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Abstract

The cluster of differentiation 44 (CD44) signaling pathway is crucial in cancer-cell growth,
invasion, proliferation and metastasis. CD44 is a transmembrane receptor for hyaluronan and
osteopontin, and has recently attracted attention as a gastric cancer stem cell marker. Previous
studies showed that polymorphisms in the CD44 gene can influence both human cancer survival
and determine cellular response to cytotoxic chemotherapeutics. In addition, CD44 protein
overexpression has been associated with poor prognosis in gastric adenocarcinoma (GA). We
tested the hypothesis whether polymorphisms involved in the CD44 pathway will predict clinical
outcome in patients with localized GA. Either blood or formalin-fixed paraffin-embedded (FFPE)
tissues were obtained from 137 patients with localized GA at University of Southern California
and Memorial Sloan-Kettering Cancer Center medical facilities. DNA was isolated and
polymorphisms within the CD44 pathway were determined by PCR-RFLP technique. In univariate
analysis CD44 rs187116 and CD44 rs7116432 were significantly associated with time to tumor
recurrence (TTR) and overall survival (OS). After adjusting for covariates, patients harboring at
least one G allele of CD44 rs187116 remained significantly associated with TTR (adjusted
p=0.009) and OS (adjusted p=0.045). Further, patients harboring CD44 T-A haplotype were at the
lowest risk of developing tumor recurrence (HR: 0.255; 95% CI: 0.11-0.591; adjusted p=0.001)
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and death (HR 0.198; 95% ClI: 0.07-0.563; adjusted p=0.002). These results provide the first
evidence that CD44 polymorphisms predict clinical outcome in patients with localized GA. This
may help to identify localized GA patients at high risk for tumor recurrence.
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Introduction

Worldwide, approximately 934,000 cases of GA are diagnosed annually 1. In 2010, an
estimated 21,000 new cases of GA will be diagnosed in the United States, and 10,570
patients will succumb to their disease 2. Despite recent improvements in treatment options
through the integration of targeted therapy in combination with cytotoxic chemotherapy for
patients with HER2 positive advanced GA, the median overall survival (OS) is less than 14
months 3. The mortality for patients diagnosed with localized GA is still high, with five-year
OS rates of 30% 4. In addition, of those patients who are fortunate enough to undergo
standard combined radio-chemotherapy following complete gastric resection, an alarmingly
high rate of 40-60% will develop recurrence 5. GA is a heterogeneous disease with two
distinct histological subtypes (diffuse and intestinal type, classified by Laurén 6) which are
characterized by different molecular alterations 7. However, GA is commonly treated
uniformly, independent of histologic and molecular subtypes. Pathologic differentiation,
depth of tumor invasion (T stage), and number of tumor infiltrated lymph nodes (N
stage)represent the only prognostic markers. Therefore, it is critical to establish molecular
markers that predict outcome to individualize therapeutic strategies by maximizing
treatment efficacy and minimizing side effects.

CD44 is a major cell adhesion molecule playing distinct roles in a variety of physiological
processes including cellular adhesion, migration and regulation of growth and lymphocyte
homing 8. The CD44 gene is complex, comprising of 20 exons, 10 of which are expressed in
most untransformed non-activated cells as standard CD44 (CD44s). The 10 remaining exons
are incorporated in an extremely large number of CD44 family splice variants (CD44v)
containing inserts of varying sizes in the extracellular portion of the molecule. These CD44v
are found on the surface of tumor cells, dividing epithelial cells, and activated lymphocytes
and possess distinct functional significance from CD44s 8. The major ligands of CD44 are
hyaluronan and osteopontin 8: 9. CD44 signaling is crucial in cancer-cell growth, invasion,
proliferation and metastasis. Activation of CD44 as a result of ligand binding, promotes
proliferation and apoptosis resistance via phosphatidylinositol 3-kinase (PI3K)/Akt pathway
10. In addition, CD44 promotes tumor cell proliferation in co-operation with additional
membrane-bound receptor tyrosine kinases including c-erbB-2 (HER2/neu) and c-Src 11.
Another critical function of CD44 is the regulation of tumor cell adhesion and motility. In
it’s active state, the cytoplasmic domain of CD44 can interact with the actin-based
cytoskeletons via ezrin, radixin, and moesin (ERM family), thereby promoting membrane
motility and tumor cell migration 12714. Notably, CD44 has well documented tumor
promoting activities that include stimulating cell growth and promoting metastasis in
colorectal and GA 15 16. Aberrant expression of CD44 and CD44v has also been reported
to be associated with lymph node metastasis, invasion and survival in GA 17: 18. In addition
CDA44 positive gastric cancer cells were associated with chemo- (5-Fluorouracil and
etoposide) and radiotherapy resistance which likely account, at least in part, for treatment
resistance and subsequently early tumor recurrence 19. Consistent with this, genetic variants
in the CD44 gene have been identified to affect both the cellular responses to
chemotherapeutics 20 21, as well as human cancer incidence and survival 22. A striking
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development in recent years is the emergence of CD44 as gastric cancer stem cell (CSC)
marker. CD44 positive human gastric cancer cell lines have been reported to possess the
capacity for self-renewal, longevity and multipotency 19

Considering the expanding body of evidence implicating the role of CD44 in promoting a
variety of tumorigenic processes and the complexity of the CD44 gene and its splicing
events, it is entirely plausible that the CD44 gene and signaling pathway could harbour
functional genetic variants which may help further define GA sub-populations at high risk
for early tumor recurrence. Therefore, we aimed to examine whether polymorphisms within
the CD44 signaling pathway have potential signficance as molecular prognostic markers for
localized GA.

Patients and Methods

Patients

Genotyping

A total of 137 patients with localized (stage Ib — IVV) GA were included in this study. All
patients were treated with surgery alone or surgery and adjuvant (radio)-chemotherapy, at
the University of Southern California/Norris Comprehensive Cancer Center (USC/NCCC),
the Los Angeles County/University of Southern California Medical Center, or the Memorial
Sloan-Kettering Cancer Center/Cornell University from 1992 to 2008. Patient data were
collected retrospectively through chart review. Study approval was obtained by the
Institutional Review Boards of the University of Southern California and Memorial Sloan-
Kettering Cancer Center. All participants signed informed consent for the analysis of
molecular correlates.

Either blood or formalin-fixed paraffin-embedded (FFPE) normal gastric tissue specimens
were obtained and genomic DNA was extracted using the QlAamp extraction kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s protocol. The samples were tested
either by PCR-based restriction fragment length polymorphism (PCR-RFLP) analysis or
direct sequencing. The genes, reference SNP identification numbers, SNP location, function,
forward and reverse primer and restriction enzymes are summarized in Table 1.

Candidate polymorphisms

Common and potentially functional polymorphisms within the CD44 signaling pathway
were selected by using the HapMap Project database (www.hapmap.org). We used the
following criteria to select the candidate gene polymorphisms: (a) a minor allele frequency
(MAF) >10% in Caucasians; (b) located in the 3"UTR, 5"UTR and coding regions of the
tested genes and/or were shown to be of biological significance according to the location
within the gene or according to literature review; (c) were associated with resistance to
chemotherapeutic agents in literature review.

Statistical analysis

The primary endpoints of the analyses of germline polymorphisms within the CD44
signaling pathway in localized GA patients treated with surgery alone or surgery and
adjuvant (radio)-chemotherapy were time to recurrence (TTR) and overall survival (OS).
The TTR was calculated from the date of diagnosis of the disease to the date of first
observation of tumor recurrence or until last follow-up if the patient was recurrence-free at
that time. The OS was defined as the period from diagnosis to death from any cause or the
last contact if the patient was alive.
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The distributions of polymorphisms across baseline demographic, clinical and pathological
characteristics were examined using Fisher’s exact test. The adjusted curves for TTR and
OS of CD44 haplotypes were computed based on the multivariable Cox model 23. While the
genetic model of inheritance for these polymorphisms was unknown, we considered the
dominant, recessive, co-dominant, or additive model whenever appropriate.

Allelic distribution of all polymorphisms in each race/ethnic group was tested for deviation
from Hardy-Weinberg equilibrium (HWE) using a chi-square test with 1 degree of freedom.
Linkage disequilibrium among polymorphisms in CD44 was assessed using D’ and r2
values, and the haplotype frequencies were inferred using HaploView version 4.1
(www.broad.mit.edu/mpg/haploview).

The Cox proportional hazards regression model including T and N categories as covariates
and race and type of adjuvant chemotherapy as stratum variables was fitted to re-evaluate
the association between CD44 polymorphisms and TTR and OS considering the imbalances
in the distributions of baseline characteristics.

All statistical tests were 2-sided and performed using the SAS statistical package version 9.2
(SAS Institute Inc. Cary, North Carolina, USA).

A total of 137 patients with GA were enrolled in the study, and the median follow up time
was 3.3 years. Of those patients, 61 (45%) had tumor recurrence, with a probability of 3-
year recurrence of 0.52 + 0.05. Fifty-five of 137 (40%) patients had recurrent disease within
the first 3 years after surgery and the median time to recurrence (TTR) was 2.8 years (95%
Cl, 2.1-7.0 years). Of the 137 patients, forty-five (33%) have died and the median overall
survival of the cohort is 4.7 years (95% CI, 3.8-7.3 years). T category (p=0.013), N-
category (p=0.004), and type of chemotherapy (p=0.003) were significantly associated with
TTR. The characteristics of the patients have been described in detail and are summarized in
Table 2. No statistical significant association between tested genetic variations and Lauren
classification was observed (p>0.05). The allelic frequencies observed were within the
probability limits of HWE (p>0.05, exact test for HWE).

CD44 rs187116 and clinical outcome in localized GA

Genotyping for CD44 rs187116 was successful in 124 (91%) of 137 cases. In 13 patients
(9%), genotyping was not successful, because of limited quantity and quality of extracted
genomic DNA. Patients harboring at least one G allele (A/G or G/G genotype) had a median
TTR of 2.1 years (95%Cl, 1.5-2.5 years) compared with 7.0 years (95% CI, 4.4-10.6+
years) in patients homozygous for A allele (p=0.022, log-rank test). In addition, patients
with the CD44 rs187116 G allele reached borderline significance with median overall
survival of 4.1 years (95% Cl, 3.3-5.4 years) compared to 7.3 years (95% ClI, 3.8-10.6+
years) for patients homozygous for A allele (p=0.079, log-rank test; Table 3)

CD44 rs7116432 and clinical outcome in localized GA

Genotyping for CD44 rs7116432 was successful in 127 (93%) of 137 cases. In 10 patients
(7%), genotyping was not successful, because of limited quantity and quality of extracted
genomic DNA. Patients with A/G or A/A genotype had a median TTR of 2.2 years (95%ClI,
1.4-4.4 years) compared with 7 years (95% Cl, 2.1-12.3+) for G/G genotype (p=0.045, log-
rank test) and a median OS of 3.8 years (95% Cl, 2.8-4.7 years) versus 7.3 years (95% Cl,
5.4-12.3+ years; p=0.018, log-rank test), respectively (Table 3).
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Multivariable analysis of CD44 rs187116 and CD44 rs7116432

Multivariable analysis for CD44 rs187116 and CD44 rs7116432 included T category, N
category as covariates and was stratified by race and type of chemotherapy. CD44 rs187116
remained significantly associated with TTR (HR: 3.59, 95% Cl, 1.37-9.40; adjusted
p=0.009) and OS (HR: 2.98, 95% CI, 1.02-8.68; adjusted p=0.045, Table 4).

Haplotype Analysis

CD44 rs187115 and CD44 rs187116 polymorphisms were in linkage disequilibrium in our
study population (D’=0.85, 95% Cl, 0.71-0.93; r2=0.39). Haplotypes were constructed from
these two polymorphisms. Patients harboring the T-A haplotype were at lowest risk to
develop tumor recurrence (HR: 0.255; 95% Cl, 0.11-0.591) compared with patients with the
most prevalent T-G haplotype (reference; adjusted p=0.001). In addition, patients with T-A
haplotype were at lowest risk of death (HR 0.198; 95% ClI, 0.07-0.563) compared with
patients harboring T-G haplotype (reference; adjusted p-value=0.002; Table 4 and Figure 1A
and 1B). The other polymorphisms tested did not show any linkage disequilibrium.

Analysis of other germline polymorphisms involved in the CD44 signaling pathway

None of the other tested germline polymorphisms demonstrated a statistically significant
association with TTR and OS (Table 3).

Discussion

CD44 and its activating ligands hyaluronan and osteopontin interact within a signaling
network to collectively drive numerous tumorigenic processes including the regulation of
growth, survival, differentiation and maotility. In addition, accumulating evidence in recent
years strongly support CD44 as a gastric CSC marker. The results of the present research
indicates that CD44 polymorphisms, alone or in combination, are significantly associated
with both TTR and OS in localized GA patients who were treated with surgery alone or
surgery and adjuvant (radio)-chemotherapy. These statistical associations retained their
significance after adjusting for other potential predictors of patients’ outcome and were
independent of ethnicity, tumor stage, lymph node involvement, and type of adjuvant
therapy. To the best of our knowledge, this is the first study to show CD44 genetic
variations as potential prognostic markers for localized GA.

Previous studies showed that CD44 protein overexpression is associated with poor prognosis
in colorectal carcinoma and GA 24: 25. Although CD44 arises from a single gene, numerous
splice variants are formed by alternative splicing and posttranscriptional modifications 26
27. CD44 gained considerable interest, when it was described that certain CD44v facilitate
to confer a metastatic phenotype in a variety of tumors, including GA 28732. It is not yet
clear whether particular modifications directly affect the binding affinity of CD44, or
whether the structure of certain splice forms favors oligomerization, thereby conferring an
increased affinity of CD44 for its ligands hyaluronan and osteopontin 8. Recent findings
suggests that intronic germline variations can affect splicing regulatory elements, leading to
aberrant splicing 33. Further, Narla et al. provided evidence of a link between a relatively
common intronic polymorphism and KLF6, a Kruppel-like zinc finger transcription factor,
through alternative splicing in prostate cancer 34.

Recently, Vazquez and colleagues showed that the C/C genotype of intronic CD44 rs187115
germline variation was significantly associated with decreased cellular response to cytotoxic
chemotherapeutics including doxorubicin, carboplatin, RNA/DNA and DNA antimetabolites
in vitro strongly suggesting a functionally significant role for this SNP in tumor cells 21. In
addition, the functional significance of this polymorphism was further supported in an
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analysis of 129 soft-tis2sue sarcoma patients where patients homozygous for the C-allele
were at a 2.1-fold increased risk for tumor related death compared with individuals
harboring C/T or T/T genotype (p=0.041) 21. Interestingly, in our study, patients with
localized GA harboring C/C genotype of CD44 rs187115 genetic variation had a 1.41-fold
(95% CI, 0.55-3.60) increased risk of death compared with patients harboring T/T genotype
but did not reach statistical significance in single marker analysis (log-rank p=0.75).
However, haplotype analysis of polymorphisms rs187115 and rs187116 provided evidence
for associaction with tumor recurrence. These polymorphisms were in LD (r2=0.39), which
can mask or change the genetic effects of those loci in the association analysis. This may
explain why rs187115 was not significantly associated with tumor recurrence in single
marker analysis. The unvaforable T-G haplotype contains the protective T allele at rs187115
and the adverse G allele at rs187116. This suggests that the rs187116 unfavorable allele
outweighs the rs187115 protective allele, and the overall effect of this haplotype
significantly increases risk of tumor recurrence (adjusted p=0.001) and death (adjusted
p=0.002; Table 4) compared to the T-A haplotype. As a result, the protective effect of
rs187115 at haplotype T-G was masked by rs187116, and therefore its relation with tumor
recurrence or death was not detected in single-marker analysis. In addition, in the current
study we report for the first time, two CD44 intron genetic variations (rs187116 and
rs7116423) which were significantly associated with OS and/or TTR in localized GA
patients in single marker analysis (Table 3).

Although the precise functional and biological significance of these polymorphisms remain
unknown, it is plausible that CD44 intronic polymorphisms may have a direct impact on the
regulation of gene splicing events. The subsequent expression of alternate transcripts and
CDA44 receptor variants are reported to promote tumorigenic processes. To our knowledge,
there have been no published reports characterizing the functional role of the CD44 intron
polymorphisms tested in our study. Hence, the molecular mechanisms by which these
germline variants exert their biological effects warrants further experimental investigation.
However, these data strongly support a functionally and clinically important role of CD44
and its genetic variants in localized GA.

Our data may also have clinical-translational relevance. Early clinical trials using antibodies
against CD44 that inhibit ligand binding have shown some promise by inhibiting tumor
growth and metastasis 35~37, although some studies reported complications by various
toxicities including the skin, a site in the body with a high level of CD44 38: 39. Therefore,
the challenge is to improve these antibodies by taregeting them to specific CD44v that are
uniquely expressed on the cancer in question. Future clinical trials should consider the
genetic variations within the CD44 gene that we tested in an effort to further enhance
tailored treatment strategies. In conclusion, the results of this study provide the first
preliminary evidence that CD44 polymorphisms, alone or in combination, predict GA
patients with early tumor recurrence. This may help to select patients at high risk for tumor
recurrence who might benefit from more aggressive treatment strategies. Biomarker-
embedded clinical trials are needed to validate our preliminary hypothesis-generating
findings.
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Figure 1.

Time to tumor recurrence (A) and overall survival (B) by T-A, C-A, and T-G haplotypes of
CD44 rs187115 and rs187116 polymorphisms in localized gastric adenocarcinoma patients.
All censored patients and those who showed tumor recurrence are accounted for.
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