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A subset of genetic susceptibility variants for colorectal cancer

also has prognostic value

S Noci', M Dugo?, F Bertola®, F Melotti*5, A Vannelli>’, TA Dragani' and A Galvan'

We investigated the possible influence of 86 single-nucleotide polymorphisms (SNPs), known to associate with the risk of colorectal
cancer (CRC), on overall survival and time to recurrence (TTR) in 733 Italian CRC patients followed up for up to 84 months after

surgery. In the Cox multivariate analysis, adjusted for gender, age, pathological stage and adjuvant chemotherapy (yes/no), the risk
of death significantly increased by rare allele count (P < 0.05) for rs1801133 (MTHFR), rs4939827 (SMAD?), rs2306283 (SLCO1B1) and
rs12898159 (BMP4), whereas for rs736775 (GPX3) the opposite was observed. Two additional SNPs associated with TTR, namely

rs16892766 (downstream of EIF3H) and rs10749971 (COLCA2). Our findings show that some genetic variants previously found to
associate with CRC risk are also associated with survival after treatment. The identification of alleles defining subgroups of patients
with worse clinical outcome may have application in developing pharmacogenetic strategies aimed at personalizing CRC treatment.

The Pharmacogenomics Journal advance online publication, 12 May 2015; doi:10.1038/tpj.2015.35

INTRODUCTION

Colorectal cancer (CRC) is the third most frequent neoplasm
worldwide, with over one million new incident cases diagnosed in
2008." Environmental factors, in particular alcohol consumption
and smoking, are associated with an increased risk of sporadic
CRC? However, a genetic component is also believed to be
relevant. A large twin study, published in 2000, estimated that 35%
of colorectal cancer risk may be explained by heritable factors.>
Since then, numerous genome-wide association studies have
identified single-nucleotide polymorphisms (SNPs) associated
with the risk of CRC. Currently, at least 20 genomic regions (and
various candidate genes) are implicated in disease risk, including
8023.3 (EIF3H), 8924.21 (CASC8), 10p14, 11g23.1 (COLCAT, COLCA2),
14G22.2 (BMP4), 15q13.3 (GREMI1), 16q22.1 (CDHT), 18g21.1
(SMAD7), 19913.11 (RHPN2) and 20p12.3 (BMP2).*'2

Some of the SNPs associated with CRC susceptibility have also
been tested in different cohorts for a possible impact on CRC
outcome, but the prognostic significance of these variants remains
controversial. For example, polymorphisms in CASC8, mapping
in the 8g24.21 region, were associated with an increased risk
of death in one study,'® which contradicted earlier reports of
no association.'™'> rs10795668, an SNP in the gene-free 10p14
region, did not associate with CRC prognosis in a study of patients
with Scottish ancestry,'® whereas it associated with both a better
clinical outcome in a Spanish study'® and a reduced risk of
recurrence in a Chinese study.'”

For patients with stages Ill and IV CRC and for those with high-
risk stage Il CRC, adjuvant chemotherapy—of which 5-fluorouracil
(5-FU) is the treatment standard—is generally recommended, as it
has been demonstrated to improve both disease-free survival and
overall survival."”® However, as a substantial percentage of treated

CRC patients develop a recurrence or metastasis within 5 years of
diagnosis,'® it is important to understand why some patients
relapse, whereas others do not.

Genetics is helping to elucidate these differences in treatment
response. In particular, polymorphisms in TYMS and MTHFR genes
involved in 5-FU action have been linked to the variability in
patients’ response to this drug. Polymorphisms in TYMS, which
encodes thymidylate synthase, were predictive of survival in 89
patients who received 5-FU,%° although these results were not
confirmed by a more recent study.?’ Polymorphisms in MTHFR,
which encodes methylenetetrahydrofolate reductase, were asso-
ciated with toxicity (for example, diarrhea and mucositis) from
5-FU-based chemoradiation therapy but not with efficacy,”'
although no statistically significant association was found bet-
ween markers of toxicity outcomes and the C667T MTHFR poly-
morphism in a randomized trial of chemotherapy for advanced
colorectal cancer.?? To further investigate the genetic determi-
nants of treatment response and to clarify some of the conflicting
data on the prognostic role of CRC risk-associated SNPs, we
genotyped 96 SNPs in 770 Italian patients operated for colorectal
adenocarcinoma. The association of genotype with both overall
survival and time to recurrence (TTR) was evaluated, taking into
account the administration of adjuvant chemotherapy and the
clinicopathological parameters that may have influenced tumor
progression and outcome.

METHODS
Patients

Since May 2008, we collected baseline and follow-up clinicopathological
data and blood samples from patients treated surgically for colorectal
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adenocarcinoma at the Fondazione IRCCS Istituto Nazionale dei Tumori in
Milan, Italy. In December 2012, when this study began, material from 770
Italian patients was available. The study protocol was approved by the
Independent Ethical Committee of this institute, and written informed
consent was provided by all patients for the use of their samples for
research purposes.

Histopathological analysis of resected tumor specimens confirmed the
diagnosis of colorectal adenocarcinoma in all cases. After surgery, some
patients received 5-FU-based adjuvant chemotherapy, chosen on the basis
of their clinicopathological characteristics. The regimens used included
5-FU alone, 5-FU in the XELOX, FOLFOX or FOLFIRI regimens, and 5-FU in
combination with a monoclonal antibody (bevacizumab or cetuximab).

SNP selection and genotyping

We searched PubMed (www.ncbi.nlm.nih.gov/pubmed) for studies in
English describing SNPs associated with CRC risk or prognosis. All SNPs
discovered in genome-wide association studies, case—control association
studies and CRC candidate-gene analyses were preliminarily selected, as
were SNPs identified by pharmacogenomic studies in patients receiving
fluoropyrimidine-based adjuvant chemotherapy. A list of 96 CRC-relevant
SNPs was submitted for evaluation on lllumina’s Assay Design Tool
(Illumina Assay Design Tool for Array Probe Design. http://support.illumina.
com/array/array_software/assay_design_tool.html, which evaluates loci for
expected genotyping success rate (assigning a ‘final SNP score’) and flags
loci with an error message if an assay cannot be designed for technical
reasons. Scores range from 0 to 1.1, with values < 0.4 indicating a low
success rate, values from 0.4 to 0.6 indicating a moderate success rate and
values from 0.6 to 1.1 indicating a high success rate.”> The 96 SNPs
evaluated had final SNP scores ranging from 0.41 to 1.1 and no error
messages (Supplementary Table 1), and thus they were all included in the
design of custom GoldenGate Genotyping assays with VeraCode
technology (lllumina, San Diego, CA, USA).

Genomic DNA was extracted from frozen blood samples using the
DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA). Samples of DNA
were quantified using the NanoDrop 2000c UV-vis spectrophotometer
(Thermo Scientific, Waltham, MA, USA) and diluted to 50 ng pl =" in water.
Subsequently, 15 pl of each sample was placed into a well of a 96-well
plate. Two samples on each plate were assayed in duplicate to
demonstrate data reproducibility, and one well received only water as
negative control.

High-throughput SNP screening was performed using the custom-
designed GoldenGate Genotyping assays with VeraCode technology on an
lllumina BeadXpress Reader platform according to the manufacturer’s
protocol (lllumina). Data generated were analyzed using the lllumina’s
GenomeStudio data analysis software (v2011.1, lllumina), which performs
automated genotype clustering and calling. SNPs with an Illumina
GenCall_10 score > 0.5 and a call rate >80% were automatically included;
for one SNP (rs10929302) with a GenCall score of 0.32, a visual exam of the
cluster plot supported its inclusion. In addition, we excluded from the
study SNPs that had minor allele frequency (MAF) < 0.025.

Statistical analyses

Two end points were considered in the survival analyses. The time to
recurrence (TTR) was defined as the time from the date of surgery to the
first local or distant recurrence or to the diagnosis of a second primary
colon cancer. The calculation of TTR did not consider patients who were
alive and free of recurrences, who died without having had a recurrence or
who had distant metastasis at the time of diagnosis. Overall survival was
defined as the time from surgery to death from any cause or to the day of
last follow-up, which was truncated at 84 months or in June 2013,
whichever came first.

Univariate Cox analyses were carried out to examine the relationships
between outcome (TTR and overall survival) and clinicopathological
characteristics, except for adjuvant chemotherapy, which was tested by
multivariate analysis stratified for age at surgery (<64 vs >64 years),
gender and pathological TNM stage (I and Il vs Il and IV; TNM, T category
describes the primary tumor site, N category describes the regional lymph
node involvement, M category describes the presence or otherwise of
distant metastatic spread; http://www.uicc.org/resources/tnm). The
Kaplan-Meier method was used to compare overall survival in patients
stratified by TNM stage into two groups.

Genotype frequencies were tested for Hardy-Weinberg equilibrium
using the x* test. The associations of genotypes with overall survival and
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TTR were evaluated in a Cox proportional hazards model adjusted for age
at surgery (<64 vs > 64 years), gender, TNM stage (I and Il vs lll and IV) and
adjuvant chemotherapy; the choice of these covariates was based on their
correlation with overall survival or TTR and, for variables with a substantial
amount of missing data, on the results of pairwise comparisons with TNM
stage obtained using the y* test. In the multivariate analyses, each SNP was
initially evaluated for association with overall survival or TTR using the
trend test: a numerical value (0, 1 and 2) was assigned to each patient’s
genotype according to the number of rare alleles. SNPs that significantly
associated with survival or TTR by the trend test (P < 0.05) were further
analyzed to test for the additive or dominant model of penetrance.?* For
this purpose, homozygosity of the common allele was set as the reference
value. In the additive model, we calculated hazard ratios (HRs) for the three
genotype groups using the reference group as denominator (that is,
patients who were homozygous at the common allele had HR=1). In the
dominant model, the numerator of the HR referred to patients who were
either homozygous for the rare allele or heterozygous, with the reference
group in the denominator.

The Kaplan-Meier method was used to obtain survival and recurrence-
free curves according to genotype for selected SNPs. All statistical tests
were two-sided and were carried out using the freely available R packages
(http://www.r-project.org/).

RESULTS
Patients’ clinicopathological characteristics and outcome

In this study, we investigated the influence of genetics on survival
and TTR after surgical resection of CRC, by genotyping 770 Italian
patients for 96 SNPs associated with CRC risk. Genotyping,
performed using custom-designed GoldenGate assays, provided
reliable data (>80% SNP call rate) for 733 patients, who were
included in the analysis (Table 1). The patients’ median age at
surgery was 64 years, but there was a wide age range; male
gender predominated (58.4%). The patients’ tumors originated in
the colon in ~48% of cases and in the rectum in 52%. Metastasis
was present at surgery (TNM stage IV) in 90 cases (12.3%).
Adjuvant chemotherapy had been administered to 382 patients
but not to 275 patients (data are missing for 76 cases). For the
other clinicopathological characteristics listed in Table 1, the high
rate of missing data is attributable to the retrospective nature of
this study. The patients were followed up for a median period of
38.2 months. At the end of the follow-up period (84 months after
surgery or June 2013, whichever came first), 620 patients (84.6%)
were alive.

To identify clinicopathological characteristics that associated
with the risk of developing a recurrence (expressed as TTR) and
with overall survival, exploratory univariate Cox analyses were
performed (Table 2). With regard to TTR, borderline statistical
associations were observed for age at surgery, gender and
histological grade 3 (P < 0.05), and no association was found for
smoking habit or tumor site. Instead, statistically significant
associations were found for TNM stage (HRs of 1.9 and 3.8 for
stages Il and lll, respectively), pT and pN categories (HRs>1.7),
perineural invasion (HR=2.1) and tumor deposits (HR=6.0), all
with P < 1.0x 102 Overall survival did not associate with age at
surgery, gender or smoking habit, whereas it weakly associated
with tumor site, histological grade 3 and tumor deposits; strong
associations (P < 1.0x 107 %) were instead found for TNM stage
(HRs >4.7), for individual TNM categories (HRs>3.5) and for
perineural invasion (HR=3.3). It is noteworthy that multivariate
analysis of adjuvant chemotherapy, carried out by stratifying for
age at surgery, gender and TNM stage, associated with overall
survival (HR=0.44; 95% Cl, 0.23-0.83; P=0.012) but not with TTR,
suggesting that in our series adjuvant chemotherapy prolonged
survival without reducing events of recurrence.

To confirm the observed impact of pathological TNM
stage on overall survival, we combined the lower stages (I and
1) and higher stages (lll and IV) into two groups and performed a
Kaplan-Meier analysis. A huge difference in survival was seen
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Table 1. Clinicopathological characteristics of 733 patients with
colorectal cancer
Characteristic Patients®
Age at surgery (years), median (range) 64 (24-93)
Gender
Male 428 (58.4)
Female 305 (41.6)
Smoking habit®
Never 255
Ever 201
Tumor site®
Colon 348
Rectum 369
Pathological T category
T1 86 (11.7)
T2 162 (22.1)
T3 378 (51.6)
T4 107 (14.6)
Pathological N category
NO 421 (57.4)
N1 206 (28.1)
N2 106 (14.5)
Pathological M category
MO 643 (87.7)
M1 90 (12.3)
TNM stage®
| 200 (27.3)
Il 208 (28.4)
i 233 (31.8)
1\ 90 (12.3)
Histologic grade®
1 19
2 435
3 157
Perineural invasion®
No 276
Yes 256
Tumor deposits®
No 48
Yes 85
Adjuvant chemotherapy®
No 275
Yes 382
Follow-up status®
Follow-up period (months), median (range) 38.2 (13.1-248)
Patients alive at last follow-up 620 (84.6)

Abbreviation: TNM, T category describes the primary tumor site, N
category describes the regional lymph node involvement, M category
describes the presence or otherwise of distant metastatic spread; http://
www.uicc.org/resources/tnm. *Values are n (%) unless otherwise stated.
PTotal number of cases is < 733 owing to missing data. For two patients,
TNM stage was not available. Follow-up period truncated at 84 months or
in June 2013.
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between the two groups (P=2x 10" "%, log-rank test), indicating
that the collapse of the four TNM stages into two produced a
useful covariate for multivariate analyses of SNP genotype with
survival.

© 2015 Macmillan Publishers Limited

SNP genotyping results

During the analysis of raw genotype data, five SNPs (rs3918290,
rs1052133, rs4779584, rs961253 and rs2567608) were elimi-
nated because of poor clustering. For the remaining 91 SNPs,
the MAF was >0.025 in all cases except for three SNPs
(rs1800932, rs2234671 and rs12299484) with MAF=0 and
two (rs3729740 and rs78378222) with MAF near zero
(Supplementary Table 1). These five SNPs were excluded for
not being informative, leaving 86 SNPs for further analysis.
Genotype frequencies for these SNPs were tested for Hardy-
Weinberg equilibrium, and no deviation was observed (P>0.05
for all SNPs, x* test; data not shown).

Seven CRC risk-associated SNPs also associate with survival or TTR

Multivariate regression analysis of the 86 SNPs with overall survival
or TTR included age at surgery, gender, pathological TNM stage
and adjuvant chemotherapy as covariates. As pathological stage
incorporates tumor size and lymph node involvement, which
associated with survival in the univariate analyses, only TNM stage
(collapsed into two groups) was incorporated in the multivariate
model. Moreover, considering the high percentage of missing data
for perineural invasion and tumor deposits (which also associated
with survival in univariate analyses), we examined their association
with pathological stage and found P<107'¢ for both (¥ test);
therefore, it was not essential to include them in the model.

In the multivariate analysis, five SNPs associated with overall
survival in a trend test with increasing numbers of the rare allele
(Table 3). These SNPs all mapped within or in close proximity to a
known gene: for four SNPs (in MTHFR, SMAD7, SLCO1B1 and BMP4),
the rare allele was associated with lower survival (HR> 1), whereas
for rs736775 in GPX3 the opposite was observed. When an additive
model was tested, patients who were homozygous for the rare
allele were at a significantly greater risk of death than those
homozygous for the common allele (reference) for rs1801133
(MTHFR; HR=2.50), rs4939827 (SMAD7; HR=230), rs2306283
(SLCO1B1; HR=2.18) and rs12898159 (BMP4; HR=1.82); for
rs736775 (GPX3), homozygosity at the rare allele (AA) did not
significantly influence survival, possibly owing to the relatively small
size of this group (n =99). The presence of only one copy of the rare
allele (heterozygosity) was sufficient to significantly increase the
probability of death over that in the reference group for rs1801133
(AG vs GG, HR=1.85) and rs2306283 (AG vs AA, HR=1.96), whereas
for rs736775 it favored survival (GA vs GG, HR=0.55). In a dominant
model, the presence of the rare allele was significantly associated
with the risk of death in the cases of rs1801133 (MTHFR; HR=2.02)
and rs2306283 (SLCOTB1; HR=2.01) and with survival for rs736775
(GPX3; HR=0.57). These results indicate that for SNPs rs1801133
and rs2306283 their rare alleles may display an additive mode of
penetrance, that is, the penetrance of the heterozygote genotype is
between the penetrances of the two homozygote genotypes; for
SNPs rs4939827 and rs12898159 their rare alleles showed a
recessive mode of penetrance, whereas for rs736775 a compound
heterozygosity effect seems to have a role.

With regard to TTR, a trend analysis on the effect of the number of
copies of the rare allele identified two SNPs associated with
recurrence (Table 4). For rs16892766, which maps downstream of
EIF3H, the HR of 1.79 indicated that the rare allele increased the risk of
relapse. In the dominant model, patients carrying the rare C allele had
a higher risk of developing recurrences than patients homozygous for
the common A allele (HR=2.02). In the additive model, homozygosity
for the rare allele (CC) did not alter the risk of recurrence, most likely
because of the very small number of patients (n=3). For rs10749971,
mapping downstream of COLCA2, the HR of 0.72 indicated that the
rare allele was associated with a lower risk of relapse.

Kaplan-Meier survival analysis was carried out for the SNPs
that associated with overall survival (rs1801133, rs4939827 and
rs2306283) or with TTR (rs16892766) with a Pyeng < 0.01. This
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Table 2. Univariate analyses of the association of clinicopathological characteristics with outcome in 733 patients with colorectal cancer
Factor Patients (n) Time to recurrence® Overall survival®
HR (95% Cl) P-value HR (95% Cl) P-value

Age, years

<64 377 1 (ref.) 1 (ref)

>64 356 0.7 (0.5-0.9) 0.018 1.2 (0.8-1.8) 0.273
Gender

Male 428 1.4 (1.0-1.9) 0.027 1.1 (0.8-1.6) 0.562

Female 305 1 (ref) 1 (ref)
Smoking habit

Never 255 0.8 (0.6-1.2) 0.255 0.8 (0.5-1.3) 0.324

Ever 200 1 (ref) 1 (ref)
Tumor site

Colon 348 1 (ref) 1 (ref)

Rectum 369 0.9 (0.7-1.2) 0.510 0.7 (0.5-1.0) 0.042
pT category

T1 86 1 (ref) 1 (ref)

T2 162 1.7 (0.8-3.7) 0.190 3.5 (0.4-28.6) 0.239

T3 378 3.7 (1.8-7.6) 3.50E-04 15.9 (2.2-114.3) 6.10E—-03

T4 107 9.3 (4.4-19.7) 3.70E-09 52.6 (7.2-382.3) 9.00E - 05
pN category

NO 421 1 (ref) 1 (ref)

N+ 312 4.1 (3.0-5.6) 2.00E-16 4.6 (3.0-7.0) 2.00E-12
pM category

MO 643 NA 1 (ref)

M1 90 NA 13.8 (9.4-20.1) 2.00E-16
TNM stage

| 200 1 (ref) 1 (ref)

] 208 1.9 (1.1-3.4) 3.00E-02 4.7 (1.6-14.1) 5.20E-03

1] 233 3.8 (2.3-6.4) 3.90E-07 8.3 (2.9-23.3) 6.70E - 05

\% 90 NA 64.4 (23.3-177.9) 1.00E—-15
Histologic grade

1 19 1 (ref) 1 (ref)

2 435 2.1 (0.7-6.6) 0.218 3.6 (0.5-26.4) 0.204

3 157 44 (1.4-14.2) 0.013 10.5 (1.4-77.4) 0.021
Perineural invasion

No 276 1 (ref) 1 (ref)

Yes 256 2.1 (1.4-3.0) 7.00E-05 3.3 (2.1-5.4) 4.40E-07
Tumor deposits

No 48 1 (ref) 1 (ref)

Yes 85 6.0 (2.1-17.0) 6.30E - 04 3.5 (1.2-10.0) 0.020
Adjuvant chemotherapy®

No 275 1 (ref) 1 (ref)

Yes 382 0.99 (0.54-1.82) 0.979 0.44 (0.23-0.83) 0.012

Abbreviations: Cl, confidence interval; HR, hazard ratio; NA, not applicable; TNM, T category describes the primary tumor site, N category describes the
regional lymph node involvement, M category describes the presence or otherwise of distant metastatic spread; http://www.uicc.org/resources/tnm. Follow-
up at 84 months. bAnalysis stratified for median age at surgery, gender and TNM stage (stages | and Il vs Ill and IV). NA, Not applicable because patients with
metastases at surgery were excluded from the calculation of time to recurrence.

analysis showed that the patterns of the curves differed among
the four SNPs (Figure 1). For example, carriers of at least one copy
of the rare allele of rs1801133 had shorter survival than patients
who were homozygous for the common allele (Figure 1a),
whereas at rs4939827 homozygosity—but not heterozygosity—
for the rare allele conferred shorter survival compared with
patients homozygous for the common allele (Figure 1b). In the
case of rs16892766 associated with TTR, where only three patients
were homozygous for the rare allele, the Kaplan-Meier curves
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clearly showed the association of heterozygosity with a greater
rate of recurrence (Figure 1d).

DISCUSSION

This study examined the prognostic role of genetic variants known
to influence the risk of CRC, using a uniform series of Italian
patients treated at a single institution over a period of <5 years.
Seven SNPs were found to have prognostic value, including five
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Table 3. Genetic variants associating with overall survival in 733 patients with colorectal cancer at multivariate Cox analysis

SNP Region Gene Genotype N°® HR® 95% Cl P-value®
rs1801133 1p36.22 MTHFR 0,12 728 1.56 1.16-2.09 0.003
GG 210 1.00
AG 368 1.85 1.07-3.22 0.028
AA 150 2.50 1.35-4.65 0.004
AG+AA 518 2.02 1.19-3.43 0.009
rs4939827 18921.1 SMAD7 0,12 726 1.52 1.13-2.05 0.006
AA 248 1.00
AG 358 1.20 0.73-1.98 0.477
GG 120 2.30 1.31-4.04 0.004
AG+GG 478 1.46 0.92-2.33 0.112
rs2306283 12p12.1 SLCO1B1 0,12 716 1.48 1.11-1.97 0.008
AA 229 1.00
AG 362 1.96 1.17-3.28 0.011
GG 125 2.18 1.17-4.07 0.014
AG+GG 487 2.01 1.22-3.31 0.006
rs736775 5q933.1 GPX3 0, 1,2 719 0.71 0.51-0.98 0.039
GG 285 1.00
GA 335 0.55 0.35-0.86 0.009
AA 99 0.66 0.34-1.27 0.211
GA+AA 434 0.57 0.38-0.87 0.009
rs12898159 14922.2 BMP4 0,12 717 1.35 1.01-1.80 0.046
GG 207 1.00
GA 362 1.39 0.82-2.33 0.220
AA 148 1.82 1.00-3.29 0.047
GA+AA 510 1.51 0.92-2.47 0.110

containing the rare allele with that of homozygosity of the common genotype.

Abbreviations: Cl, confidence interval; HR, hazard ratio; SNP, single-nucleotide polymorphism. ®For each SNP, the genotypes of a few patients were missing
owing to genotyping failure. PAdjusted for age at surgery (median), gender, pathological TNM stage (I and Il or Il and V), and adjuvant chemotherapy (yes/
no). Follow-up data were censored at 84 months. “P-values derived from trend test on 0, 1 or 2 copies of the rare allele and on comparisons of genotypes

Table 4. Genetic variants found to associate with time to recurrence in 733 patients with colorectal cancer at multivariate Cox analysis

SNP Region Gene Genotype N HR® 95% Cl P-value*
rs16892766 8g23.3 EIF3H 0,1,2 631 1.79 1.17-2.72 0.007
AA 534 1.00
AC 94 2.06 1.27-3.34 0.003
CcC 3 1.39 0.19-10.17 0.744
AC+CC 97 2.02 1.26-3.25 0.004
rs10749971 11923.1 COLCA2 0,1,2 632 0.72 0.53-0.97 0.034
AA 247 1.00
AG 292 0.66 0.43-1.00 0.052
GG 93 0.57 0.29-1.13 0.107
AG+GG 385 0.64 0.43-0.95 0.027

containing the rare allele with that of homozygosity of the common genotype.

Abbreviations: Cl, confidence interval; HR, hazard ratio; SNP, single-nucleotide polymorphism. ®For each SNP, the genotypes of a few patients were missing
because of genotyping failure. "Adjusted for age at surgery (median), gender, pathological TNM stage (I and Il or lll and V) and adjuvant chemotherapy (yes/
no). Follow-up data were censored at 84 months. “P-values derived from trend test on 0, 1 or 2 copies of the rare allele and on comparisons of genotypes

associated with overall survival (rs1801133, rs4939827, rs2306283,
rs736775 and rs12898159) and two with TTR (rs16892766
and rs10749971). Each of these SNPs is located within or near
a known gene. Two of the SNPs associated with overall survival are
missense mutations in genes whose products are involved in
chemotherapy: rs1801133 maps to MTHFR, which is involved in
5-FU metabolism, whereas rs2306283 maps to SLCOTB1, which
encodes a transporter of irinotecan, a component of the FOLFIRI
regimen. Two other SNPs that associated with overall survival
(rs4939827 and rs12898159) map to genes of the TGF-B pathway
(SMAD7 and BMP4, respectively).

These results require validation in independent cohorts of
patients, as well as follow-up studies to determine the molecular
mechanisms by which these SNPs influence both survival and

© 2015 Macmillan Publishers Limited

prognosis. Moreover, because the regression analyses were
adjusted for disease stage collapsed into only two classes (stages
I and Il vs stages Ill and IV), the SNPs identified here do not permit
one to discern survival differences between stages Il and Il
Continued research in larger data sets, leading to the possible
identification of other SNPs that differentiate patients with stage Il
vs Il disease, will be an important extension of the present
findings that could influence CRC treatment decisions.

The pivotal and well-established treatment of CRC is chemo-
therapy based on 5-FU, a pyrimidine analog that inhibits
thymidylate synthase through the formation of an inhibitory
ternary complex, consisting of its active metabolite 5-fluoro-2-
deoxyuridine-5-monophosphate, the enzyme and its cofactor
5,10-methylenetetrahydrofolate (MTHF). Inhibition of thymidylate

The Pharmacogenomics Journal (2015), 1-7

1%,



SNPs and survival in colorectal cancer patients

S Noci et al
6
a
rs1801133
1.0 4
‘_E 0.8
< 06 — P=0.003
= — AA
[
é 04 4
»
© 02 A
0.0 T T T T
0 20 40 60 80
Time (months)
No. at risk

GG 210 185 94 39 26
GA 368 312 147 64 33
AA 150 120 61 24 13

(1]

rs2306283
1.0 A
‘S 0.8 1
| 064 [—m P=0.008
2 — AG
° — GG
= 0.4 -
(7
O 0.2 -
0.0 T T T T
0 20 40 60 80
Time (months)
No. at risk

AA 229 201 100 36 22
AG 362 306 145 66 34
GG 125 100 50 18 10

Figure 1.

b
rs4939827

1.0 -
g 0.8 -
2 i — AA
§ 0.6 —aa
) — GG P=0.006
é 0.4
(73
O 0.2 -

0.0 T T T T

0 20 40 60 80
Time (months)

No. at risk

AA 248 205 107 43 27
AG 358 315 160 67 35
GG 120 95 34 16 9

d
rs16892766
1.0 4
o e
T 061 [—m
o — AC e
b —cc¢
2 04 -
14 P=0.007
E o2 -
0.0 T 1 1 1
0 20 40 60 80
Time (months)
No. at risk
AA 534 282 133 62 35
AC 94 42 20 9 3
CcC 3 3 2 0 0

Kaplan-Meier curves representing the overall survival (a-c) and the time to recurrence (d) of 733 Italian patients with colorectal
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status of the rare allele is shown with green lines, the homozygosity carrier status of the common allele is shown in black and the
heterozygosity is shown in red. Crosses denote censored samples. Below the figures are reported the number of patients at risk at the

specified times of follow-up.

synthase results in depleted intracellular thymidylate levels,
ultimately suppressing DNA synthesis. Despite this enzyme being
the target of 5-FU action, no association was found in this study
between the two tested variants in its gene TYMS and patients’
survival, confirming the results of Thomas et al. (2011).?' 5-FU’s
inhibition of thymidylate synthase requires the presence of MTHF,
whose levels depend on the activity of methylenetetrahydrofolate
reductase, which uses MTHF as substrate. In the gene that encodes
this enzyme, MTHFR, two SNPs have previously been associated
with CRC risk?' and, in this study, one of them (rs1801133;
Ala222Val) associated with overall survival. This SNP has been
widely studied for its influence on the efficacy and toxicity of
fluoropyrimidine agents (reviewed in*®). The minor allele of
rs1801133 encodes a missense valine mutation that reduces,
without abolishing, the enzymatic activity of the common alanine
allele.?® The resulting increased intracellular concentrations of MTHF
may augment the cytotoxic activity of 5-FU by enhancing the
formation and stability of the ternary inhibitory complex.

For patients with metastatic CRC, the standard first-line treat-
ment consists of folinic acid (leucovorin), 5-FU and irinotecan
(FOLFIRI regimen) combined with bevacizumab and cetuximab.
Irinotecan uptake depends on the activity of the solute carrier
organic anion transporter family member 1B1 (encoded by
SLCO1BT). Some polymorphisms in this gene impair transporter
function.” The present study investigated only one SNP in
SLCO1B1 (rs2306283), finding it associated with overall survival.
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This SNP has previously been reported to be associated with
neutropenia in patients treated with irinotecan.?® Our results
suggest that germline polymorphisms of genes involved in 5-FU
and irinotecan pathways may affect CRC patients’ survival owing
to modulation of toxicity or efficacy of adjuvant treatments.

Two additional SNPs in this study that associated with overall
survival are linked to the transforming growth factor- (TGF-()
pathway, which has an important role in cell proliferation, differ-
entiation and migration. rs4939827 maps to the intron between
exons 3 and 4 in SMAD family member 7 (SMAD?). In the present
study, the minor allele of rs4939827 was associated with reduced
overall survival, confirming the results of a recent meta-analysis of
five cohort studies;?® another SNP (rs4464148), mapping to the same
intron of SMAD?, did not, however, associate with survival. The other
SNP linked to the TGF-f pathway is rs12898159, one of five investi-
gated SNPs mapping to BMP4, which encodes bone morphogenetic
protein 4. rs12898159 maps downstream of BMP4, 1163 bp from the
3’-UTR; it also maps 89 bp upstream of MIR5580, a recently identified
microRNA. A reporter gene study that compared the alleles of this
SNP found no difference in enhancer activity in CRC cell lines,'* and
thus its function remains unknown. Our study is not the first to
associate SNPs in genes of the TGF- pathway with colorectal cancer:
previous studies found that SNPs in or near SMAD7 and BMP4,
as well as in GREMI1, BMP2 and RHPN2, associated with CRC
susceptibility (reviewed in*°) and with colon cancer development
and progression (reviewed in®").
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When we considered CRC progression, we found two SNPs that
associated with TTR. rs16892766, which maps 23686 bp downstream
of the eukaryotic translation initiation factor 3, subunit H (EIF3H), was
first identified as a CRC susceptibility SNP in a genome-wide
association study.” However, this polymorphism did not associate
with EIF3H mRNA expression in a series of colorectal adenomas and
carcinomas.3? Nevertheless, an in vitro functional study carried out in
breast cancer cell lines demonstrated the involvement of EIF3H in
cell viability, cell cycle progression and colony formation.*® The other
SNP associated with TTR, rs10749971, maps downstream of COLCA2
and upstream of COLCAT (which encode colorectal cancer-
associated 2 and 1, respectively). These genes lie in the 11923.1
region, which has been implicated in CRC risk by a study and a
meta—analysis.s’9 The minor (G) allele of rs10749971 was previously
reported to associate with a reduced risk of recurrence in patients
with stage Il CRC receiving 5-FU-based adjuvant chemotherapy,'?
and our results confirm that this allele favors prognosis.

In conclusion, the identification of a set of CRC-risk alleles that are
also involved in prognosis suggests that the genes with these
polymorphisms—and their encoded proteins—modulate both
patients' survival and the progression of their disease. In addition,
the identification of alleles that define subgroups of patients with
worse clinical outcome may have application in the development of
pharmacogenetic strategies aimed at personalizing CRC treatment.
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