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Abstract Methylenetetrahydrofolate reductase (MTHFR) en-
zyme is essential for transmethylation reactions including
DNA methylation and DNA synthesis and thereby may con-
tribute to cancer prognosis. In our study, a total of 1,004
advanced non-small cell lung cancer (NSCLC) patients re-
ceiving first-line, platinum-based chemotherapy regimens
were used for genotyping 10 tag single nucleotide polymor-
phisms (SNPs) of MTHFR. Association was assessed between
the SNPs and treatment outcomes. We found that polymor-
phism of rs1537514 showed the most significant effect: het-
erozygote associated with better clinical benefit (P=0.002)
and decreased risk of grade 3 or 4 gastrointestinal toxicity
(P=0.027), while the mutant homozygote associated with
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increased risk of severe gastrointestinal toxicity (P=0.031)
and thrombocytopenia (P=0.009). The heterozygotes of exon
polymorphisms (rs1801131, rs1801133) also yielded better
clinical benefit (P=0.030 for rs1801131) and decreased risk
of severe gastrointestinal toxicity (P=0.004 for rs1801131) or
thrombocytopenia (P=0.016 for 1801133). However, overall
survival (OS) and progression-free survival (PFS) did not
differ for the MTHFR polymorphisms, except for heterozy-
gote of rs1537514 showing significant effects with better PFS
(P=0.022). Clinical factors as age, gender, and smoking status
had significant effects for the OS (P=0.003, 0.002, and 0.012,
respectively) while performance status and chemotherapy
regimens for PFS (P=0.001 and 3.9x10°°, respectively).
The results indicate that a heterozygous advantage may exist
in certain MTHFR variants, and the polymorphisms (especial-
ly rs1537514) may play a predictive role of treatment efficacy
and adverse effects in NSCLC patients treated with platinum-
based chemotherapy.
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Abbreviation

CI Confidence interval

HR Hazard ratio

LD Linkage disequilibrium

MTHFR 5,10-Methylenetetrahydrofolate reductase

NSCLC  Non-small cell lung cancer
OR Odds ratio

(0N} Overall survival

PFS Progression-free survival
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PS Performance status

SNP Single nucleotide polymorphism
TNM Tumor-node-metastasis
Introduction

Non-small cell lung cancer (NSCLC), a majority present with
advance stage (III/IV), accounts for approximately 80 % of
lung cancer which has already become the leading cause of
cancer death worldwide [1]. Platinum-based chemotherapeu-
tic agents, such as cisplatin and carboplatin with different
combinations, are first-line regimens widely used in patients
with advanced NSCLC based on a favorable efficacy, with the
clinical benefit rate more than 75 % [2, 3]. However,
platinum-based chemotherapy brings patients not only clinical
benefit but also side effects such as nausea/vomiting and
hematological toxicity, and the treatment outcomes vary great-
ly among individuals. Accumulating evidences showed that
single nucleotide polymorphism (SNP) analysis may help to
elucidate the role of genetic variability on the therapeutic
effectiveness and toxicity of patients receiving platinum-
based combination regimens, and carriers with risk SNPs or
haplotypes may respond poorly to therapy [2, 4, 5]. Therefore,
molecular markers may be useful in helping to predict treat-
ment outcomes of advanced NSCLC patients, and newly
improved treatment options should be rationally designed
based on this knowledge to obtain the best efficacy while
minimizing the side effects for each individual.
Folate-associated one-carbon metabolism (FOCM) pro-
vides one-carbon groups needed for numerous intracellular
processes including DNA methylation, cell proliferation, and
the synthesis of nucleic and amino acids [6]. Several factors
including insufficient folate and genetic variation can disrupt
normal FOCM function [7, 8]. Folate functions biologically in
the two main forms of 5,10-methylenetetrahydrofolate (5,10-
methyleneTHF) and 5-methyltetrahydrofolate (5-
methylTHF). The 5,10-methyleneTHF is the methyl donor
for the thymidylate synthase-mediated conversion of uracil
(dUMP) to thymidylate (dTMP), a precursor for DNA syn-
thesis. Therefore, a possible consequence of 5,10-
methyleneTHF deficiency is chromosome breakage and en-
hanced neoplastic transformation due to misincorporation of
uracil instead of dTMP into DNA [9-11]. The 5-methylTHF
transmits methyl group for remethylation of homocysteine to
methionine thus finally leading to DNA methylation. Chro-
mosomal instability caused by the aberrant status of global
genomic methylation is important epigenetic mechanisms of
carcinogenesis, while hypermethylation in the promoter CpG
islands potentially causes gene silencing thus confusing ex-
pression modulation of both oncogenes and repressor genes,
and hypomethylation or methyl deficiency leads to activation
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of methylation-silenced proto-oncogenes which forms etio-
logical factor of cancer [12, 13]. The 5,10-methylenetetrahy-
drofolate reductase (MTHFR), involving in maintaining folate
and homocysteine homeostasis, catalyzes the irreversible con-
version of folate from 5,10-methyleneTHF to 5-methyl THF.

Genetic variation may affect the enzyme activity of
MTHFR and consequently may devote to cancer develop-
ment. Not only two common reported MTHFR SNPs of
rs1801133 (C677T) and rs1801131 (A1298C) have been as-
sociated with enzyme activity and the risk of cancers [14, 15],
recently some clinical studies also demonstrate that the vari-
ants seem to influence response as well as toxicity in NSCLC
patients treated with platinum-related induction therapy
[16-22]. Results for treatment outcomes in the available stud-
ies are contradictory, varying from positive to no effect or
even to negative effect, driven partly by the insufficient size of
any single study (Table S1).

In this retrospective study, we selected 10 common genetic
variations in MTHFR gene by a strategy of integrating both
tagging SNPs and potentially functional SNPs in large sample
size (containing 1,004 individuals) to systematically query
MTHFR polymorphisms and their associations with clinical
efficacy and severe toxicities in stage III/IV NSCLC patients
receiving first-line, platinum-based chemotherapy. The objec-
tive of this work was to explore the potential impact of
MTHFR variants on the treatment outcomes of advanced
NSCLC.

Materials and methods
Study design and patient recruitment

The study encompassed 1,004 eligible patients diagnosed
with stage III-IV NSCLC from six hospitals in Eastern China
between March 2003 and February 2010. No statistically
significant difference was observed in the distribution of de-
mographic features among the patients from the six hospitals
(Pgender=0.698, P,,.=0.321). The eligible patients followed
the following criterions: (a) informed consent available and
adherence to the treatment schedule; (b) at least 18 years old;
(c) presence of a measurable and evaluable lesion; (d) an
Eastern Cooperative Oncology Group performance status
(ECOG PS) between 0 and 2; (e) an absolute neutrophil count
(ANC) >1.5x10° cells/L, platelets >100x10° cells/L, serum
creatinine <1.5Xupper limit normal, aspartate aminotransfer-
ase (AST) and alanine aminotransferase (ALT) <1.5xupper
limit normal, and creatinine clearance >60 mL/min; (f) no
other prior history of malignancy or an already cured tumor
more than 5 years; (g) no previous chemotherapy, radiothera-
py or surgery, or concurrent chemoradiotherapy for this can-
cer; (h) no active congestive heart failure or cardiac
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arrthythmia; and (i) no other critical medical or psychological
factors that might influence the treatment schedule.

Demographic characteristics were abstracted by trained
investigators to obtain information on gender, age at diagno-
sis, smoking status, tumor histology, and clinical stage. Com-
plete medical history, health examination, and laboratory tests
were conducted before any treatment course was started.
Survival data was collected from several sources including
follow-up calls, the Social Security Death Index, and clinical
medical records of inpatient and outpatient. The study proto-
col was approved by the Ethical Review Committee of Fudan
University and the relevant hospitals. The investigators were
blinded to the patients’ genotype status.

Severe toxicities, clinical benefit, progression-free survival
(PFS), and overall survival (OS) were monitored to the eval-
uation of the platinum-based treatment outcomes of NSCLC
patients. Toxicities assessed twice weekly were graded ac-
cording to the National Cancer Institute Common Toxicity
Criteria (NCI-CTC) version 3.0. Severe toxicities in our study
included grade III or IV gastrointestinal toxicity (nausea and
vomiting) and hematologic toxicity (leukocytopenia, neutro-
penia, anemia, and thrombocytopenia). No grade V toxicity
(death) was observed in our study. Patients’ responses to the
chemotherapy were split into four categories: complete re-
sponse (CR), partial responses (PR), stable disease (SD), and
progressive disease (PD) [4]. The clinical benefit rate was
defined as the percentage of patients with CR, PR, and SD.
PFS represents the time interval from the date of first chemo-
therapy to the date of disease progression (including death) or
the last progression-free follow-up while OS to the date of
death or last follow-up.

Chemotherapy regimens

All the eligible patients enrolled in this study were inoperable
and received first-line, platinum-based chemotherapy. The
chemotherapeutic regimens were as follows: cisplatin
75 mg/m? or carboplatin at an area under the curve 5, both
administered on day 1 every 3 weeks, in combination with
vinorelbine 25 mg/m? on days 1 and 8 every 3 weeks, or
gemcitabine 1,250 mg/m” on days 1 and 8 every 3 weeks, or
paclitaxel 175 mg/m” on day 1 every 3 weeks, or docetaxel
75 mg/rn2 on day 1 every 3 weeks. A few patients received
other platinum-combination treatment (n=49). All chemother-
apeutic drugs were received intravenously, and the eligible
patients were treated for two to six cycles.

SNP selection and genotyping

Genomic DNA was isolated from whole blood using the
QIAamp DNA Maxi Kit (Qiagen GmbH, Hilden, Germany).
Polymorphisms were selected by an approach combining both
tagging and potentially functional SNPs located within 2 kb

upstream of the 5" untranslated region and 2 kb downstream of
the 3" untranslated region of MTHFR gene. The tagging SNPs
were identified with a correlation coefficient (+%)>0.80 and a
minor allele frequency (MAF)>0.05 in the Han Chinese in
Beijing (CHB) population from the HapMap Project database
(http://www.hapmap.org). Therefore, a total of 10 tagging and
potentially functional SNPs were selected to represent genetic
variants of MTHFR. Based on the information set of the
selected SNPs, genotyping was performed using iSelect HD
BeadChip (Illumina, San Diego, CA) with the following
quality control criteria: genotyping call rate of SNP>95 %,
P value of Hard-Weinberg equilibrium (HWE)>0.05, and
GenCall score>0.2.

Statistical analysis

The chi-square tests were used to see whether there was any
statistically significant difference in the distribution of demo-
graphic variables, clinical features, and genotype. Benjamini-
Hochberg false discovery rates (FDR ¢ values) were comput-
ed to control for multiple comparisons [23]. Only the signif-
icant SNPs were performed further analyses by unconditional
logistic regression after adjusting for significant epidemiolog-
ic factors (P<0.05 in ? test). Pairwise linkage disequilibrium
(LD) relations among the SNPs were examined using D' and
#?, and the SNPs in a nearly complete linkage were defined
with 0.95<D'<1 and +*>0.88 [24].

Comparison of survival in patients groups was based on the
use of time-to-event methods, including Kaplan-Meier esti-
mation, log-rank test, and Cox proportional hazards regression
models. Clinical variables with log-rank £<0.05 in univariate
analysis were pooled into multivariate analysis. A stepwise
variable selection approach was used to select statistically
significant classification variables. A P value of 0.05 was
considered as the threshold of statistical significance, and all
tests were two-tailed as were the reported P values.

Results
Patient characteristics

The main patient characteristics and clinical outcomes were
summarized in Table 1. Of the 1,004 advanced NSCLC pa-
tients enrolled in this study, clinical benefit was assessed in
976 patients, gastrointestinal toxicity was assessed in 964
patients, and hematologic toxicity was assessed in 979 pa-
tients. A few patients were not included due to the loss of
follow-up during first-line chemotherapy. Ages of patients in
the treatment ranged from 26 to 82 with median age of 58, and
therefore, age group was dichotomized by the median age
58 years. Several classified groups were statistically
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Table 1 Patient characteristics and clinical outcomes (n=1,004)

Characteristic Total no. No. of patients (%)
Total no. of patients 1,004
Median age, range 1,004 26-82 (58)

<58 518 (51.6)

>58 486 (48.4)
Gender 1,004

Men 706 (70.3)

Women 298 (29.7)
ECOG PS 990

0-1 904 (91.3)

2 86 (8.7)
Smoking status® 1,000

Never smokers 425 (42.5)

Ever smokers 575 (57.5)
TNM stage 999

A 81 (8.1)

1B 293 (29.3)

v 625 (62.6)
Histologic type 1,004

Adenocarcinoma 632 (62.9)

Squamous cell 221 (22)

Adenosquamocarcinoma 20 (2)

Others® 131 (13)
Chemotherapy regimens 955

Platinum-vinorelbin 316 (31.5)

Platinum-gemcitabine 239 (23.8)

Platinum-paclitaxe 313 (31.2)

Platinum-docetaxel 87 (8.7)

Other platinum combinations 49 (4.9)
Objective response 976

CR 1(0.1)

PR 176 (18)

SD 611 (62.6)

PD 188 (19.3)
Median time to outcome, m 972

PFS 9.1

(ON 19.3
Toxicity outcomes

Grade 3 or 4 hematologic 979 232 (23.7)

Neutropenia 936 115 (12.3)

Leucopenia 979 149 (15.2)

Anemia 944 29 (3.1)

Thrombocytopenia 950 34 (3.6)
Grade 3 or 4 gastrointestinal

Nausea/vomiting 964 80 (8.3)

CR complete response, ECOG PS, Eastern Cooperative Oncology Group
performance status, m months, OS overall survival, PD progressive
disease, PFS progression-free survival, PR partial response, SD stable
disease, 7NM tumor-lymph-node metastasis

# Those who had smoked <1 cigarette/day and for <1 year in their lifetime
were defined as nonsmokers

® Other carcinomas included mixed cell or undifferentiated carcinoma
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significant in the distribution in the clinical benefit or toxicity
(P<0.05), which were as adjusted factors in further analysis.
More detailed information is available in Table S2.

Genotyping data

Totally, 10 tagging and potentially functional SNPs were
included in our analysis. All SNPs had genotyping rate
>95 % and were in Hardy-Weinberg equilibrium (P>0.05)
(Table S3). Pairwise LD relations among the 10 SNPs were
illustrated by D’ and correlation coefficients (+%). We found
that SNPs of rs3737967, rs1537516, rs1537514, and
rs13306553 were in nearly complete linkage (0.95<D'<1,
*>0.88), as were rs1801131 and rs4846049 (D=0.949, /=
0.98) (Table S4).

The genotypes of seven polymorphisms (rs3737967,
1s1537516, 11537514, rs4846049, rs1801131, rs1801133,
and rs13306553) were significantly associated with clinical
benefit, grade III or IV gastrointestinal toxicity, or thrombo-
cytopenia in x” test, and all the polymorphisms remained
significant after correction for multiple comparisons at FDR
of 10 % (Table S3). However, few polymorphism of MTHFR
was statistically significant in the distribution of treatment
toxicities with leucopenia, neutropenia, and anemia
(Table S5). According to LD analysis, rs1537514 can repre-
sent the variants of rs3737967, rs1537516, and rs13306553,
and rs1801131 could represent the rs4846049. Hence, the
three significant SNPs (rs1537514, rs1801131, and
rs1801133) would be retained for further analysis to query
their correlation with clinical benefit rate and toxicities of
NSCLC patients.

Clinical benefit and severe toxicities

As shown in Table 2, after adjustment for statistically signif-
icant covariates, patients carrying heterozygotes of rs1537514
and rs1801131 were significantly associated with better clin-
ical benefit when compared to wild-type homozygotes in
advanced NSCLC patients (P=0.002 and 0.030, respectively).
The rs1537514 conferred the risk of severe gastrointestinal
toxicity (IIT or IV grade) in opposing directions for the het-
erozygote and mutant homozygote after covariate adjustment.
Patients carrying the heterozygote of the polymorphism
showed decreased risk of severe gastrointestinal toxicity (P=
0.027, odds ratio (OR)=0.40), while the mutant homozygote
was associated with increased risk of severe gastrointestinal
toxicity (P=0.031, OR=5.09). The rs1801131 only performed
decreased risk of severe gastrointestinal toxicity in heterozy-
gous carriers (P=0.004, OR=0.40). The propensity was en-
hanced when heterozygotes with homozygotes were com-
pared (P=0.003). Mutant homozygote of rs1537514 was sig-
nificantly associated with increased risk of thrombocytopenia
(P=0.009, OR=9.34), and heterozygote of rs1801133 was
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Table 2 SNPs significantly associated with clinical benefits, severe gastrointestinal toxicity, or thrombocytopenia

SNP Clinical benefit Gastrointestinal toxicity Thrombocytopenia
CR+PR+SD/  Logistic regression® n/N® Logistic regression” n/N® Logistic regression”
N

OR (95 %CI) P

OR (95%CI) P OR (95%CI) P

rs1537514
GG 607/776 1 (reference) 68/767
CG 143/161 2.30 (1.34-3.92) 0.002 7/162
CcC 7/10 0.70 (0.18-2.77) 0.612 3/9
Het vs Hom 2.24 (1.31-3.82) 0.003 0.38 (0.17-0.86)
rs1801131
AA 523/664 1 (reference) 588/651
AC 245/288 1.52 (1.04-2.23) 0.030 277/290
CcC 16/23 0.70 (0.28-1.73) 0.432 18/22
Het vs Hom 1.55 (1.06-2.26) 0.024
rs1801133
GG 255/318 1 (reference) 284/314
AG 397/493 1.06 (0.74-1.53) 0.736 451/486
AA 133/165 1.05 (0.65-1.69) 0.845 149/164

1 (reference) 24/757 1 (reference)

0.40 (0.18-0.90) 0.027 7/157 1.34 (0.56-3.18) 0.509
5.09 (1.16-22.31) 0.031 2/8 9.34 (1.75-49.72) 0.009
0.020 1.24 (0.52-2.92) 0.628

1 (reference) 624/645 1 (reference)

0.40 (0.22-0.75)  0.004 272/283 1.16 (0.55-2.45)  0.695
2.01 (0.64-6.35) 0.234 19/21 3.06 (0.66-14.14) 0.151
0.39 (0.21-0.73)  0.003 1.09 (0.52-2.28) 0.813
1 (reference) 18/308 1 (reference)

0.72 (0.43-1.22)  0.222 12/477 0.40 (0.19-0.85) 0.016
0.93(0.47-1.82) 0.822 4/163 0.40 (0.13-1.21)  0.105

Significant values (P<0.05) were highlighted in bold

CI confidence interval, CR complete response, Het heterozygote, Hom homozygote, OR odds ratio, PR partial responses, SD stable disease

 Data were calculated by multivariate logistic regression with adjustment of patient characteristics with £<0.05 in univariate analysis

® Numbers indicate the patients who experienced grade 3 or 4 toxicities among all individuals in the same genotype group

associated with decreased risk of thrombocytopenia (P=
0.016, OR=0.40), when compared to wild-type homozygotes.

In the stratification analysis, we compared the treatment
outcomes of heterozygotes with that of homozygotes. As
shown in Table 3, patients carrying the heterozygotes of
rs1537514 exhibited much better clinical benefit and de-
creased risk of severe gastrointestinal toxicity occurrence in
several subsets, age <58 years, female, ECOG PS <I, and
never smokers, and so do the patients carrying the heterozy-
gotes of rs1801131, when compared with patients carrying the
homozygous genotypes. The rs1801133 was not significantly
associated with any subgroups in our analysis. Due to the
insufficient simple size of subgroup for stratification analysis
in thrombocytopenia, data was not showed.

Survival

Over a follow-up period of 5 years, 972 patients were included
for OS and PFS, while 32 patients were not included for
survival analysis due to the operation therapy in the observa-
tion time. Among the 972 genotyped patients, the median PFS
was 9.1 months, and the median OS was 19.3 months, similar
to values in the literature [25]. The censored data counted for
16.3 % and 731 died from NSCLC. Several demographic and
clinical covariates strongly influenced the OS and PFS. Log-
rank test showed significant difference in age (P=0.003,

Fig. 1a), gender (P=0.002, Fig. 1b), and smoking status (P=
0.012, Fig. 1c) groups for OS and in performance status (P=
0.001, Fig. 1d) and chemotherapy regimens (P=3.9x107°,
Fig. 1e) groups for PFS. More details about the patient char-
acteristics and survival are available in Table 4.

Except the SNPs with complete linkage, the other tagging
and potentially functional SNPs were involved in survival
analysis (Table 5). No significant associations between poly-
morphisms and OS were observed. Log-rank test showed sig-
nificant difference in the median PFS between patients carrying
the heterozygous of rs1537514 and those carrying the homozy-
gous (CG vs CC/GG, P=0.022, Fig. 1f), and patients carrying
heterozygous were associated with better PFS after adjusted for
epidemiological covariates. However, no significant association
was found in further stratification analysis (data not shown).

Stepwise Cox regression model for NSCLC survival

To determine independent predictors of NSCLC prognosis,
further multivariate stepwise Cox regression analysis for the
effects of significant feature covariates and SNPs (P<0.05 in
the survival analysis) on NSCLC survival was performed. Five
variables (age, gender, smoking status, tumor-node-metastasis
(TNM) stage, and histologic type) that were significant in the
univariate analysis were used in stepwise Cox regression model
for OS analysis. As a result, gender (female) and age (<58) were
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Table 3 Stratification analysis of association between two SNPs of MTHFR and clinical benefit and grade 3 or 4 gastrointestinal toxicity

Variables Clinical benefit Gastrointestinal toxicity
n/N* rs1537514 rs1801131 n/N* 151537514 rs1801131
OR (95 %CI) P®  OR(95%CI) P OR (95 %CI) P> OR(95%CI) P

Age

<58 405/502 6.10 2.17-17.14) 0.001 2.35(1.35-4.08) 0.002 38/495 0.19 (0.04-0.82) 0.026 0.16 (0.05-0.53) 0.003

>58 380/474 1.18 (0.61-2.28) 0.624 0.98 (0.59-1.63) 0.941 42/469 0.58 (0.22-1.57) 0.285 0.68 (0.32-1.45) 0.320
Gender

Female 222/287 7.30(2.20-24.30) 0.001 3.03 (1.49-6.17) 0.002 43/290 0.15(0.03-0.62) 0.009 0.39 (0.17-0.89) 0.025

Male 563/689 1.43(0.78-2.62) 0.249 1.14(0.72-1.78) 0.582 37/674 0.89 (0.34-2.37) 0.821 0.38 (0.15-1.00) 0.050
ECOG PS

0-1 717/879 2.18 (1.27-3.73) 0.005 1.53 (1.03-2.27) 0.037 70/869 0.35(0.15-0.83) 0.017 0.32 (0.16-0.65) 0.001

2 58/84  NA 1.74 (0.51-5.93) 0.375 10/82 1.72(0.17-17.87) 0.648 1.59 (0.34-7.35) 0.552
Smoking status®

Never smokers 325/412 5.20 (2.02-13.37) 0.001 2.01 (1.15-3.53) 0.015 49/408 0.06 (0.01-0.46) 0.006 0.27 (0.12-0.62) 0.002

Ever smokers 459/563 1.27 (0.65-2.46) 0.482 1.22(0.73-2.04) 0.453 29/552 1.65(0.64-4.21) 0.297 0.71 (0.28-1.79) 0.469
TNM stage

11 299/362 2.33(0.95-5.72) 0.064 1.72(0.87-3.40) 0.120 26/361 0.47(0.13-1.63) 0.232 0.28 (0.08-0.96) 0.043

v 481/608 2.31 (1.184.49) 0.014 1.48(0.94-2.33) 0.095 54/596 0.33 (0.12-0.96) 0.041 0.44 (0.21-0.90) 0.025
Histological type

Adenocarcinoma 477/613 1.99 (1.11-3.58) 0.021 1.58 (1.01-2.46) 0.045 52/609 0.62 (0.27-1.44) 0.269 0.54 (0.27-1.08) 0.082

Squamous cell 184/217 2.63 (0.59-11.72) 0.204 1.02(0.43-2.46) 0.958 14/213 NA 0.43 (0.09-2.19) 0.312
Chemotherapy regimens

Platinum-vinorelbine  249/302 3.20 (1.09-9.36) 0.034 1.43(0.70-2.91) 0.324 30/293 0.10 (0.01-0.77) 0.027 0.20 (0.06-0.69) 0.011

Platinum-gemcitabine 188/231 2.07 (0.69—6.23) 0.196 1.20(0.55-2.63) 0.652 21/235 0.43 (0.09-2.01) 0.285 0.46(0.14-1.47) 0.188

Platinum-paclitaxel ~ 247/310 2.47 (0.92-6.60) 0.720 2.26 (1.12-4.59) 0.024 17/305 1.22(0.33-4.61) 0.766 0.99 (0.33-2.94) 0.982

Significant values (P<0.05) were highlighted in bold

CI confidence interval, CR complete response, ECOG PS Eastern Cooperative Oncology Group performance status, OR odds ratio, PR partial responses,

SD stable disease, TNM tumor-lymph-node metastasis

#Numbers indicate the patients who experienced grade 3 or 4 toxicity among all individuals in the same phenotype group

® Data were calculated by multivariate logistic regression with adjustment of patient characteristics with P<0.1 in univariate analysis under heterozygote

model that compared heterozygotes to homozygotes

¢ Those who had smoked <1 cigarette/day and for <1 year in their lifetime were defined as nonsmokers

independent significant parameters for better OS (P=0.004 and
0.007, respectively). Similarly, three variables (ECOG PS, che-
motherapy regimens, and rs1537514) were used in the stepwise
model for PFS, and the only independently significant param-
eters for better PFS were ECOG PS <1 and platinum-
vinorelbine therapy (0.004 and P=2.6x 10", respectively).

Discussion

The main finding of this study was that NSCLC patients
carrying heterozygotes of MTHFR polymorphisms
(rs1537514, rs1801133, and rs1801131) were associated with
better clinical benefit as well as PFS and decreased risk of
severe toxicities, whereas those carrying the mutant
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homozygotes were associated with increased risk of severe
gastrointestinal toxicity and thrombocytopenia, when compared
with the wild-type homozygous, resulting in a net effect of
heterozygote advantage. The trend was more obvious in sub-
groups of female, age <58, ECOG PS <I, and never smokers.
Better OS were seen in subgroups of female, age <58, and never
smokers. And patients in subgroups of better performance
status and platinum-vinorelbine treatment had long PFS time.
MTHFR is a key enzyme involved in FOCM which links
to DNA synthesis and methylation, amino metabolism, and
cell proliferation. Study revealed that polymorphism of
rs1537514 located within predicted mi-RNA target sites
(miR-596 and miR-518a-5p/527) in 3'UTR of MTHFR gene
was significantly associated with red blood cell folate [26].
The mutation might down-regulate gene expression by alter-
ing the binding activity to mi-RNA and then might have an
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Table 4 Comparisons of OS and PFS according to clinical characteristics of NSCLC patients

Patient characteristics (0N PFS
n/N* MST (m) P° Cox regression® n/N MST (m) P° Cox regression®
HR (95 %CI) P HR©®5%CI) P

Age

<58 362/505 21.3 0.003 1 (reference) 296/468 7.7 0.660 1 (reference)

>58 369/467 17.1 1.24 (1.08-1.44) 0.003 262/428 9.50 0.96 (0.82-1.14) 0.661
Gender

Female 200/283 22.5 0.002 1 (reference) 166/267 7.7 0.340 1 (reference)

Male 531/689 18.1 1.29 (1.10-1.52) 0.002 392/629 9.5 0.92 (0.76-1.10) 0.341
ECOG PS

0-1 658/879 19.4 0.079 1 (reference) 497/814 9.30 0.001 1 (reference)

2 62/80 17.9 1.26 (0.97-1.64) 0.080 53/73 5.40 1.62 (1.22-2.15)  0.001
Smoking status®

Never smokers 201/405 21.2 0.012 1 (reference) 233/378 7.8 0.540 1 (reference)

Ever smokers 436/563 17.9 1.21 (1.04-1.40) 0.012 324/517 9.5 0.95 (0.80-1.12) 0.541
TNM stage

1A 56/76 23 0.111 1 (reference) 38/65 12.6 0.122 1 (reference)

1B 217/283 19.1 1.35 (1.01-1.81) 0.045 153/254 9.8 1.20 (0.84-1.72) 0.309

v 454/608 19.1 1.33 (1.01-1.76) 0.045 364/572 8.0 1.36 (0.97-1.90) 0.073
Histological type

Adenocarcinoma 457/612 202 0.066 1 (reference) 362/573 9.1 0.850 1 (reference)

Squamous cell 161213 16.6 1.20 (1.01-1.44) 0.044 117/191 9.5 0.98 (0.80-1.21) 0.853

Adenosquamocarcinoma  13/19 153 1.21 (0.70-2.11) 0.491 8/18 12.5 0.73 (0.36-1.48) 0.384

Others" 100/128 18 1.26 (1.02-1.57) 0.036 71/114 7.6 1.01 (0.78-1.30) 0.961
Chemotherapy regimens

Platinum-vinorelbine 229/306 19.9 0.285 1 (reference) 150/302 13.8 3.9x107° 1 (reference)

Platinum-gemcitabine 176/236 19.8 0.96 (0.79-1.17) 0.705 144/210 9.3 1.46 (1.16-1.83) 0.001

Platinum-paclitaxel 229/300 18.3 1.17 (0.98-1.41) 0.088 190273 6.6 1.73 (1.40-2.14) 5.7x1077

Platinum-docetaxel 64/83 17.7 1.05 (0.80-1.39) 0.716 42/65 7.2 1.54 (1.09-2.17) 0.014

Other combinations 33/47 20.2 0.95 (0.66-1.37) 0.776 32/46 5.1 2.00 (1.36-2.93) 4.2x107*

Significant values (P<0.05) were highlighted in bold

CI confidence interval, HR hazard ratio, m month, MST median survival time, OS overall survival, PFS progression-free survival

#Numbers indicate the patients who die for the NSCLC during the follow-up time among all individuals in the same genotype group

®Log rank test

¢ Data were calculated by univariate Cox proportional hazards regression analysis

9 Numbers indicate the patients who suffered disease progression (including death) during the follow-up time among all individuals in the same genotype

group

¢ Those who had smoked <1 cigarette/day and for <1 year in their lifetime were defined as nonsmokers

fOther carcinomas included mixed cell or undifferentiated carcinoma

effect on mRNA stability [26, 27]. Our results showed that
patients carrying heterozygotes exhibited better clinical bene-
fits as well as PFS and decreased severe toxicities when
compared with those carrying homozygotes. Although no
previous studies about heterozygous advantage for MTHFR
polymorphisms in NSCLC were found, cases of heterozygote
advantage have been demonstrated in other human diseases
such as cystic fibrosis [28], non-Hodgkin lymphoma [29], and
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breast cancer [30]. It is clear that heterozygote has a net fitness
advantage over both homozygotes for heterozygote might
perform wider gene expression flexibility in terms of either
response to specific stimuli or cell type specificity [31, 32] and
fits perfectly the underlying balancing selection model and
potentially maintains genetic diversity in natural populations
[31]. Given that the homozygous recessive allele might lead to
a malfunctioning protein in FOCM and the heterozygous
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Table 5 Associations between MTHFR polymorphisms and survival of NSCLC patients treated with platinum-based chemotherapy
SNP oS PFS
n/N* MST (m) P° Cox regression® n/N MST (m) P° Cox regression®
HR (95 %CI) P HR (95 %CI) P

1rs4846048

AA 612/817 19.3 0.965 1 (reference) 462/751 9.2 0.276 1 (reference)

AG 114/150 194 0.99 (0.80-1.21)  0.893 93/140 74 1.10 (0.87-1.38)  0.438

GG 5/5 17.7 0.93 (0.37-2.33)  0.879 4/5 2.0 1.43 (0.52-3.99)  0.491
rs1537514

GG 579/776 19.4 0.283 1 (reference) 459/716 8.7 0.035 1 (reference)

CG 125/158  19.1 1.06 (0.87-1.29)  0.595 82/144 10.1 0.77 (0.61-0.98)  0.032

CcC 8/11 14.2 1.80 (0.88-3.67)  0.108 6/11 44 1.55(0.69-3.47)  0.292

Homvs Het ~ 587/787  19.3 0.841 1.05(0.86-1.28)  0.648  465/727 8.6 0.022  0.76 (0.60-0.97)  0.029
rs1801131

AA 491/662 19.4 0.955 1 (reference) 382/611 9.1 0.954 1 (reference)

AC 220/285  19.1 1.02 (0.87-1.20)  0.804  164/262 7.8 0.97 (0.80-1.17)  0.722

CcC 19/24 19.4 1.13(0.69-1.84)  0.629  12/23 14.8 0.99 (0.55-1.78)  0.980
rs1801133

GG 236/319 19.3 0.963 1 (reference) 186/295 7.7 0.427 1 (reference)

AG 373/491 19.8 0.98 (0.83-1.16)  0.818 284/455 9.1 0.90 (0.74-1.08)  0.247

AA 122/162  18.2 1.02 (0.82-1.28)  0.856 88/146 10.2 0.84 (0.65-1.09)  0.182
rs9651118

AA 308/398 18.1 0.331 1 (reference) 228/365 8.1 0.254 1 (reference)

AG 339/463  19.9 0.87 (0.74-1.02)  0.078 265/431 9.5 0.99 (0.83-1.18)  0.894

GG 84/111 20.4 0.96 (0.75-1.22)  0.713 65/100 6.2 1.23 (0.93-1.63)  0.146
13737964

GG 610/810 19.3 0.841 1 (reference) 456/745 9.3 0.231 1 (reference)

AG 115/156 194 0.96 (0.78-1.17)  0.675 98/145 7.1 1.18 (0.94-1.47)  0.153

AA 6/6 10.0 1.23 (0.54-2.78)  0.624 4/6 3.6 1.19 (0.44-328)  0.730

Significant values (P<0.05) were highlighted in bold

CI confidence interval, Het heterozygote, Hom homozygote, HR hazard ratio, MST median survival time, OS overall survival, PFS progression-free

survival

#Numbers indicate the patients who died because of the NSCLC during the follow-up time among all individuals in the same genotype group

" Log rank test

¢ Data were calculated by multivariate Cox proportional hazards regression with adjustment for covariates with P<0.05 in univariate analysis

9 Numbers indicate patients who suffered disease progression (including death) during the follow-up time among all individuals in the same genotype

group

phenotype might display a protective role. One thing we
should point out that, in our data, completed linkage SNPs
of rs1537514, rs3737967, and rs1537516, which are all locat-
ed in 3'UTR, and rs13306553, which is located in intron 4,
displayed similar measures of treatment responses and toxic-
ities, and no reports explored the latter three to date. A study
showed significant association between rs1537514 and red
blood cell folate (P<0.0001) [26]. Therefore, it is possible
that rs1537514 is a disease-underlying variant and the other
SNPs might be substitutes in the same region.

Two common exon polymorphisms C677T (rs1801133)
and A1298C (rs1801131) in MTHFR gene with prediction

for NSCLC patients with platinum-related treatment have
been investigated. The C677T polymorphism that causes
Ala222 to Val might enhance propensity of dimeric enzyme
to dissociate into monomers and release flavin cofactors [33].
The allosteric regulation of MTHFR might relate to the mod-
ulation of enzyme activities by altering a subunit interface [34,
35]. Study showed that homozygous TT might have a 30 %
reduction in enzyme activity and decreased production of 5-
methylTHF when compared to CT/CC genotype [7, 36].
Similarly, the polymorphism of A1298C that induces a Glu-
to-Ala (Glu429Ala) substitution in a regulatory domain might
alter the enzyme activity with a 30—40 % reduction [37].
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These two mutations might be associated with higher homo-
cysteine or lower plasma folate concentration and then may
lead to abnormal DNA methylation and genomic instability
[7, 37, 38]. However, most of the available researches inves-
tigating the role of MTHFR polymorphisms have yielded
discrepant results on the response and survival in NSCLC
patients treated with platinum-related chemotherapy [16—-19,
22, 21, 20]. Other studies observed a heterozygote advantage
of MTHFR C677T on offspring’s neural tube defect (NTD) in
patients with NTD and on specific cognitive performance in
elderly Chinese males without dementia [39, 40]. In our
analyses, patients carrying the heterozygote of A1298C or
C677T had better clinical benefit and/or lower risk of devel-
oping severe drug toxicities, when compared to homozygous
carriers. However, no significant association between these
two polymorphisms and survival was observed in our study.
As shown above, discrepancy exists in the available studies.
Among the causes for these inconsistencies, we can note that
the variety of drugs (pemetrexed, vinorelbine) co-
administered with platinum drugs also contain varieties of
compounds, are applied in different clinical settings (adjuvant,
neoadjuvant, first- and second-line palliative chemotherapy),
and have differences in ethnicity and clinical status. It was
important to note that some studies which demonstrated the
polymorphism of rs4846049 might modify the binding of has-
miR-149 to MTHFR and therefore might be associated with
diseases of myelomeningocele, coronary heart disease, and
cerebral palsy in infants [41—43]. In our data, complete link-
age (D=0.949, #=0.98) was observed between rs1801131
and 154846049 (locating in the exon 7 and 3'-UTR, respec-
tively), suggesting that rs1801131 possibly plays mainly func-
tional role in MTHFR enzyme activity, while rs48046049
might function in endogenous regulation to adjacent locus
and gene expression by modifying the binding mi-RNA.

In addition to genetic factors, clinical variables are of very
high importance in the correlation with the treatment response of
cancer [44]. Our findings indicated that chemotherapy regimens
would be a significant factor that could influence occurrence of
the drug toxicities while without significant difference to the
clinical benefit. Therefore, the therapy agents should consider
patients’ health status and tolerance. Since chemotherapy regi-
men of platinum-vinorelbine had much longer PFS than others,
more administration should be taken on this regimen. Study
showed that the intensity of heavy smoking was an adverse
prognostic factor for patients with surgically treated adenocarci-
noma [45]. Given that males and smoking patients have worse
OS in our analysis, the warning of giving up smoking and
cultivating a good habit would be important to improve OS.

There were several advantages in our study design. Firstly,
we recruited the largest (reported to date) and homogenous
cohort of NSCLC patients (n=1,004), thus improving statis-
tical power. Secondly, unlike other studies of cancer where
surgical resection, radiotherapy, and chemotherapy with
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multiple anticancer drugs were often jointly used, we focus
on advanced NSCLC patients in our study simply treating
with platinum-based chemotherapy, which reduced the possi-
bility of false discovery caused by heterogeneity of disease
and therapeutic regimen. Thirdly, our results provided an
important insight into novel mechanism that heterozygote
advantage might exist in MTHFR polymorphisms in response
to platinum drug therapy, indicating that heterozygotes had the
highest fitness. In addition, the candidate polymorphism ap-
proach could cover comprehensively all SNPs in MTHFR
gene, and these tagging SNPs could represent the underling
causative variant in the same region. However, some limita-
tions existed in our study. The research only included Chinese
population, and it is important to replicate these findings in
other ethnic groups as an assessment of whether our findings
have population-specific effects. The mechanism for the as-
sociation is unclear. Our findings need to be validated by an
additional study with larger sample size and confirmed
through biomolecular mechanism exploration.

In summary, we had identified several heterozygotes of
MTHFR genetic variants that were potentially associated with
better efficacy and reduced risk of toxicities for advanced
NSCLC patients with platinum-based chemotherapy, though
the mutations were not independent predictors for survival.
We project to combine bioinformatics and molecular biology
experiments to confirm these findings.
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