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Abstract

A recent genome-wide association study identified seven single-nucleotide polymorphisms (SNPSs)
in region 16q24, near the Forkhead box-F1 (FOXFI) gene, which confer susceptibility to
esophageal adenocarcinoma. We examined whether these SNPs are associated with clinical
outcomes in gastric cancer (GC) patients in Japan and the United States. A total of 362 patients
were included in this study: 151 Japanese GC patients treated with first-line S1 plus CDDP
(training cohort) and 211 GC patients from Los Angeles County (LAC; validation cohort).
Genomic DNA was isolated from whole blood or tumor tissue and analyzed by PCR-based direct
DNA sequencing. Cox proportional hazard regression analyses were used to assess relationships
between FOXF1 SNPs and progression-free survival (PFS) and overall survival (OS). FOXF1
rs3950627 was significantly associated with survival in both the training and validation cohorts.
Japanese patients with the C/C genotype had a longer PFS (median 8.2 vs 5.3 months, hazard ratio
(HR) 1.44, P=0.037) and OS (median 16.4 vs 12.2 months, HR 1.44, £=0.043) compared to
patients with any A allele. Similarly, LAC patients with the C/C genotype had improved OS (3.9
vs 2.3 years, HR 1.5, P=0.022). Subgroup analyses showed these associations were specific to
male patients and primary tumor subsite. Our findings suggest that FOXF1 rs3950627 might be a
promising prognostic marker in GC patients.

INTRODUCTION

Forkhead box-F1 (FOXF1) belongs to a family of transcription factors that regulate
embryonic development, and is implicated in carcinogenesis. FOXF1 is expressed in organs
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derived from the primitive gut,1:2 and gene knockout mice models have demonstrated an
essential role for FOXF1 in the formation of the esophagus, liver, gallbladder and lung.3 The
link between FOXF1 and carcinogenesis is not fully understood, and both oncogenic and
tumor suppressor roles have been proposed in different tumor types. For instance, in breast
cancer murine xenografts,* FOXFI expression has been associated with an invasive,
mesenchymal phenotype and enhanced tumor growth. Conversely, in colorectal cancer cell
lines, FOXF1 inhibits cell invasion and migration in a p53-dependent manner.>

The mechanisms underlying FOXF1-mediated gastric tumorigenesis are not well
characterized, though FOXF1 promotes cancer cell matility and invasiveness, partly by
regulating E-cadherin expression.> Furthermore, hedgehog (Hh) signaling, which is integral
to gastric gland differentiation,®” has been shown to induce FOXF1 expression during gut
development (including stomach and intestinal organogenesis), vasculogenesis!3:8:9 as well
as in cancer-associated fibroblasts.19 Notably, Hh pathway activation and resulting tumor
cell proliferation are thought to be regulated by ERa.,1! which is more highly expressed in
diffuse-type or undifferentiated GC variants.12

A recent genome-wide association study identified single-nucleotide polymorphisms (SNPs)
in region 16q24, near the FOXF1 gene, to confer susceptibility to esophageal
adenocarcinoma.l® The relationship between these SNPs and gastric cancer remains
unknown, and understanding such associations may shed insight on molecular determinants
of treatment efficacy and patient outcomes. We hypothesized that FOXF1 SNPs may predict
clinical outcomes in GC patients and that these associations may vary by gender, ethnicity,
primary tumor subsite and histology. Accordingly, we tested the prognostic value of seven
previously reported FOXFI SNPs in two independent cohorts of GC patients from Japan and
the United States (US).

MATERIALS AND METHODS

Patients and treatment protocols

A total of 362 patients were included in this study. The training cohort consisted of 151
patients with histologically confirmed metastatic and recurrent gastric adenocarcinoma,
treated with first-line S1 plus CDDP at the Cancer Institute Hospital in Japan. Concurrent
chemotherapy consisted of infusion of cisplatin (60 mg m~2) on days 1 and 8 plus oral S1
(80 mg m~ 2 day™ 1) on days 1-21.14 Treatment was administered to patients unless there
was evidence of disease progression, intolerable toxicities or early withdrawal. Response
was measured by contrast-enhanced computed tomography (CT) scans every 8 weeks
according to Response Evaluation Criteria in Solid Tumors (RECIST) 1.0.

The validation cohort consisted of 211 patients with gastric adenocarcinoma treated at Los
Angeles County-University of Southern California (LAC-USC) Medical Center. These
patients were recruited from a population-based case—control study that included White,
African-American, Latino and Asian-American patients diagnosed with gastric cardia
adenocarcinoma between 1992 and 1997 or with distal gastric cancer between 1992 and
1994.15
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This study was approved by the Institutional Review Boards of each institute, and all
patients signed an informed consent for the analysis of molecular correlates.

Genomic DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissues of 151
Japanese GC patients in the training cohort and from peripheral whole blood of 211 GC
patients in the LAC validation cohort, using the QIAmp Kit (Qiagen, Valencia, CA, USA)
according to the manufacturer’s protocol (www.giagen.com). PCR-based direct DNA
sequence analysis using ABI 3100A Capillary Genetic Analyzer and Sequencing Scanner
v1.0 (Applied Biosystems, Waltham, MA, USA) was performed for genotyping the SNPs.
Extracted DNA was amplified using the following primer set: forward: 5'-
CCTAAGAATTCGCCTCCACA-3" and reverse: 5'-CCAAATCTCCGTGAATGTGA-3’ for
rs1490865; forward: 5'-CCCAAAGGGCTGAGATTACA-3’ and reverse: 5’-
AATTGGGCAAATAAAGGATGG-3’ for rs3111601; forward: 5’-
GTCAGAGCCACAGTGCTACA-3’ and reverse: 5'-GAGGGTGGTAGAGAGTGGC-3’ for
rs9936833; forward: 5'-AGTCGTCATGTTTGCCACCT-3” and reverse: 5'-
ATGACATCAGGGCACAGCTT-3’ for rs1728400; forward: 5’-
TTCTGGTGCTGGCAATCCTT-3" and reverse: 5" -AGGATGACTGGCACTCTCAT-3’ for
rs3950627; forward: 5'-AAGGGAGGTGCATAGGTACG-3" and reverse: 5~
GATTGTTAGGGCAGGCAAAA-3’ for rs2178146; forward: 5’-
CAAATGGGCTCAAAGAGGTT-3’ and reverse: 5'-GGTCCTGGACTCTCGAATG-3’ for
rs13332095.

Statistical analysis

The primary endpoint of this retrospective study was overall survival (OS), and the
secondary endpoints were tumor response and progression-free survival (PFS). OS was
defined between the date of initiation of therapy and death from any cause in Japanese
cohort, whereas OS was defined between the date of diagnosis and death from any cause in
LAC cohort. If death was not observed, OS was censored on the date of last contact. PFS
was defined as the interval from first day of first-line chemotherapy to first day of
documented disease progression or death in Japanese cohort. If progression was not
observed, PFS was censored on the day of the last CT scan. Tumor responses were grouped
into responders, including complete or partial response, and non-responders, including stable
or progressive disease. In the LAC cohort, information regarding OS but not PFS or tumor
responses was available.

The allelic distribution of the polymorphisms for each race/ethnic group was tested for
deviation from Hardy—Weinberg equilibrium using the exact test with one degree of
freedom. Linkage disequilibrium (LD) among candidate SNPs for each race/ethnic group
was assessed using D” and r2 values, and the haplotype frequencies were inferred using
Haploview version 4.2 (www.broad.mit.edu/mpg/haploview).

The baseline characteristics between Japanese and LAC cohorts were compared by ;(2 test
for categorical variables and the Wilcoxon rank sum test for continuous variable. The
associations between the SNPs with OS and PFS were examined by Kaplan-Meier
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estimation and log-rank test, using codominant, dominant or recessive genetic models, when
appropriate. The multivariable Cox proportional hazards regression model with stratification
factors was used, to evaluate the association between analyzed SNPs, considering the
imbalance in the distributions of baseline characteristics in each cohort. The baseline
characteristics that remained statistically significantly associated with endpoints in the
model selection procedures (P < 0.1) were included in multivariable analyses of the SNPs
and clinical outcome. The relationships between SNPs and tumor responses were assessed
using the Fisher’s exact test. With 151 patients in the training cohort (OS events = 124),
there was 80% power to detect a hazard ratio (HR) of 1.66—2.42 for a SNP associated with
OS in the dominant model whether the frequency of the minor allele is from 0.05 to 0.3
using a two-sided log-rank test at a significance level of 0.05. Using the same test among the
validation cohort (V= 211, OS events = 151), the power would exceed 87% for the same
range of HRs (1.66—-2.42) with the same allele frequencies.

SAS 9.4 (SAS Institute, Cary, NC, USA) was used to conduct all analyses. Case-wide
deletion was applied when patients with missing values for all candidate SNPs in each
cohort in univariable and multivariable analyses. All tests were two-sided with a significance
level of 0.05.

Patient and tumor characteristics

The baseline demographic and clinical characteristics of patients in the Japanese and LAC
are summarized in Table 1. Associations between baseline characteristics and clinical
outcomes are presented for each cohort (Supplementary Tables 1A and B). The median
follow-up period was 3.4 years in the Japanese cohort and 8.6 years in the LAC cohort. The
median OS was 2.6 years for the LAC cohort. The median PFS and OS were 7.1 months and
14.1 months in the Japanese cohort.

Associations between genetic variants and clinical outcomes in the Japanese training

cohort

Associations between the selected FOXF1 SNPs and outcomes are shown in Table 2. Among
the seven examined SNPs, only FOXF1 rs3950627 significantly influenced survival. Patients
with the C/C genotype had significantly longer median PFS and OS compared to those with
any A allele (Figures 1a and b). FOXF1rs3950627 remained statistically significantly
associated with PFS in multivariable analysis when adjusted for Eastern Cooperative
Oncology Group (ECOG) performance status, liver metastases, lymph node metastases and
number of metastasis sites. There was also a trend towards improved OS in patients carrying
the C/C genotype compared to those with an A allele in multivariable analysis. No minor
allele of FOXF1rs1490865 was observed in Japanese patients, thus, it was excluded from
further analysis. No LD was found between the analyzed polymorphisms for each ethnic/
race group.
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Associations between FOXF1 rs3950627 and clinical outcomes in the LAC validation

cohort

The association between FOXF1rs3950627 polymorphisms and outcomes in the LAC
cohort is shown in Table 3. In univariable analyses, the C/C genotype of rs3950627 was
associated with significantly longer OS. Patients with the C/C genotype had a median OS of
3.9 years, compared with a median OS of 2.3 years for those with any A allele (Figure 1c).
This relationship remained statistically significant in multivariable analysis which adjusted
for primary tumor site, stage, lymph node metastasis, differentiation and stratified by race.

Associations between FOXF1 rs3950627 and clinical outcomes stratified by gender, tumor
location and histology

Within the Japanese cohort, men with the FOXF1 rs3950627 C/C genotype had a
significantly longer median PFS and OS than those with any A allele (Table 4). In
multivariable analysis, FOXF1 rs3950627 remained significantly associated with PFS and
OS in Japanese men (Table 4). Similarly, in the LAC cohort, men with any A allele genotype
had a significantly improved OS than those with any A allele (Table 5). This association
maintained significance in multivariable analysis. In analyses by gastric subsite (cardia vs
distal GC), Japanese patients with distal GC and the FOXF1 rs3950627 C/C genotype had
median OS of 8.6 months, compared with 6.2 months among those with any A allele. In
multivariable analysis, FOXF1 rs3950627 remained significantly associated with OS for
distal GC patients (Table 4). Within the LAC cohort, the C/C genotype was not significantly
associated with OS for distal GC patients but was associated with significantly longer OS
among patients with gastric cardia cancers (Table 5). Patients with the C/C genotype had a
median OS of 4.4 years, compared with those with any A allele who had median PFS of 1.5
years. This association remained significant for OS in multivariable analysis (Table 5).

The association between the FOXF1rs3950627 C/C genotype and outcomes also appeared
to be stronger among Japanese (Table 4) and LAC patients with undifferentiated GC (Table
5). Within the Japanese cohort, patients with undifferentiated GC and the C/C genotype had
significantly longer median PFS with a trend towards improved OS compared with those
with any A allele (Table 4). In multivariable analysis, there was also a trend towards
improved OS in Japanese patients with undifferentiated tumors and the FOXF1 rs3950627
C/C genotype. Among the LAC cohort, patients with undifferentiated tumors and the C/C
genotype had a significantly longer OS than those with any A allele; there was a similar but
non-significant trend in multivariable analysis (Table 5).

DISCUSSION

The role of FOXF1 in gut development and carcinogenesis has been established, and a
potential link between SNPs near the FOXFI gene and a predilection for esophageal
adenocarcinoma has been recently reported.1® Among FOXFI SNPs, rs3950627 has the
most significant impact on susceptibility to esophageal adenocarcinoma.® However, the
clinical relevance of FOXFI1 SNPs in gastric cancer has not been explored. Using two
independent cohorts from Japan and the US, we investigated associations between FOXF1
SNPs and outcomes in GC patients. To our knowledge, our study is the first to demonstrate
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and validate FOXF1rs3950627 as a biomarker for survival in Japanese and US GC patients.
Furthermore, we found these prognostic associations to be influenced by gender and primary
tumor subsite.

Although the FOXF1 protein has putative oncogenic* and tumor suppressorl8:17 roles, the
function of FOXF1rs3950627 remains unclear. As rs3950627 is a tag SNP, it may exert its
effects through linked polymorphisms at other loci. /n vitro functional assays are necessary
to better define associations between rs3950627, gastric carcinogenesis and patient
outcomes.

Consistent with prior studies, our gender-stratified analysis showed FOXFI rs3950627 to
specifically predict survival in men but not women, independent of ethnicity and after
accounting for known prognostic factors in multivariable analysis. In a case—control study;,
Dura et a/18 reported another FOXF1 SNP (rs9936833) to be associated with esophageal
adenocarcinoma, particularly in males. Gender-based differences in gastric cancer outcomes
are well established, as men have a two-fold greater incidence and increased mortality
compared to women,19:20 and estrogen has been shown to confer a potential protective effect
against GC.2! Our data support a possible role for FOXF1 in mediating these effects, as it
lies downstream of both ERa and sonic Hh pathway activation.11

Insights into the genetic heterogeneity of GC have revealed subsite specific etiologic and
histologic molecular profiles.22 Motivated by these findings, we assessed whether the
prognostic impact of FOXFI polymorphisms varied by primary tumor site and found unique
relationships in the Japanese and LAC cohorts. In the Japanese cohort, the rs3950627 C/C
genotype was associated with longer OS in distal GC patients, whereas in the US cohort, the
C/C genotype was associated with improved OS among patients with cardiac GC. The
significance of these findings is not entirely clear and need to be confirmed in subsequent
studies, but may reflect distinct GC etiologies between different ethnicities.

Certain limitations of our study should be acknowledged. Given the retrospective design and
relatively small sample size of our study, our findings need to be prospectively validated in
larger populations. Information regarding specific treatment and PFS was not available for
the LAC cohort, and this limits the comparisons that can be made between the training and
validation cohorts. Furthermore, the two cohorts differed in that the validation cohort
included patients with localized and metastatic disease, whereas the training set only
included patients with metastatic disease. In a separate analysis, we investigated differences
between patients with localized and metastatic disease within the validation cohort. In
patients with localized disease, the C/C genotype of rs3950627 was associated with
significantly longer OS. In metastatic disease, there was also a trend towards improved OS
with rs3950627 C/C genotype, which did not reach statistical significance, likely due to
small sample size (data not shown). Although we adjusted for stage in our primary
multivariable analysis within the validation cohort, whether these polymorphisms are more
clinically relevant in patients with more advanced disease remains to be determined.

In conclusion, our study is the first to show that FOXFI rs3950627 may be a promising
prognostic marker in two independent cohorts of GC patients. Future investigations are
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needed to determine the functional significance of FOXF1 rs3950627 and define the clinical
utility of FOXFI polymorphisms in the management of GC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Kaplan—Meier cumulative survival curves by FOXF1rs3950627 genotype for PFS (a) and
overall survival (OS) (b) in the Japanese cohort, and OS (c) in the LAC cohort.
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Table 1.

Baseline clinical characteristics of patients in the Japanese and LAC cohorts

Japanese cohort (n =151)  LAC cohort (n = 211) P—valuea
n % n %
Gender 0.59
Male 107 71 144 68
Female 44 29 67 32
Age (vear)
Median (range) 61 (16-78) 62 (26-74) 0.92
<65 91 61 123 58
=65 58 39 88 42 0.60
Stage
=111 20 13 158 75 <0.001
v 131 87 39 18
Unknownb 14 !
Lymph nodes
No 57 38 66 31 0.81
Yes 94 62 103 49
Unknownb 42 20
Tumor site
Cardia 47 31 93 44 0.030
Distal 97 64 118 56
Unknownb l 5
Tumor differentiation
Differentiated 45 30 51 24 0.47
Undifferentiated 106 70 143 68
Unknownb 7 8
Ethnicity
Asian 151 100 108 51 NA
Caucasian 18 9
Hispanic 51 24
African-American 31 15

Abbreviation: NA, not applicable.
a . - .
On the basis of ;(2 test, or the Wilcoxon rank sum test whenever appropriate.

bNot included in the test.
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