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Abstract
The forkhead box O (FOXO) transcription factors play important roles in various cancer de-

velopment including Hepatocellular Carcinoma (HCC). In this study we conducted a hospi-

tal-based case control study including 1049 cases (HCC patients) and 1052 controls (non-

tumor patients) to examine whether single nucleotide polymorphisms (SNPs) within micro-

RNA (miRNA) target sites of FOXO genes confer HCC susceptibility. A total of three miRNA

target site SNPs in the 3’ untranslated regions (UTR) of FOXO1 (rs17592236), FOXO3
(rs4946936) and FOXO4 (rs4503258) were analyzed. No statistically significant differences

were found in genotype distribution for rs17592236, rs4946936, and rs4503258 between

the HCC patient group and the tumor-free control group using single factor chi-square anal-

ysis (P>0.05). However, multivariate logistic regression analysis showed that the CT/TT ge-

notype in rs17592236 was significantly associated with decreased risk of HCC

development (P = 0.010, OR = 0.699, 95% CI: 0.526–0.927) as compared to the CC geno-

type in rs17592236. Additionally, a genetic interaction was found between rs17592236 and

rs4503258 (P = 0.003, OR = 0.755, 95% CI: 0.628–0.908). Functional dual luciferase report-

er assays verified that the rs17592236 SNP was a target site of human miRNAmiR-137. To-

gether, these results indicate that the rs17592236 polymorphism is associated with

decreasing of HCC hereditary susceptibility likely through modulating the binding affinity of

miR-137 to the 3’UTR in FOXO1messenger RNA (mRNA). Further knowledge obtained

from this study may provide important evidence for the prevention and targeted therapy of

HCC.

Introduction
Hepatocellular Carcinoma (HCC) is a complicated disease caused by a combination of both ge-
netic and environmental factors [1]. However, the etiology underlying HCC has not yet been
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illustrated. The forkhead box O (FOXO) transcription factors constitute a subfamily of fork-
head box (FOX) transcription factors that, in humans, include FOXO1, FOXO3, FOXO4 and
FOXO6 [2]. These factors play important roles in cellular metabolism, transformation, survival
and proliferation [3–5]through complex pathways [6]. Previous studies have shown that
FOXO transcription factors serve as important tumor suppressors [7–9]. Additionally, recent
studies have indicated that abnormal expression of FOXO genes is associated with the develop-
ment of human tumors [10, 11], as well as cancers including HCC [12–15].

Single nucleotide polymorphisms (SNPs) are the most frequent variations in the human ge-
nome and those residing in non-coding control regions have been recognized as promising can-
didates for regulation of gene expression. MicroRNAs (MiRNA) are non-coding RNAs
consisting of approximately 20–24 nucleotide base-pairs that target genes within their 3’untrans-
lated region (3’UTR) of mRNA. Binding to the target site leads to cleavage of target mRNA and/
or repression of mRNA translation. Emerging evidence suggest that 3’UTR SNPs located within
miRNA target sites are associated with carcinogenesis,which is likely the result of altered
miRNA binding to target mRNAs[16, 17]. In this study, we entertain the hypothesis that misre-
gulation of FOXO gene expression through SNPs in miRNA target sites is associated with HCC
development. We selected three miRNA target site SNPs from the NIEHS database (http://
snpinfo.niehs.nih.gov/) for this study: rs17592236 (C>T), rs4946936 (C>T) and rs4503258
(C>T) which are SNPs located in the 3’UTR of FOXO1, FOXO3 and FOXO4, respectively [18,
19]. A survey with the microRNA database (http://www.microrna.org/) [20] revealed that all
three SNPs are located within potential miRNA target sites: rs17592236 (miR-137), rs4946936
(miR-1182), rs4503258 (miR-1322). In light of these facts, we hypothesize that sequence varia-
tions at the three selected SNPs may either increase or decrease the risk of HCC by modulating
miRNA target binding affinity. To test this hypothesis, we conducted a case-controll study ex-
amining whether these three SNPs were associated with risk of HCC development. Subsequent-
ly, luciferase function assays were conducted in order to clarify the potential mechanism.

Materials and Methods

Patient Subjects
Our study was designed as a hospital-based case control study. Before participation, patient
subjects received a detailed description of the study protocol and signed informed consent. The
study protocol and the consent forms were approved by the institutional review board of the
Tumor Hospital of Guangxi Medical University and the First Affiliated Hospital of Guangxi
Medical University. All patients were recruited from June 2007 to April 2011 in the Tumor
Hospital of Guangxi Medical University. Cases were selected by histo-pathology of newly diag-
nosed HCC patients. Controls were collected from the First Affiliated Hospital of Guangxi
Medical University’s non-tumor patients within the same period of time. Participation rates
were 85% and 78% for HCC patients and the controls, respectively. The overall participation
rate for all participants was 81%. Among the subjects, 589 HCC cases and 597 controls were
collected between June 2007 and January 2010 as reported in our earlier studies [21, 22].
Hence, an additional 460 HCC cases and 455 controls were recruited from February 2010 to
April 2011. Altogether, a total of 1049 HCC cases and 1052 controls were used in the present
study. All subjects were all born in Guangxi, and frequency matched by age, gender,
and ethnicity.

Sample Collection and Questionnaire Survey
Two mL of peripheral blood was collected into a vacuum EDTA anticoagulant tube before re-
ceiving therapy. Afterwards, genomic DNA was extracted from the blood and stored at-80°C.

Polymorphisms in MicroRNA Target Sites of FOXOGenes and HCC

PLOSONE | DOI:10.1371/journal.pone.0119210 March 4, 2015 2 / 10

http://snpinfo.niehs.nih.gov/
http://snpinfo.niehs.nih.gov/
http://www.microrna.org/


The sample collection process included face-to-face interviews conducted by trained investiga-
tors. The interviews were based on epidemiological investigation questionnaires that covered
basic information, smoking habits, alcohol intake, chronic HBV infection, HCC family
history, etc.

SNP Screening
SNP screening of FOXO1, FOXO3, FOXO4, and FOXO6 was conducted using the NIEHS data-
base (http://snpinfo.niehs.nih.gov/). SNPs were screened with primary restricted conditions of
minor allele frequency (MAF) in Chinese population>0.05 and being potential target sites of
miRNA. Using these criteria, rs17592236 (C>T) of FOXO1, rs4946936 (C>T) of FOXO3 and
rs4503258 (C>T) of FOXO4 were selected for further study. No SNP in the FOXO6 gene meets
the above two criteria.

Genotyping
The TaqMan MGB real-time fluorescent quantitative PCR technology was used for genotyping
following manufacturer’s instruction. Genotyping was performed in a 7500 Fast (ABI) real-
time qPCR machine with the TaqMan SNP genotyping kit containing 2×TaqMan Universal
PCR Master Mix (ABI) and 20×TaqMan SNP Genotyping Assay Mix (ABI). PCR reactions
(10μL) consisted of 5μL 2×TaqMan Universal PCR Master Mix, 0.25μL 20×SNP Genotyping
Assay Mix, 4.35μL ddH2O, and 0.4μL DNA sample(1~10ng/μL). PCR reactions were carried
out as: 95°C × 10min!(95°C×15s!60°C×1min)× 50 cycles. Two blank control wells were
used in each 96-well plate. The results of the genotyping were analyzed with the 7500 Fast Sys-
tem V1.3.1 SDS software.

Vector Construction
To create a DNA construct carrying the rs17592236 wild type C allele (FOXO1-wild), a 3385bp
fragment of the FOXO1 3’UTR was amplified from human genomic DNA and cloned into the
miRNA Expression Reporter Vector(pMIR-REPORT miRNA Expression Reporter Vector Sys-
tem,Invitrogen)The primer sequences were: F 5’GACTAGTCCTTGTGGCTGACAAGACT-
TAACTCAAGTATT 3’ and R 5’ CCGAGCTCGGGTTAGTGAGCAGGTTACACTT 3’.
Next, a mutant T type allele (FOXO1-mut) of rs17592236 was similarly constructed. The
primer sequences were: F 5’CCTCGTTTGACAAAGGATCATTGCTTTAGATG 3’ and R
5’ATCCTTTGTCAAACGAGGGATTTTGATCCAC 3’. All constructs were confirmed
by sequencing.

Cell Culture and Co-transfection
293T (human embryonic kidney cell line) cells were purchased from the Chinese Academy of
Sciences cell bank (Shanghai) and cultured in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% Fetal Bovine Serum (Gibco) and 2mM L-glutamine (Gibco) at 37°C
with 5% Carbon Dioxide (CO2). Low passage cells were used in experiments. 24 hours before
transfection, cells were plated onto a 96-well plate at a density of 1×105 cells/well. Cells were
plated in 5 groups that each contained 6 wells: Group 1[(FOXO1-wild plasmids and hsa-miR-
137 miRNA mimics (Ambion)], Group 2 (FOXO1-mut plasmids and hsa-miR-137 miRNA
mimics), Group 3 (blank plasmids and hsa-miR-137 miRNA mimics), Group 4 (only transfec-
tion reagents), and Group 5 (293T cells without transfection). When cells reached 80% conflu-
ence, they were transiently co-transfected with reporter plasmids and hsa-mir-137 mimics
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(Ambion) using Lipofectamine 2000 (Invitrogen) following manufacturer’s instructions. The
PMIR-REPORT β-galactosidase control plasmid was used to normalize transfection efficiency.

Dual-Luciferase Assays
Cells were harvested for luciferase assays 24 hours after transfection, using the Dual-Light Lu-
ciferase & β-Galactosidase Reporter Gene Assay System (ABI) with a MPL1 Economical
Microplate Luminometer (Berthold, Germany) following manufacturer’s instructions. All as-
says were in triplicates and repeated three times.

Statistical Analysis
The EpiData3.1 software was used for data entry and consistency check, while the SPSS 20.0
software was used for statistical analyses. More specifically, statistical analyses were performed
using t-test and chi-square test. Adjusted logistic regression models were used to calculate odds
ratio (OR) and 95% confidence interval (CI). Gene-environment interactions and gene-gene
interactions were performed through logistic regression models to evaluate multiplicative in-
teraction. Each interaction (a SNP×an environment factor, a SNP×another SNP) was evaluated
one at a time in this model. In the Gene-Environment and Gene-Gene Interaction, the three
SNPs were all modeled as CC versus CT/TT. Reference category of each SNP is 1 = CC. The en-
vironmental factors were modeled as 0 = No, 1 = Yes, and reference category is 0 = No. Covari-
ates included in the logistic regression models were parameters that may be involved in the
progression of HCC. Covariates included gender (male or female), age (years), ethnicity (Han,
Zhuang, and Others), smoking (yes, no), alcohol intake (yes, no), chronic HBV infection (yes,
no), family history of HCC (yes, no). “Smoking” and “Alcohol intake” indicate that a partici-
pant is an ever smoker/ drinker. The information on “Chronic HBV infection” was obtained
from the patient’s medical record and confirmed by laboratory tests. “Family history of HCC”
means one or more direct blood relatives of a participant have suffered from HCC. Hardy-
Weinberg Equilibrium (HWE) in the controls was tested using the Haploview 4.2 software.

Results

Characteristics of the participants
The general categorization of the participants is presented in Table 1. No statistically significant
difference with regard to age, gender, and ethnicity was found between case and control popu-
lations (P>0.05). However, the percentage of subjects that responded positively to smoking,
alcohol intake, chronic Hepatitis B Virus (HBV) infection, and HCC family history was signifi-
cantly higher among the HCC cases than controls (P<0.05).

Distribution of Genotype Frequency and Risk of HCC
The genotype frequencies of rs17592236 and rs4946936 were in line with Hardy-Weinberg
equilibrium (HWE) in the controls (tested with HaploView4.2). The HWE test was not per-
formed on FOXO4 rs4503258 due to the fact that it is located on the X-chromosome. The geno-
type distributions of the three SNPs are shown in Table 2. No statistically significant
differences in genotype frequency distributions of the SNPs was detected between the HCC
cases and controls using the single factor chi-square analysis (χ2 = 1.12, P = 0.572 for
rs17592236; χ2 = 3.21, P = 0.201 for rs4946936; χ2 = 3.06, P = 0.216 for rs4503258). A logistic
regression analysis was performed in order to adjust for the potential demographic and envi-
ronmental differences among the cases and controls. Results from this analysis indicated that
individuals carrying the rs17592236 mutant allele T (CT/TT) had a decreased risk of HCC as
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Table 1. Distributions of general demographic characteristics and environmental risk factors in the cases and the controls.

Characteristics Cases(n = 1049) % Controls(n = 1052) % P-value

Age(years, �x� � s) 48.30±11.02 47.47±11.80 0.10

Gender 0.16

Male 911 86.84 891 84.70

Female 138 13.16 161 15.30

Nationalities 0.19

Han 709 67.59 673 63.97

Zhuang 322 30.70 362 34.41

Others 18 1.72 17 1.62

Smoking <0.01

Yes 399 38.04 168 15.97

No 650 61.96 884 84.03

Alcohol intake <0.01

Yes 369 35.18 154 85.36

No 680 64.82 898 14.64

Chronic HBV infection <0.01

Yes 877 83.60 130 12.36

No 172 16.40 922 87.64

Family history of HCC <0.01

Yes 46 4.39 7 0.67

No 1003 95.61 1045 99.33

doi:10.1371/journal.pone.0119210.t001

Table 2. Associations between candidate SNPs and HCC.

Genotypes Cases [n (%)] Controls [n (%)] OR (95%CI)a P-valuea OR (95% CI)b P-valueb

rs17592236

CC 356 33.94 348 33.08 1.00 1.00

CT 510 48.62 534 50.76 0.93(0.77–1.13) 0.48 0.70(0.53–0.93) 0.01

TT 183 17.45 170 16.16 1.05(0.82–1.36) 0.70 0.72(0.49–1.05) 0.09

CT/TT 693 66.06 704 66.92 0.96(0.80–1.15) 0.68 0.70(0.54–0.92) 0.01

rs4946936

CC 462 44.04 498 47.34 1.00 1.00

CT 468 44.61 454 43.16 1.11(0.93–1.33) 0.25 1.06(0.81–1.38) 0.69

TT 119 11.34 100 9.51 1.28(0.96–1.72) 0.10 1.38(0.89–2.13) 0.15

CT/TT 587 55.96 554 52.66 1.14(0.96–1.36) 0.13 1.11(0.86–1.43) 0.42

rs4503258

CC 971 92.56 955 90.78 1.00 1.00

CT 26 2.48 26 2.47 0.98(0.57–1.71) 0.95 0.66(0.29–1.47) 0.31

TT 52 4.96 71 6.75 0.72(0.50–1.04) 0.08 0.70(0.41–1.20) 0.19

CT/TT 78 7.44 97 9.22 0.79(0.58–1.08) 0.14 0.69(0.44–1.08) 0.10

a: OR and 95%CI without adjusting.

b: Adjusted by logistic regression for age, gender, nationalities, smoking, alcohol intake, chronic HBV infection, and family history of HCC.

doi:10.1371/journal.pone.0119210.t002
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compared to those with the CC genotype. However, no significant correlation was observed be-
tween the other two SNPs and HCC risk.

Gene-Environment and Gene-Gene Interaction
The gene-environment interaction analysis revealed that there was evidence of multiplicative
interaction between the SNPs (rs17592236, rs4946936 and rs4503258) and environmental risk
factors in HCC progression (Table 3). Additionally, an multiplicative interaction between the
SNPs rs17592236 and rs4503258 was found in the gene-gene interaction analysis (Table 4).

Luciferase Assays
To functionally test our hypothesis that sequence variations in rs17592236 lead to varied
miRNA binding affinity and subsequent variations in mRNA degradation, we used a well-
established luciferase reporter system as readout for miRNA activity. We cloned a 3385bp frag-
ment from FOXO1 3’UTR containing SNP rs17592236 into miRNA Expression Reporter Vec-
tor. Coexpression of miR-137 will subject this reporter mRNA to regulation by miR-137. Thus
in this experimental setting, the relative luciferase activity correlates with reporter mRNA sta-
bility: higher luciferase activity corresponds to weaker miRNAs affinity to reporter mRNA and
vice versa. A total of 5 experimental groups, each containing 6 wells were included in this

Table 3. Results of FOXO gene-environment interaction analyses.

Factors β SE(βi) OR(95% CI)a P-value

rs17592236×Smoking 0.37 0.10 1.44(1.19~1.76) <0.01

rs17592236×Alcohol intake 0.26 0.11 1.30(1.06~1.60) 0.01

rs17592236×Chronic HBV infection 1.98 0.08 7.21(6.15~8.45) <0.01

rs17592236×Family history of HCC 1.11 0.35 3.04(1.53~6.03) <0.01

rs4946936×Smoking 0.47 0.11 1.60(1.29~1.98) <0.01

rs4946936×Alcohol intake 0.29 0.11 1.34(1.08~1.67) 0.01

rs4946936×Chronic HBV infection 2.16 0.09 8.68(7.25~10.39) <0.01

rs4946936×Family history of HCC 1.12 0.36 3.06(1.51~6.22) 0.02

rs4503258×Smoking -0.84 0.47 1.76(1.28~2.42) <0.01

rs4503258×Alcohol intake 0.38 0.17 1.46(1.06~2.03) 0.02

rs4503258×Chronic HBV infection 3.36 0.13 28.66(22.20~7.00) <0.01

rs4503258×Family history of HCC 1.54 0.51 4.67(1.73~12.62) 0.02

a: OR and 95% CI for interaction of the cross-product term, adjusted by logistic regression for age, gender, nationalities, smoking, alcohol intake, chronic

HBV infection, and family history of HCC.

doi:10.1371/journal.pone.0119210.t003

Table 4. Results of gene-gene interaction analyses.

Factors β SE(βi) OR(95% CI)a P-value

rs17592236×rs4946936 -0.04 0.06 0.96(0.86~1.08) 0.49

rs17592236×rs4503258 -0.28 0.09 0.76(0.63~0.91) <0.01

rs4946936×rs4503258 -0.04 0.09 0.96(0.80~1.15) 0.65

a: OR and 95% CI for interaction of the cross-product term, adjusted by logistic regression for age, gender, nationalities, smoking, alcohol intake, chronic

HBV infection, and family history of HCC.

doi:10.1371/journal.pone.0119210.t004
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experiment (Fig. 1). Group 1 and 2 cells were cotransfected hsa-miR-137 miRNA mimics
(Ambion) along with the FOXO1-wild and FOXO1-mut plasmids, respectively. Group 3 cells
received pMIR-REPORT plasmid and hsa-miR-137 miRNA mimics, whereas Group 4 cells re-
ceived only transfection reagents and Group 5 cells received no transfection. As shown in
Fig. 1, strongest relative luciferase activity was observed in Group 3 cells. Importantly, Group
2 cells showed higher luciferase activity than Group 1 cells, suggesting that mutation in
rs17592236 affected the binding affinity of miR-137 to 3’UTR in messenger RNA (mRNA) of
FOXO1.

Discussion
The FOXO family members such as FOXO1, FOXO3 and FOXO4 represent one of several effec-
tor arms of PI3K-Akt signaling, which regulates cell proliferation and survival [23]. PI3K-Akt
signaling is known to play an important role in the suppression of tumorigenesis [24]. It was
proposed that dysregulation of PI3K-Akt activity in human tumors is frequently achieved
through genetic alterations of its many signaling components [8]. In the present study, we se-
lected three SNPs within non-coding regions of the FOXO genes and found that polymorphism
of rs17592236 in FOXO1 was associated with a reduced risk of HCC. Our results indicate that
FOXOs may be involved in the development of HCC, consistent with previous studies, showing
associations between abnormal expression and localization of FOXO1 and FOXO3a in patients
with HCC [12–15].

FOXO1 is located in chromosome 13q14.1 and encodes 655 amino acids. It is largely ex-
pressed in adipose tissue as well as liver tissue [25]. FOXO1 is an important transcription factor
downstream of the PI3K-Akt signaling pathway and has been implicated as a tumor suppressor
in several cancers, including mesothelioma [26], Ewing’s sarcoma [27], gastric cancer [28], oral

Fig 1. Validation of miR-137 binding site using luciferase assays.Results are represented as mean ±
SE. The significance of differences was evaluated by using the t-test (*P<0.001). 293T cells were co-
transfected with miR-137 mimics and luciferase reporter constructs carrying FOXO1 3’UTR or rs17592236
mutated FOXO1 3’UTR fragment. Blank luciferase reporter plasmids were used as a control. The result of
luciferase assays indicated that the expression of FOXO1-wild constructs was suppressed by miR-137, which
was recovered when the potential miR-137 binding site rs17592236 was mutated.

doi:10.1371/journal.pone.0119210.g001
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cancer [29], prostate cancer [30] and breast cancer [31]. Its function as a tumor suppressor was
thought to be carried out through regulating cell cycle and apoptosis factor expression. Such
factors include p21 Cip1, FasL, p27Kipl, Cyclin G2, Cyclin D1 and CyclinD2, etc [32]. Interest-
ingly these factors also serve as effectors of the P13k-Akt signaling pathway [33]. Lee et al. [13]
found that depleting of Aurora A kinase in HCC cells led to increased FOXO1 expression and
cell cycle arrest. Altogether, existing evidence suggest a PI3K-Akt-FOXO1 axis that may play a
pivotal role in HCC development.

FOXO1 has been shown to be a target of regulation by many cancer-related miRNAs. These
include miR-27a, miR-96, miR-182 in breast cancer [31], miR-196a in cervical cancer [34], and
miR-223 in colorectal cancer, cervical cancer, and HCC [35]. Here we have demonstrated that
a mutation in rs17592236 may decrease the affinity for miR-137 to bind to the 3’UTR of
FOXO1mRNA and consequently reduce miR-137-mediated inhibition of FOXO1 expression.
MiR-137 is located on human chromosome 1p22 and has been suggested to function as a
tumor suppressor via cell cycle control in several cancers including colorectal cancer [36],
squamous cell carcinoma [37] and melanoma [38]. Additionally, miR-137 has been suggested
to be involved in HCC [39], although the underlying mechanism was not clearly understood.
The present study provides evidence for a model in which miR-137 can modulate FOXO1 ex-
pression through SNP rs17592236 and thereby affecting the PI3K-Akt-FOXO1 axis in
HCC carcinogenesis.

HCC is a complex disease caused by a combination of hereditary and environmental fac-
tors [1]. Gene-environment and gene-gene interactions were implicated in HCC development
[40, 41]. Consistent with previous studies, the current study also demonstrated genetic interac-
tions between the SNPs as well as interactions with environmental risk factors such as chronic
HBV infection, smoking and alcohol intake, leading to enhanced HCC development. These
data lend support to the relevance of our findings to in vivo HCC carcinogenesis.

To summarize, we selected three SNPs within non-coding regions of FOXOs and observed
that polymorphism of rs17592236 in FOXO1 was associated with reduced risk of HCC. This
was most likely due to enhanced binding of has-miR-137 to the 3’UTR of FOXO1mRNA.
These findings support the hypothesis that sequence variations of SNPs at miRNA target sites
may be associated with risk of HCC, by affecting miRNA binding affinity and subsequent deg-
radation of FOXOmRNAs.- This information may be important for clinical diagnosis and for
future prevention and targeted therapy of HCC. Further research is needed to elucidate how
miR-137 regulates the PI3K-Akt-FOXO1 axis in vivo and in vitro at the molecular level.
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