific to probes with the rs9862 C allele, whereas Complexes II
and IV are specific to probes with the rs9862 T allele. Complex 111
binds irrespective of rs9862 allele, and is competed off by
unlabelled ETS1. Complexes II and IV were not competed off
by an unlabelled ETS1 consensus competitor, suggesting that they
are unlikely to be ETS1. No differences in binding to proteins in
HeLa cell extracts were detected in probes differing by rs11547635
allele.

Discussion

We have demonstrated the association of TIMP3 polymor-
phisms with survival of GEJ adenocarcinomas. SNPs in three
MMP genes of interest (MMP2, MMP9 and MMP7) were not
associated with survival; however, this negative finding should not
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be generalized to all members of the MMP gene family. TIMP
gene products are natural inhibitors of the proteolytic activity of
MMPs and adamalysins proteins [21]. The product of TIMPS is a
24-kDa protein that, unlike other TIMP protein family members,
binds to the ECM [22]. The TIMP3 gene acts as a tumor
suppressor in some cancers by affecting tumor growth, angiogen-
esis, invasion and the development of metastases [9,22,23]. In
addition to MMP inhibition, TIMP3 blocks the binding of
vascular endothelial growth factor (VEGF) to the VEGF
receptor-2, causing inhibition of angiogenesis [24] and has also
been reported to induce apoptosis in cancer cells [25].

TIMP3 methylation has been associated with cancer outcomes
and response to treatment in a number of studies [26-30]. Cancer
cell lines with methylated 7IMP3 have reduced 7IMP3 expression
and are more sensitive to 5-FU than those with unmethylated
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Table 2. Hazard ratio (HR) and 95% Confidence intervals (Cl) estimated for the association between TIMP3 gene variations and
survival of the study cohort.
Unadjusted Adjusted

SNP ID Alleles Frequency (%) HR (95% CI) P HR (95% CI) p
rs130274 cc 46(54.1%) 1 1

TC 34(40.0%) 2.00(1.07, 3.75) 3.31 (1.60, 6.85)

T 5(5.9%) 3.68(1.04, 12.97) 2.50 (0.67, 9.40)

CC vs TT/TC 2.11(1.15, 3.88) 0.016 3.15 (1.58, 6.30) 0.001
rs135029 cc 40(47.6%) 1 1

TC 36(42.9%) 1.16(0.60, 2.24) 1.12(0.56, 2.25)

T 8(9.5%) 2.00(0.79, 5.08) 2.59(0.93, 7.02)

CC vs TT/TC 1.29(0.69, 2.40) 0.419 1.33 (0.70, 2.54) 0.38
rs137485 AA 42(50.0%) 1 1

AT 36(42.9%) 1.21(0.64, 2.28) 1.05 (0.53, 2.10)

T 6(7.1%) 2.03(0.69, 6.00) 2.45 (0.78, 7.66)

AA vs TT/AT 1.30(0.71, 2.38) 0.403 1.21 (0.64, 2.30) 0.56
rs137487 GG 24(28.2%) 1 1

AG 44(51.8%) 2.09(0.78, 5.62) 2.30 (0.73, 7.21)

AA 17(20.0%) 2.31(1.00, 5.30) 2.16 (0.85, 5.48)

GG vs AA/AG 2.25(1.00, 5.05) 0.05 2.17 (0.86, 5.48) 0.09
rs137489 AA 48(56.5%) 1 1

AG 33(38.8%) 1.25(0.68, 2.32) 1.22 (0.63, 2.40)

GG 4(4.7%) - -

AA vs GG/AG 1.02(0.55, 1.89) 0.945 1.04 (0.54, 2.01) 0.9
rs1427378 AA 44(51.8%) 1 1

AG 35(41.2%) 0.22(0.03, 1.60) 0.96 (0.50, 1.86)

GG 6(7.1%) 0.96(0.52, 1.76) 0.18 (0.02, 1.46)

AA vs GG/AG 0.82(0.45, 1.49) 0.513 0.86 (0.4, 1.67) 0.65
rs1962223 cc 57(67.1%) 1 1

cG 26(30.1%) 2.75(1.40, 5.37) 2.97 (1.54, 5.75)

GG 2(2.4%) - -

CC vs GG/CG 2.16(1.17, 3.97) 0.014 2.97 (1.54, 5.75) 0.001
rs242072 T 24(28.2%) 1 1

TC 40(47.1%) 0.93(0.46, 1.88) 1.06 (0.43, 2.56)

cc 21(24.7%) 0.80(0.35, 1.83) 1.17 (0.52, 2.68)

TT vs CC/TC 0.89(0.46, 1.70) 0.715 1.12 (0.53, 2.37) 0.76
rs242077 cc 29(34.5%) 1 1

TC 40(47.6%) 1.19(0.60, 2.37) 1.11 (0.49, 2.52)

T 15(17.9%) 1.25(0.54, 2.90) 0.948 (0.40, 2.30)

CC vs TT/TC 1.21(0.64, 2.30) 0.555 1.84 (091, 3.71) 0.9
rs5754312 AA 22(25.9%) 1 1

TA 44(51.8%) 1.03(0.52, 2.05) 0.90 (0.44, 1.80)

T 19(22.4%) 0.29(0.09, 0.89) 0.23 (0.66, 0.82)

TT vs AA/TA 0.28(0.1, 0.79) 0.016 0.25 (0.08, 0.79) 0.018
rs715572 cc 57(67.1%) 1 1

TC 24(28.2%) 2.53(1.36, 4.71) 2,67 (1.41, 5.08)

T 4(4.7%) 1.49(0.35, 6.35) 2.54 (0.55,11.7)

CC vs TT/TC 2.37(1.30, 4.32) 0.005 2.66 (1.418, 5.00) 0.002
rs738992 cc 20(23.5%) 1 1

TC 50(58.8%) 1.11(0.52, 2.37) 1.13 (0.52, 2.5)

™ 15(17.6%) 1.22(0.48, 3.09) 0.8 (0.28, 2.2)
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TIMP3 [31]. Loss of TIMP3 expression correlates with poor
prognosis, supporting the involvement of TIMP3 in preventing
tumor metastasis [30,32]. SNPs in 7IMP3 have been associated
with breast cancer prognosis [33,34] however, this study is the first
report of an association between TIMP3 polymorphisms and
survival of gastric or esophageal cancer patients.

Initial functional analyses suggest rs9862 may have a functional
effect on the TIMP3 gene. Initial tests for allelic imbalance in
lymphoblast cell lines using rs9862 in exon 3 were inconclusive
due to TIMP3 expression levels too low for quantitation of allele-
specific transcripts. This SNP and others in the 3" UTR will be
useful in the future, however, to assess allele-specific expression in
tissue types directly relevant for GEJ adenocarcinoma, such as in
microdissected patient tumor samples. Gel shift assays of rs9862
suggest that this SNP influences binding of an unidentified protein
in an allele-specific manner, supporting the hypothesis that it may
have a functional role. Identification of the differentially bound
protein and investigation into its expression and role in GEJ
adenocarcinoma may highlight the importance of 7IMP3 and this
SNP in this cancer.

It is possible that rs9862 or one of the other variants associated
with survival exerts a functional effect by influencing gene
expression, splicing, epigenetic modification, or RNA stability of
TIMP3. Because of the complex linkage disequilibrium structure
in this region, however, it is also possible that an as yet
undiscovered SNP (or SNPs) is responsible for the association.
Such a SNP could be located outside the regions sequenced in our
study. The fact that 2 of the associated variants, rs5754312 and
159862, although in LD with each other, are only in weak LD with
the other survival-associated variants, is consistent with the
hypothesis that it is an undiscovered variant or variants, in LD
with the associated SNPs, that is functionally responsible for the
observed association. In addition, only two of the four survival-
associated SNPs in TIMP3 are specifically associated with survival
after chemotherapy. It is possible that the effect of 7IMP3 on
survival is complex and could involve multiple SNP effects. A
larger-scale and systematic functional characterization of TIMP3
genetic variants, in relevant tissue types, will likely be necessary to

PLOS ONE | www.plosone.org

Table 2. Cont.
Unadjusted Adjusted

SNP ID Alleles Frequency (%) HR (95% ClI) ] HR (95% ClI) [

CCvs TT/TC 1.13(0.543, 2.37) 0.737 1.05 (0.48, 2.28) 0.91
rs9606994 GG 26(30.6%) 1 1

AG 45(52.9%) 1.59(0.77, 3.28) 0.70 (0.24, 1.96)

AA 14(16.5%) 0.95(0.34, 2.62) 1.62 (0.74, 3.52)

GG vs AA/AG 1.41(0.70, 2.87) 0.338 1.27 (0.60, 2.70) 0.53
rs9619311 AA 43(50.6%) 1 1

AG 31(36.5%) 0.71(0.38, 1.34) 0.76 (0.39, 1.48)

GG 11(12.9%) 0.23(0.06, 0.99) 0.256 (0.06, 1.14)

AA vs GG/AG 0.58(0.313, 1.07) 0.079 0.29 (0.07, 1.25) 0.09
rs9862 cc 25(29.4%) 1 1

TC 42(49.4%) 2.85(1.23, 6.60) 2.75(1.07, 7.12)

T 18(21.2%) 3.035(1.17, 7.87) 3.50(1.24, 9.90)

CCvs TT/TC 0.35(0.15, 0.77) 0.01 0.34(0.14, 0.84) 0.02
*Adjusted for patient age, disease stage, surgery, chemotherapy, radiation therapy, location of tumor.
doi:10.1371/journal.pone.0059157.t002

reveal the molecular basis for the association of 7IMP3 SNPs with
GEJ adenocarcinoma survival.

Our study has several strengths. A prospective design places the
study in the context of current treatments for GEJ adenocarcino-
mas. This study includes patients from the entire province of BC.
Treatment disparity is minimal among the participants because all
BC residents are covered for healthcare through the BC Medical
Services Plan (MSP). The GI Tumour Group at the BCCA
provides care for all patients in the province and devises province-
wide treatment guidelines and protocols. Our use of a candidate
gene design addresses genetic pathways of known biological
relevance, and is based on a prior hypothesis for each gene. This
approach simplifies interpretation of findings based on the
biological plausibility of each gene and minimizes loss of study
power due to correction for multiple tests.

A limitation of this study is that our results do not apply to
patients with very short survival (i.e. less than 2 months) or
additional substantial health problems because such patients may
have been too sick to consent for our study. Because of this
limitation, our results do not apply to patients with very short
survival. Compared to other cancers, adenocarcinoma of the GEJ
is a rare disease; though a province-wide study, the number of
cases accrued in this study did not allow us to detect HRs <2.1 or
stratify patients based on more specific treatment groups. A
consortium of research groups would be required to obtain enough
samples to detect smaller predictive and prognostic effect sizes (i.e.,
smaller HRs) for this uncommon cancer. These results should be
replicated in other studies.

Adenocarcinomas of the GEJ are deadly cancers that are often
diagnosed at a stage when treatment options are limited and have
limited effectiveness, therefore identifying genetic variants that
predict survival and chemotherapy response for this cancer is
particularly important. Although our results do not establish the
biological mechanism by which TIMP3 affects survival, TIMP3 is
involved in a variety of steps affecting cancer progression,
including the induction of apoptosis [35] and anti-angiogenesis
[36] possibly by directly binding to VEGF receptor 2 or inhibiting
ADAM-17 activity [37]. Regardless of the mechanism, our results
suggest that TIMP3 genetic variants should be considered as

March 2013 | Volume 8 | Issue 3 | e59157



TIMP3 SNPs & Survival of GE Adenocarcinoma

o

A 2

o 5

© o

(o] <~

()] <~

» 2

¥ ¥
TC TGCAGTACATCCATACGGAAGCTTCCGAGAGTCTCTGTGG
CcC TGCAGTACATCCACACGGAAGCTTCCGAGAGTCTCTGTGG
T TGCAGTACATCCATACGGAAGCTTCTGAGAGTCTCTGTGG
CT TGCAGTACATCCACACGGAAGCTTCTGAGAGTCTCTGTGG

ETS1 ACCRAAGACAGGAAGCACTTCCTGGAGATTA

B probe TC ce T CT ETS1
50x cold O o o 2 L0 o
competitor 2P WL, OWw .. EFEWw ., O w. w,
MNuclearextract + + + + + o+ o+ o+ 4+ o+ o+ o+ o+

-

Figure 3. Gel shift assay for TIMP3 SNPs rs9862 and rs11547635. A) Probe names and sequences. rs9862 and rs11547635 are indicated with
arrows. The 12 bp palindromic sequence is highlighted in bold and core ETS1 consensus sites are underlined. Probes are named according to alleles
at sites rs9862 and rs11547635, respectively. Only one strand of the double-stranded probes is shown. B) Results. Probe and competitor names
correspond to the sequences in A. Lane 15 is a control, with no nuclear extract. Potential protein complexes bound to the probes are indicated with
letters on the left side of the image. Complex | appears to be specific to probes with the rs9862 C allele, whereas complexes Il and IV are specific to
probes with the rs9862 T allele. Complex Ill binds irrespective of rs9862 allele, and is competed off by unlabelled ETS1.
doi:10.1371/journal.pone.0059157.g003

promising prognostic and predictive factors for GEJ adenocarci- Table S2 Primers for sequencing TIMP3: forward and

noma, and warrant further study. reverse primer sequences are shown, as well as PCR
product size and PCR conditions.

Supporting Information (PDF)

Table S1 SNPs in TIMP and MMP genes used for  Iable S3 Hazard ratios (HR) and 95% Confidence

survival analyses. intervals (CI) estimates for the association between

(PDF)
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TIMP and MMP gene variations and survival (unadjust-
ed).

(PDF)

Table S4 Summary of variants detected in TIMP3
regions sequenced.

(PDF)

References

1.

Stahl M, Walz MK, Stuschke M, Lehmann N, Meyer H]J, et al. (2009) Phase III
comparison of preoperative chemotherapy compared with chemoradiotherapy
in patients with locally advanced adenocarcinoma of the esophagogastric
junction. J Clin Oncol 27: 851-856.

Enzinger PC, Mayer R]J (2003) Esophageal Cancer. The New England Journal
of Medicine 349: 2241-2252.

. Blot WJ, Devesa SS, Kneller RW, Fraumeni JF (1991) Rising incidence of

adenocarcinoma of the esophagus and gastric cardia. JAMA 265: 1287-1289.

. Kubo A, Corley DA (2002) Marked regional variation in adenocarcinomas of

the esophagus and the gastric cardia in the United States. Cancer 95: 2096
2102.

. Bashash M, Shah A, Hislop G, Brooks-Wilson A, Le N, et al. (2008) Incidence

and survival for gastric and esophageal cancer diagnosed in British Columbia,

1990 to 1999. Can J Gastroenterol 22: 143-148.

. Bissell MJ, Radisky D (2001) Putting tumours in context. Nat Rev Cancer 1: 46—

54.

Spencer VA, Xu R, Bissell MJ (2007) Extracellular matrix, nuclear and
chromatin structure, and gene expression in normal tissues and malignant
tumors: a work in progress. AdvCancer Res 97: 275-294.

. Comoglio PM, Trusolino L (2005) Cancer: the matrix is now in control. Nat

Med 11: 1156-1159.

. Coussens LM, Fingleton B, Matrisian LM (2002) Matrix metalloproteinase

inhibitors and cancer: trials and tribulations. Science 295: 2387-2392.

. Brew K, Nagase H (2010) The tissue inhibitors of metalloproteinases (TIMPs):

an ancient family with structural and functional diversity. Biochim Biophys Acta
1803: 55-71.

. Peng B, Cao L, Ma X, Wang W, Wang D, et al. (2010) Meta-analysis of

association between matrix metalloproteinases 2, 7 and 9 promoter polymor-
phisms and cancer risk. Mutagenesis 25: 371-379.

. Edge SB, American Joint Committee on Cancer. (2010) AJCC cancer staging

manual. New York; London: Springer. xiv, 648 p. p.

. Johnson GC, Esposito L, Barratt BJ, Smith AN, Heward ], et al. (2001)

Haplotype tagging for the identification of common disease genes. Nat Genet 29:
233-237.

. Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and

visualization of LD and haplotype maps. Bioinformatics 21: 263-265.

. International-HapMap-Consortium (2003) The International HapMap Project.

Nature 426: 789-796.

. Perkel J (2008) SNP genotyping: six technologies that keyed a revolution. Nat

Meth 5: 447-453.

. Brooks-Wilson AR, Kaurah P, Suriano G, Leach S, Senz ], et al. (2004)

Germline E-cadherin mutations in hereditary diffuse gastric cancer: assessment
of 42 new families and review of genetic screening criteria. J] Med Genet 41:

508-517.

. Lin DY, Zeng D, Millikan R (2005) Maximum likelihood estimation of

haplotype effects and haplotype-environment interactions in association studies.

Genet Epidemiol 29: 299-312.

. Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate: A

Practical and Powerful Approach to Multiple Testing. Journal of the Royal
Statistical Society Series B (Methodological) 57: 289-300.

. Nyholt DR (2004) A simple correction for multiple testing for single-nucleotide

polymorphisms in linkage disequilibrium with each other. Am J Hum Genet 74:
765-769.

PLOS ONE | www.plosone.org

TIMP3 SNPs & Survival of GE Adenocarcinoma

Acknowledgments

The authors thank the BC Cancer Agency Gastrointestinal Tumor Group
for assistance with patient recruitment.

Author Contributions

Conceived and designed the experiments: MB AS GH NL CB ABW.
Performed the experiments: MB MT KB RJG SL. Analyzed the data: MB.
Wrote the paper: MB CB ABW.

21.

22.

27.

28.

29.

30.

31.

32.

36.

37.

Overall CM, Lopez-Otin C (2002) Strategies for MMP inhibition in cancer:
innovations for the post-trial era. NatRevCancer 2: 657-672.

Bachman KE, Herman JG, Corn PG, Merlo A, Costello JF, et al. (1999)
Methylation-associated silencing of the tissue inhibitor of metalloproteinase-3
gene suggest a suppressor role in kidney, brain, and other human cancers.

Cancer Res 59: 798-802.

. nand-Apte B, Bao L, Smith R, Iwata K, Olsen BR, et al. (1996) A review of

tissue inhibitor of metalloproteinases-3 (TIMP-3) and experimental analysis of its
effect on primary tumor growth. BiochemCell Biol 74: 853-862.

Qi JH, Ebrahem Q, Moore N, Murphy G, Claesson-Welsh L, et al. (2003) A
novel function for tissue inhibitor of metalloproteinases-3 (TIMP3): inhibition of
angiogenesis by blockage of VEGF binding to VEGF receptor-2. Nat Med 9:
407-415.

Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, et al. (2001) dbSNP: the
NCBI database of genetic variation. Nucleic Acids Res 29: 308-311.

. Hamilton JP, Sato F, Greenwald BD, Suntharalingam M, Krasna M]J, et al.

(2006) Promoter methylation and response to chemotherapy and radiation in
esophageal cancer. Clin Gastroenterol Hepatol 4: 701-708.

Jeong DH, Youm MY, Kim YN, Lee KB, Sung MS, et al. (2006) Promoter

methylation of pl16, DAPK, CDHI, and TIMP-3 genes in cervical cancer:
correlation with clinicopathologic characteristics. Int J Gynecol Cancer 16:
1234-1240.

Nayak CS, Carvalho AL, Jeronimo C, Henrique R, Kim MM, et al. (2007)
Positive correlation of tissue inhibitor of metalloproteinase-3 and death-
associated protein kinase hypermethylation in head and neck squamous cell
carcinoma. Laryngoscope 117: 1376-1380.

Ninomiya I, Kawakami K, Fushida S, Fujimura T, Funaki H, et al. (2008)
Quantitative detection of TIMP-3 promoter hypermethylation and its prognostic
significance in esophageal squamous cell carcinoma. Oncol Rep 20: 1489-1495.
Darnton SJ, Hardie L], Muc RS, Wild CP, Casson AG (2005) Tissue inhibitor of
metalloproteinase-3 (TIMP-3) gene is methylated in the development of
esophageal adenocarcinoma: loss of expression correlates with poor prognosis.
IntJ Cancer 115: 351-358.

Sasaki S, Kobunai T, Kitayama J, Nagawa H (2008) DNA methylation and
sensitivity to antimetabolites in cancer cell lines. Oncol Rep 19: 407-412.
Salmela MT, Karjalainen-Lindsberg ML, Puolakkainen P, Saarialho-Kere U
(2001) Upregulation and differential expression of matrilysin (MMP-7) and
metalloelastase (MMP-12) and their inhibitors TIMP-1 and TIMP-3 in Barrett’s
oesophageal adenocarcinoma. Br] Cancer 85: 383-392.

Beranck M, Kankova K, Muzik J (2000) Identification of novel common
polymorphisms in the promoter region of the TIMP-3 gene in Czech
population. MolCell Probes 14: 265-268.

. Peterson NB, Beeghly-Fadiel A, Gao YT, Long J, Cai Q, et al. (2009)

Polymorphisms in tissue inhibitors of metalloproteinases-2 and -3 and breast
cancer susceptibility and survival. Int J Cancer 125: 844-850.

. Mannello F, Gazzanelli G (2001) Tissue inhibitors of metalloproteinases and

programmed cell death: conundrums, controversies and potential implications.
Apoptosis 6: 479-482.

Bourboulia D, Stetler-Stevenson WG (2010) Matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs): Positive and negative
regulators in tumor cell adhesion. Semin Cancer Biol.

Singh R]J, Mason JC, Lidington EA, Edwards DR, Nuttall RK, et al. (2005)
Cytokine stimulated vascular cell adhesion molecule-1 (VCAM-1) ectodomain
release is regulated by TIMP-3. Cardiovasc Res 67: 39-49.

March 2013 | Volume 8 | Issue 3 | e59157



