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Abstract

Background/Aims

Folic acid (FA) is a core micronutrient involved in DNA synthesis/methylation, and the

metabolism of FA is responsible for genomic stability. MicroRNAs may affect gene expres-

sion during folate metabolism when cellular homeostasis is changed. This study aimed to

reveal the relationship between FA deficiency and the expression of miR-22-p/miR-149-5p

and the targeted regulation of miR-22-3p/miR-149-5p on the key folate metabolic gene

Methylenetetrahydrofolate reductase (MTHFR).

Methods

Normal (HL-7702 cells) and cancerous (QGY-7703 cells) human hepatocytes were inter-

vened in modified RPMI 1640 with FA deficiency for 21 days. The interaction between

MTHFR and the tested miRNAs was verified by Dual-Luciferase Reporter Assays. The

changes in the expression of miR-22-3p/miR-149-5p in response to FA deficiency were

detected by Poly (A) Tailing RT-qPCR, and the expression of MTHFR at both the transcrip-

tional and translational levels was determined by RT-qPCR and Western blotting,

respectively.

Result

MiR-22-3p/miR-149-5p directly targeted the 3’UTR sequence of the MTHFR gene. FA defi-

ciency led to an upregulation of miR-22-3p/miR-149-5p expression in QGY-7703/HL-7702

cells, while the transcription of MTHFR was decreased in QGY-7703 cells but elevated in

HL-7702 cells. Western blotting showed that FA deficiency resulted in a decline of the

MTHFR protein in QGY-7703 cells, whereas in HL-7702 cells, the MTHFR protein level

remained constant.
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Conclusion

The results suggested that miR-22-3p/miR-149-5p exert different post-transcriptional

effects on MTHFR under conditions of FA deficiency in normal and cancerous human hepa-

tocytes. The results also implied that miR-22-3p/miR-149-5p might exert anticancer effects

in cases of long-term FA deficiency.

Introduction

MicroRNAs (miRNAs) are small endogenous noncoding RNAs (19–24 nucleotides in length)

that have emerged as key negative regulators that target gene expression at the post-transcrip-

tional level [1, 2]. In humans, 2578 mature miRNA sequences are predicted to exist[3]. Micro-

RNAs have multiple targets, and several miRNAs can also meticulously regulate the same gene

simultaneously. MiRNAs contribute to various aspects of animal development and/or human

disease[4]. The dysregulation of miRNAs is responsible for one-carbon metabolism (OCM, or

folate metabolism), which results in an imbalance of DNA synthesis, methylation, amino acid

metabolism and cellular replication. Imbalances in these events are frequently related to an

increased risk of various diseases, such as hepatocellular carcinoma (HCC), as some miRNAs

act as oncogenes, which leads to the dysregulation of their target gene products in tumors[5, 6].

Methylenetetrahydrofol ate reductase (MTHFR) serves as a key shift gene between DNA

methylation/synthesis in OCM through the conversion of 5, 10-methyltetrahydrofolate to

5-methyltetrahydrofolate (5-MTHF). 5-MTHF lends a methyl group to homocysteine to gen-

erate methionine, which participates in methylation. In contrast, the loss of a methyl group

from 5-MTHF results in the generation of tetrahydrofolate, which participates in thymine syn-

thesis. Abnormal MTHFR function is related to low folate status in plasma/red blood cells,

which results in the accumulation of plasma homocysteine. Increased plasma homocysteine

levels have been indicated to enhance in vivo and in vitro oxidative stress (P53 oxidative

lesions)/endothelial dysfunction. Reduced MTHFR activities are associated with a high-risk for

the development of HCC and are correlated with lower risks for late-stage HCC and a favor-

able survival of patients with HCC [7–9].

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and is the

third most frequent cause of cancer-related death (GLOBOCAN database, IARC, France,

2012). The incidence of HCC is increasing worldwide[10], and the liver is the major site of

metabolism of substances such as chemicals/drugs, alcohol, and environmental pollutants.

Thus, the liver is sensitive to deficiencies in micronutrients. One of these micronutrients is

folate (or folic acid), which plays an essential role in liver physiology.

Folic acid (FA), which is a water-soluble B vitamin found abundantly in fresh fruits, leafy

green vegetables, whole grains, yeast, lima beans, liver, and other organ meats, has been tar-

geted as a potential cancer-preventative agent.[11] Folate functions to provide one-carbon

groups for DNA synthesis/methylation and the epigenetic control of gene expression [11–13].

Since the liver is the major site of folate storage and is, therefore, susceptible to folate defi-

ciency, deprivation of this micronutrient may contribute to chromosomal breaks, aneuploidy

and deleterious alterations in gene expression within hepatocytes; this, in turn, leads to genetic

instability and carcinogenesis [14–17]. For instance, the impact of folate deficiency on bio-

markers of telomeres provides evidence of dysfunctional long and short telomeres as a cause of

telomere critical length/chromosome instability. [18] A methyl-deficient diet (lack of folate,

choline and methionine) results in altered methylation patterns in the P53 gene in hepatocytes,
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which have been implicated in an increased risk for hepatocarcinogenesis and/or progression

of liver cancer [19–23]. A previous clinical study showed an inverse correlation between the

serum folate level and tumor size, multiplicity and metastasis during HCC progression, which

was categorized as stage I through IV. Another larger cohort study found that a higher folate

level in red blood cells was associated with a reduced risk of hepatocarcinogenesis. The study

by Ho CT et al. demonstrated that folate deficiency-triggered redox pathways conferred drug

resistance and that folate supplementation may enhance the efficacy of chemotherapy in HCC

[24–26]. Moreover, it has been suggested that folate may play critical roles in the prevention of

tumorigenesis in different cancer types [27–29], and preliminary studies have indicated a cor-

relation between miR-22/miR-149 and MTHFR [30, 31]. These results have implicated the sig-

nificance of folate status in the carcinogenesis of HCC and other cancers. However, the

molecular mechanism that links FA deficiency to MTHFR, which leads to the development of

liver cancer, remains to be elucidated.

Materials and Methods

Cell culture and intervention

The normal human hepatocyte cell line HL-7702 (cat # GNHu 6, Cell Bank of the Chinese Acad-

emy of Sciences) and the human hepatocellular carcinoma cell line QGY-7703 (cat # TCHu 43,

Cell Bank of the Chinese Academy of Sciences) were cultured in RPMI 1640 medium (GIBCO,

NY, USA) supplemented with 8% dialyzed fetal bovine serum (GIBCO, NY, USA) and 1% peni-

cillin/streptomycin (GIBCO, NY, USA). L-Glutamine (1%; GIBCO, NY, USA) was added to

the culture medium immediately before use. The cells were plated at a density of 5×105 cells in a

25 cm2 culture flask (Costar, Corning, NY, USA). The medium was replaced every 2–3 days for

21 days. All cultures were maintained at 37˚C in a humidified atmosphere of 5% CO2.

An in vitro model of chronic FA deficiency was established using the normal human hepa-

tocyte cell line HL-7702 and the hepatocellular carcinoma cell line QGY-7703. The intervening

medium was modified from commercial RPMI 1640 medium and folate-free RPMI 1640

medium by changing the FA concentration and using either 0 nM or 22.6 nM FA. The cells

were cultured for 21 days in RPMI-1640 medium with modified FA concentrations as follows:

FA-free (0 nM), FA-deficient (22.6 nM), or control (2,260 nM). The human HL-7702 and

QGY-7703 cell lines were selected because folate deficiency has been identified as an important

risk factor for HCC, and alterations in the expression of miRNAs have been shown to be

prominent events during the early stages of liver carcinogenesis [32]. Su YH et al. [33] showed

that a folate-deficient tumor microenvironment promoted epithelial-to-mesenchymal transi-

tion in hepatocytes. Chem CL et al.[34]demonstrated that FA deficiency induced OS and apo-

ptosis in the well-differentiated HCC cell line HepG2. In previous reports, Wu C et al.[31]

confirmed the targeting of the 3’UTR of MTHFR by miR-149-5p.

Poly (A) tailing RT-qPCR miR-22-3p and miR-149-5p expression

analyses

MiRNAs were purified using a miRNA Isolation Kit (Omega, USA). Polyadenylation and reverse

transcription were performed using a miRcute Plus miRNA first-strand cDNA Synthesis Kit

(TIANGEN). For poly (A) Tailing RT-qPCR analyses, we used a miRcute miRNA qPCR Detec-

tion Kit (SYBR Green). All results were normalized to the expression of U6 small nuclear RNA

according to the 2-ΔΔCt cycle threshold method; the error bars indicate the standard deviation. All

of the miRNA primers used in our study were purchased from the TIANGEN Human miRNA
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Specific qPCR Primer Sets (TIANGEN). The PCR reaction was performed in an ABI Step One

Plus PCR System (Applied Biosystems, USA).

Vector construction and dual-luciferase reporter assays

Candidate targets were first determined using target prediction engines such as TargetScan and

miRDB. When compared with the targets predicted by TargetScan, miR-22-3p and miR-149-5p

target sites were found to be conserved in mammals. These included a predicted target site (miR-

22-3p) within the MTHFR 3’UTR that is ranked in the 99th percentile according to the TargetS-

can scoring criteria; however, this seed region was subsequently shown to be a pseudo target site,

and thus those results are not shown here. When compared with targets predicted by miRDB, the

MTHFR 3’UTR also harbored the same five additional poorly conserved miR-22-3p target sites

and the same three additional poorly conserved miR-149-5p target sites. This indicates a higher

likelihood of miR-22-3p and miR-149-5p targeting functionality. The Dual-Luciferase assay was

performed using a Dual-Luciferase Reporter Assay System (psiCHECK-2 vector, Promega). Both

921-bp (miR-22-3p) and 864-bp (miR-149-5p) fragments of the MTHFR 3’UTR were amplified

from genomic DNA using the following primer sequences: forward, 5’-GGGTTAAGTATGAGGT
GAAATGG-3’, reverse, 5’-GACAAACGGTGTCTGAAGTGC-3’ (921 bp); forward, 5’-GGTTGT
TGCCAACTAAGCCC-3’, reverse, 5’- TCCAGGGAGTGATGACAGAG-3’ (864 bp). The PCR

products were inserted into the psiCHECK-2 vector downstream of the Renilla luciferase gene

sequence. All of the constructs were verified by DNA sequencing. The psiCHECK-MUT was

constructed through site-directed mutagenesis using a Site-directed Mutagenesis Kit (TransGen,

Beijing, China). The primer sequences used for the site-directed mutagenesis were as follows: for-

ward 5’- GTTAAGGTGGGTCCAGGAAGTTGAATGCTCTTAGT-3’, reverse 5’-TTCAACTTCC
TGGACCCACCTTAACCTCTTGTGAC-3’ (921bp); forward 5’- CCAAGGCAGCCTCCAGCATT
GGCCTGGGACTCC-3’, reverse 5’-CAATGCTGGAGGCTGCCTTGGTTCGAGGGCTTAG-3’
(864 bp). The constructs were verified by sequencing and did not contain any other sequence

variations. The HEK293 cell line was cultured in DMEM (GIBCO, NY, USA) with 10% FBS

(GIBCO, NY, USA). HEK-293 cells were plated in 24-well culture plates (Costar, Corning, NY,

USA) at a density of 1×105 cells per well. Lipofectamine 2000 (Invitrogen, USA) was used to

transfect the cells with 0.8 μg per well of psiCHECK-MTHFR 3’UTR or psiCHECK-MUT

reporter construct, hsa-miR-22-3p/has-miR-149-5p mimic or controls (all at 100 nM, RIBOBIO,

Guangzhou, China). Then, 24 hours after transfection, the cells were washed three times in PBS

and were lysed with passive lysis buffer. Firefly luciferase and Renilla luciferase activity were

determined using a dual-luciferase reporter assay system (Promega, USA) and were measured in

a Varioskan LUX plate reader (Thermo).

Real-time mRNA expression analyses

Total RNA was isolated from cells with a miRNA Isolation Kit (Omega, USA), and its quality

was assessed using a Nano Photometer (IMPLEN, Germany). RNA samples were diluted to

1 μg/μL. A reverse transcription reaction was performed (Reverse Transcriptase Kit, Takara,

Dalian, China). For quantitative real-time qPCR (RT-qPCR) analyses, we used a SYBR RT-PCR

Kit (KAPA, MA, USA). The primers for MTHFR were as follows: 5’-CACTACGGTGGGCTGGA
TGA-3’ (forward) and 5’-GCTCCGGGTTAATTACCACCTTG-3’ (reverse). The primers for

Programmed cell death protein 4 (PDCD4) were as follows: 5’-ATGAGCACAACTGATGTGGA
AA-3’ (forward) and 5’-ACAGCTCTAGCAATAAACTGGC-3’(reverse). The primers for

Tumor protein p53-inducible nuclear protein 1 (TP53INP1) were as follows: 5’- GCACCCTTC
AGTCTTTTCCTGTT-3’ (forward) and 5’- GGAGAAAGCAGGAATCACTTGTAT-3’ (reverse).

The primers for GAPDH were as follows: 5’-GGCACAGTCAAGGCTGAGAATG-3’ (forward)
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and 5’-ATGGTGGTGAAGACGCCAGTA-3’ (reverse). The relative expression level was normal-

ized to that of GAPDH using the 2-ΔΔCt cycle threshold method.

Immunoblot analyses

The cells were disrupted in cell lysis buffer (cat# P0013, Beyotime, China) supplemented

with PMSF (Biosharp, China) and centrifuged for 15 min at 4˚C. The protein concentra-

tions were then determined by a BCA protein assay (Beyotime, China). Then, 30 μg of pro-

tein were resolved by SDS-PAGE using 10% Tris-glycine gels. Separated proteins were

transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, MA, USA) and

blocked for 2 h at room temperature with 5% skim milk/TBST (Tris-Buffered Saline with

Tween-20). After incubation with an anti-human MTHFR (1:2000; Abcam, Cambridge,

MA, USA) primary antibody under blocking conditions, proteins were detected using an

anti-mouse HRP-conjugated secondary antibody (1:10,000; Vazyme, China) and enhanced

chemiluminescence (ECL) (Millipore, MA, USA). The quantification of immunoreactivity

was performed by densitometric analysis using Image J. MTHFR protein levels were nor-

malized to those of GAPDH (1:5000; Abcam, Cambridge, MA, USA). GAPDH proteins

were detected using an anti-rabbit HRP conjugated secondary antibody (1:10,000; Abcam,

Cambridge, MA, USA).

Statistical analysis

The data were analyzed using the Statistical Package for Social Sciences version 21.0 (SPSS,

Chicago, IL, USA). Student’s t-test for independent samples was used to compare the levels of

MTHFR protein, mRNA or miRNA among the samples. All of the statistical hypothesis tests

were two-sided, and a P value<0.05 was considered statistically significant.

Results

Expression of miR-22-3p and miR-149-5p is upregulated under

conditions of FA deficiency

To identify the roles of miR-22-3p and miR-149-5p in the development of HCC under condi-

tions of FA deficiency, we analyzed the expression level of miR-22-3p by Poly(A) Tailing quanti-

tative real-time PCR (RT-qPCR) in the HCC cell line QGY-7703 on the 14th and 21st day after

the start of FA deficiency (the cells could not survive in the FA-free RPMI 1640 medium); a

matched normal hepatocyte cell line (HL-7702) was also examined. The Poly (A) Tailing RT-

qPCR analyses showed that the expression of miR-22-3p under conditions of FA deficiency

was increased 4.19-fold (P<0.01, 14th day) and 3.86-fold (P<0.001, 21st day) compared with the

control. The results of this assay also showed that the expression of miR-149-5p was increased

4.51-fold (P<0.01, 14th day) and 5.71-fold (P<0.01, 21st day) under conditions of FA deficiency

compared with the control. We also determined the expression of miR-22-3p in the normal

hepatocyte cell line HL-7702. It was shown that miR-22-3p and miR-149-5p were also upregu-

lated 69% (P<0.05, 14th day) and 48% (P<0.05, 14th day), respectively, miR-149-5p were upregu-

lated 37% (P<0.01, 21st day) when HL-7702 cells were grown in the FA-free medium compared

with the control. Notably, the function of miR-22-3p in HL-7702 cells might be replaced by the

increase in miR-149-5p on the 21st day, and we also found a potential substitution effect between

miR-22-3p and miR-149-3p (Fig 1) Our results indicated that FA deficiency induces miR-22-3p

and miR-149-5p upregulation and suggested the inhibition of MTHFR expression by miR-22-3p

and miR-149-5p in QGY-7703 and HL-7703 cells.
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The 3’UTR of MTHFR is directly targeted by miR-22-3p and miR-149-5p

To determine whether MTHFR is a direct target of miR-22-3p and miR-149-5p, wild-type and

mutant sequences of the 3’UTR of MTHFR were cloned downstream of the Renilla luciferase

coding region in a psiCHECK-2 vector. HEK293 cells were then co-transfected with these con-

structs along with psiCHECK-MTHFR 3’UTR (miR-22-3p/miR-149-5p), psiCHECK-MUT

(miR-22-3p/miR-149-5p), miR-22-3p mimic, miR-214-3p mimic (same 3’UTR as miR-22-3p,

as a positive control[35]), miR-149-5p mimic or miR-NC. The relative luciferase activity was

reduced by 18% (P = 0.014), 22% (P = 0.003), and 30% (P<0.001) in psiCHECK-2 vectors

with wild-type MTHFR 3’UTRs but not in those with the mutant 3’UTR (P>0.05) (Fig 2) The

observation that miR-149-5p targeted this seed region was consistent with the results of Wu C

et al.[31]. Here, the direct binding of miR-22-3p to the 3’UTR of MTHFR has been demon-

strated for the first time. In summary, the negative regulation of MTHFR by miR-22-3p and

miR-149-5p is relevant in this context.

Expression of MTHFR is affected under conditions of FA deficiency

To explore the miR-22-3p and miR-149-5p induced difference in expression of MTHFR between

HCC cells and normal hepatocytes, the relative expression of MTHFR in hepatocellular carci-

noma cells under conditions of FA deficiency was markedly lower in 12% (P<0.05, 7th day), 17%

(P<0.01, 14th day) 20% (P<0.01, 21st day) of cells compared with the control. Moreover, the

Fig 1. The expression of miR-22-3p and miR-149-5p in QGY-7703 and HL7702 cells on the 14th day and the

21st day under conditions of FA deficiency/culture in the FA-free medium; U6 served as an internal

reference. (a) FA deficiency induced an increase in the expression of miR-22-3p in QGY-7703 cells on the 14th/21st

day. (b) FA deficiency induced an increase in the expression of miR-149-5p in QGY-7703 cells on the 14th/21st day.

(c) FA-free medium induced an increase in the expression of miR-22-3p in HL-7702 cells on the 14th day. (d) FA-free

medium induced an increase in the expression of miR-149-5p in HL-7702 cells on the 14th/21st day.

doi:10.1371/journal.pone.0168049.g001
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Western blotting result showed that the expression of MTFHR was remarkably lower in cells cul-

tured under conditions of FA deficiency compared with the control (P<0.001, 7th, 14th, 21st day).

Notably, the western blotting result showed that FA deficiency after 7 days led to a significant

reduction in the levels of MTHFR compared with the other time points; we supposed that this

observation might be associated with sensitivity to FA deficiency. (Fig 3) The relative expression

was not changed between normal hepatocytes cultured in the FA-free medium and those cul-

tured in control medium by the 7th day. However, the relative expression levels of MTHFR
mRNA were significantly increased 1.89-fold (P<0.001) on the 14th day after culture in the

FA-free medium and were clearly increased by 1.48-fold (P<0.01, FA deficiency) and 2.20-fold

Fig 2. Prediction and validation of the 3’UTR of the MTHFR gene as a target of miR-22-3p. (a) In vertebrates, the MTHFR gene contains miR-22-3p and

miR-149-5p seed regions, which were predicted by miRNA target prediction tools (TargetScan and miRDB). (b) The sequence of miR-22-3p/miR-149-5p

(middle) corresponded to the 3’UTR of MTHFR (top) but did not correspond completely when the 3’UTR of MTHFR was mutated (bottom). (c) MiR-22-3p/miR-

149-5p inhibited the dual-luciferase reporter activity of the wild-type but not the mutated 3’UTR of MTHFR. HEK293 cells were co-transfected with a dual-

luciferase reporter vector (pisCHECK-2) wild-type or mutant MTHFR 3’UTR and with an miR-22-3p mimic, an miR-214-3p mimic, an miR-149-5p mimic or

miR-NC, as indicated. After 24 h, Renilla luciferase activity was measured and normalized to the firefly luciferase activity. The data are significant at P<0.05.

doi:10.1371/journal.pone.0168049.g002
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(P<0.001, FA free), respectively, on the 21st day. On the contrary, western blotting revealed no

marked changes between cells cultured under conditions of FA deficiency/FA-free medium and

the control. (P>0.05) (Fig 4) Our study indicated that the increased expression of miR-22-3p

(3.86–4.19-fold) and miR-149-5p (4.51–5.71-fold) might cause a decrease in MTHFR mRNA

expression in HCC cells. Our study also indicated that the elevated expression of miR-22-3p

(69%) and miR-149-5p (37–48%) might maintain the translational level of MTHFR in normal

hepatocytes by directly targeting and inhibiting the overexpression of MTHFR mRNA in condi-

tions of FA deficiency. MTHFR remained constant in normal Hepatocytes cells, and thus, it

maintained cellular homeostasis of MTHFR and resisted to the FA deficiency. In contrast, the

declined expression of MTHFR caused HCC cells more vulnerable to the FA deficiency.

Expression of PDCD4/TP53INP1 is affected under conditions of long

term FA deficiency

TP53INP1 is a tumor suppressor gene induced with different stress conditions. TP53INP1
overexpression leads to cell cycle arrest (G1 phase) and p53-dependent or independent apopto-

sis [36]. PDCD4 is a tumor suppressor gene with negative regulation on the proliferation, metas-

tasis, invasion and angiogenesis of Cancerous cells [37]. To further research the miR-22-3p and

miR-149-5p induced biological meaning of the change in MTHFR expression in HCC cells, we

added the expression of TP53INP1 and PDCD4 in HCC as two parameters under conditions of

long term FA deficiency, and the results indicated that FA deficiency induced the expression of

TP53INP1 (34%) and PDCD4 (49%) in elevated. On the contrary, the expression of TP53INP1
and PDCD4 in normal human hepatocytes (HL-7702) in decreased, and the results suggested

that extreme FA deficiency might increase risk of human hepatocyte carcinogenesis. (Fig 5)

Fig 3. mRNA expression and protein level of MTHFR in QGY-7703 cells under conditions of FA deficiency

(7th, 14th and 21st day); GAPDH served as an internal reference. (a) RT-qPCR assays revealed the mRNA

expression of MTHFR in QGY-7703 cells under conditions of FA deficiency on the 7th day. (b) RT-qPCR assays

revealed the mRNA expression of MTHFR in QGY-7703 cells under conditions of FA deficiency on the 14th day. (c)

RT-qPCR assays reveal the mRNA expression of MTHFR in QGY-7703 cells under conditions of FA deficiency on

the 21st day. (d, e) Western blot assays showed the relative protein expression of MTHFR in QGY-7703 cells under

conditions of FA deficiency (7th, 14th, 21st day); GAPDH served as an internal reference.

doi:10.1371/journal.pone.0168049.g003
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The decline of MTHFR expression by miR-22-3p and miR-149-5p might inhibit methylation to

positively regulate TP53INP1 and PDCD4, thus promoting HCC cell apoptosis.

Discussion

The results of this study suggested that miR-22-3p directly targeted MTHFR, which led to the

repression of MTHFR expression. In addition, the Poly (A) Tailing RT-qPCR validation results

showed that the expression of miR-22-3p and miR-149-5p was significantly increased in the

normal human hepatocyte cell line HL-7702 and the hepatocellular carcinoma cell line QGY-

7703 under conditions of FA deficiency compared with the control. Furthermore, a high-level

expression of miR-22-3p and miR-149-5p in HCC and human hepatocytes was strongly asso-

ciated with the downregulation of MTHFR mRNA levels under conditions of FA deficiency.

Moreover, the slightly high expression of miR-22-3p and miR-149-5p was correlated with the

maintenance of the translational levels of MTHFR in normal hepatocytes. In addition, the

overexpression of miR-22-3p and miR-149-5p was associated with the inhibition of MTHFR

Fig 4. The mRNA expression and protein level of MTHFR in HL-7702 cells under conditions of FA deficiency (7th, 14th and 21st day);

GAPDH served as an internal reference. (a) RT-qPCR assays revealed the mRNA expression of MTHFR in HL-7702 cells under conditions of FA

deficiency on the 7th day. (b) RT-qPCR assays revealed the mRNA expression of MTHFR in HL-7702 cells under conditions of FA deficiency/FA-

free medium on the 14th day. (c) RT-qPCR assays revealed the mRNA expression of MTHFR in HL-7702 cells under conditions of FA deficiency/

FA-free medium on the 21st day. (d, e) Western blot assays showed the relative protein expression of MTHFR in HL-7702 cells under conditions of

FA deficiency/FA-free medium (7th, 14th, 21st day); GAPDH served as an internal reference.

doi:10.1371/journal.pone.0168049.g004
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protein levels in HCC under conditions of FA deficiency/FA-free medium. Importantly, our

investigation indicated the possible presence of different mechanisms of miRNA-mediated

MTHFR gene silencing;[38] One mechanism involves the following microRNA-mediated

mRNA decay in HCC under the condition of FA deficiency: miRNAs trigger deadenylation

and subsequent decapping of the MTHFR mRNA target, which leads to the inhibition of

mRNA circularization and the promotion of mRNA degradation. The proteins required for

this process are shown and include components of the major deadenylase complex (CAF1,

CCR4, and the NOT complex), the decapping enzyme DCP2, and several decapping activators.

The destruction of a mature mRNA means that the cytoplasmic poly (A) binding protein and

Fig 5. mRNA expression level of TP53INP1/PDCD4 in QGY-7703/HL-7702 cells under conditions of FA deficiency/empty (21st day); GAPDH

served as an internal reference. (a) RT-qPCR assays reveal the mRNA expression of TP53INP1 in QGY-7703 cells under conditions of FA deficiency

on the 21st day. (b) RT-qPCR assays reveal the mRNA expression of PDCD4 in QGY-7703 cells under conditions of FA deficiency on the 21st day. (c)

RT-qPCR assays reveal the mRNA expression of TP53INP1 in HL-7702 cells under conditions of FA empty on the 21st day. (d) RT-qPCR assays reveal

the mRNA expression of PDCD4 in HL-7702 cells under conditions of FA empty on the 21st day.

doi:10.1371/journal.pone.0168049.g005

Response of MiRNAs to Folate Deficiency and the Regulation of MTHFR Expression in Human Hepatocytes

PLOS ONE | DOI:10.1371/journal.pone.0168049 January 3, 2017 10 / 18



the cytoplasmic cap-binding protein cannot be combined with mRNA, and thus the mRNA

stability is reduced by RNase degradation. According to our result, the decreased mRNA levels

of MTHFR detected in HCC might be mediated through this mechanism. Another mechanism

involves the miRNA-mediated inhibition of translation in normal hepatocytes under FA-free

conditions; this includes the inhibition of translation, the degradation of co-translation of pro-

teins, the competition for the cap structure and the inhibition of ribosomal subunit assembly.

In our study, this mechanism induced low protein levels of MTHFR and maintained a balance

in the translation levels of MTHFR, as high mRNA levels of MTHFR were detected in normal

hepatocytes. (Fig 6) We revealed that miR-22-3p and miR-149-5p potentially acted as impor-

tant tumor suppressors by one-carbon metabolism in HCC.

To further decipher why FA deficiency induced the upregulation of miR-149 and miR-22

expression and inhibited the expression of MTHFR in HCC but maintained its expression in

normal hepatocytes. In HCC, the reduced expression of MAT1A caused an increase in MAT2A
expression[39] (MAT2B is coding a subunit of MAT2A). The inhibition of MTHFR downregu-

lated MAT2A/MAT2B and decreased the expression of DNA (cytosine-5)-methyltransferase 1

(DNMT1). DNMT1 is an enzyme that catalyzes the transfer of a methyl group to DNA, and thus,

it affects whole-genome methylation. Genome hypomethylation associated with folate deficiency

causes the misincorporation of uracil into human DNA and subsequent chromosome breakage

[40], which leads to DNA damage. On the contrary, in tumor tissue, FA deficiency results in a

decrease in P53 transcription and is associated with relative hypermethylation[21]. If P53 is

decreased, DNA damage cannot be repaired, which induces tumor cell apoptosis. In normal

hepatocytes, miR-22 and the inhibition of MAT1A expression [41] lead to an overall decrease in

Fig 6. The mechanism might be different in regards to the miRNA-mediated mRNA silencing in HCC (a) and

normal hepatocytes (b).

doi:10.1371/journal.pone.0168049.g006
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methylation. However, an increased level of P53 mRNA is associated with hypomethylation in

the coding region of the gene[21]. When P53 is upregulated, DNA damage is restored by P53
[42]. Once P53 is mutated, DNA damage is not able to be repaired, which leads to carcinogene-

sis. With the above findings, our study provides a novel and comprehensive insight into the

functional roles of miR-22-3p and miR-149-5p as they relate to the regulation of MTHFR in the

development of HCC by DNA methylation and DNA synthesis/mismatch repair. (Fig 7) Alto-

gether, these results provide additional insights that the dysregulation and instability of DNA

methylation are mediated by miRNAs that accompany the transition of normal cells to tumor

cells. This might be a reason why HCC cells cannot survive without FA.

Previous studies have suggested that miR-22 functions in multiple cellular processes,

including proliferation, differentiation, senescence and apoptosis and that their dysregulation

is a hallmark of human cancer [43]. MiR-22 has been determined to be a regulator or an inhib-

itor in diverse cancers, including osteosarcoma, prostate cancer, cervical cancer, lung cancer,

[44]breast cancer[45], colorectal cancer[46], gastric cancer [47, 48], ovarian cancer[49], acute

myeloid leukemia[50], medulloblastomas[51], endometrial endometrioid carcinomas[52],

esophageal squamous cell carcinoma[53] and hepatocellular carcinoma[54]. The study by

Zhou et al. [55] found that miR-22 is downregulated in HCC and that its expression is associ-

ated with the differentiation, metastasis and prognosis of carcinomas. They also found that the

expression of miR-22 in hepatocellular carcinoma is significantly associated with histological

differentiation and is negatively correlated with the expression of ezrin protein. Histone deace-
tylase 4 (HDAC4) [56] and Cyclin-dependent kinase inhibitor 1A (CDKN1A) [57] are two criti-

cal proteins in cancer, and both are directly targeted and regulated by miR-22. The level of

miR-22, which is downregulated in HCC, is correlated with a decrease in the disease-free sur-

vival of HCC patients. The survival time is shorter in patients with low miR-22 expression

compared with those with high expression, and the overexpression of miR-22 exerts an anti-

proliferative effect on HCC cells both in vitro and in vivo. Zekri AN et al.[58]identified serum

Fig 7. A schematic model illustrates how the upregulation of miR-22 and miR-149 might promote apoptosis

(or not) in HCC cells (or normal hepatocytes) via the downregulation (or maintenance) of MTHFR, which

causes MAT1A (or MAT2A/B) inhibition and the induction of genome hypomethylation. In contrast, FA

deficiency promotes uracil misincorporation into human DNA and chromosome breakage; this causes DNA

damage, which is repaired (or not) by P53.

doi:10.1371/journal.pone.0168049.g007
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miR-22 and other miRNAs with alpha fetoprotein (AFP) that might be of considerable clinical

use in the early detection of HCC in both normal populations and high-risk patients. They

might be of use by providing high diagnostic accuracy (the area under the receiver operating

characteristic curve (AUC) = 0.982) for the early detection of HCC in liver cirrhosis (LC)

patients, high diagnostic accuracy (AUC = 0.988) for the early detection of HCC in chronic

hepatitis C (CHC) patients and high diagnostic accuracy (AUC = 1) for the discrimination

between the LC group and the control group.

MiR-149 is a potential prognostic marker for gastric cancer [59], upper tract urothelial car-

cinoma [60], colorectal cancer [61] and hepatocellular carcinoma. Clinical evidence also high-

lights the prognostic potential of miR-149 in HCC [62]. Pre-miR-149 rs71428439 may be a

genetic risk factor for HCC, as miR-149 expression in patients with the GG genotype was

shown to be significantly lower compared with patients with the AG or AA genotypes. Addi-

tionally, tumor tissues from patients with the GG genotype show increased AKT1 and Cyclin
D1 expression compared with tumor tissues from patients with the AA and AG genotypes.

[63] A meta-analysis showed that the miR-149 gene rs2292832 polymorphism contributes to

the risk of hepatocellular carcinoma [64]. The overexpression of miR-149 or the inhibition of

PARP-2 expression can inhibit tumor growth, which is more effective in the sensitization of

animals with HCC xenografts to chemotherapy and radiotherapy[65]. MiR-149 suppresses

HCC cell invasion and metastasis via the suppression of Mg2+/Mn2+-dependent, 1F (PPM1F),

which mediates the formation of stress fibers in vivo [66]. Wu J et al.[63]demonstrated that

one mechanism possibly involves the downregulation of miR-149 expression and the upregu-

lation of AKT1 expression. The targeting of AKTs by miR-149 reveals the critical role of this

miRNA in the malignant progression of HCC via the modulation of the AKT/mTOR pathway

[62]. Lu X et al.[67]confirmed that Bafilomycin A1 inhibits the growth and metastatic potential

of the BEL-7402 liver cancer cells and induces miR-923, miR-1246, miR-149, miR-638 and

miR-210 upregulation, which may represent promising targets for anti-cancer therapies.

MTHFR is a key gene of OCM and is a key enzyme involved in DNA methylation and DNA

synthesis/mismatch repair. The deletion of MTHFR decreases the transfer of methyl groups by

DNMT1, which complicates the process of DNA methylation. Maivel Ghattas et al.[68] sug-

gested the possible involvement of MTHFR promoter methylation and the consequent inacti-

vation of MTHFR, which might be part of a feedback regulation mechanism of MTHFR. De-

creased MTHFR level induced DNA hypomethylation and Ding, X. et al.[69] indicated that the

methylation rate of PDCD4 promoter is significantly higher in HCC tissues than that in adja-

cent nontumor tissues. PDCD4 mRNA levels and promoter methylation levels are both statisti-

cally correlated with metastasis and the degree of differentiation in HCC. Weng W et al.[70]

found that hypomethylation of TP53INP1 promoter region correlate with silencing of TP53
INP1 contribute to the pathogenesis of human cancer. Mikael LG et al.[71]considered that dis-

turbances in FA metabolism or methylation reactions may also play a critical role. Tannapfel

A[72] demonstrated that DNA methylation is a possible biomarker for the early detection of

HCC. The reversibility of methylation also suggests that this mechanism may be used as a

treatment option in the future. Upon comparison of 1500 cases of HCC, 1500 healthy controls

and individuals with the wild-type homozygous genotype, Zhang H et al.[73]indicated that

genetic variants in OCM genes (including MTHFR) may contribute to HCC susceptibility, as

those with the heterozygous genotype had a higher HCC risk. Qi YH et al.[74]reported that

homozygous carriers of the MTHFR C677T mutation are more susceptible to HCC, but homo-

zygous mutations of MTHFR A1298C may play a protective role in the development of HCC.

More interestingly, the protective role of the MTHFR A1298C polymorphism is more obvious

when the controls examined are healthy individuals. Most importantly, the study by Yu MC

et al.[75] indicated that low-activity genotypes (reduced enzymatic activities) of MTHFR and
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high-activity genotypes (enhanced enzymatic activities) of thymidylate synthase (TYMS), both

of which discourage the misincorporation of uracil into DNA, are associated with a reduced

risk of HCC.

Conclusion

In summary, our results first established MTHFR as a direct functional effector of miR-22-3p

and miR-149-5p in HCC. We found that miR-22-3p and miR-149-5p are potent tumor sup-

pressors in HCC. The upregulation of miR-22-3p and miR-149-5p promotes the dysregulation

of DNA methylation and DNA synthesis/mismatch repair in HCC via the downregulation of

MTHFR in conditions of FA deficiency. The determination of two types of potential mecha-

nisms of miRNA-Mediated MTHFR gene silencing in the normal human hepatocyte cell line

HL-7702 and the human hepatocellular carcinoma cell line QGY-7703. FA deficiency involves

the imbalance of DNA methylation status, which induces the inactivation of MTHFR and P53
and other genetic damage. To the best of our knowledge, this is the first study to demonstrate

that the miR-22-3p/miR-149-5p/MTHFR axis potentially regulates the DNA methylation/syn-

thesis/mismatch repair system of HCC cells and normal hepatocytes (HL-7702 cells). These

findings also provide a better understanding of the development and progression of HCC, and

might be an important implication for future therapy in patients with HCC.

However, further studies are required to determine whether the examined miRNAs exhibit

similar effects in other types of solid tumors.

Acknowledgments

This work was supported by the National Natural Science Foundation of China (NO.

31260268; 31560307). We appreciate the technical support from Prof. Yong-Tang Zheng and

Dr. Rong-Hua Luo, at the Kunming Institute of Zoology, CAS, Kunming, China.

Author Contributions

Conceptualization: CL.

Data curation: CL YXL.

Formal analysis: CL YXL HW.

Funding acquisition: XW.

Investigation: CL.

Methodology: CL YXL JN ZQL XW HW.

Project administration: XW CL.

Resources: CL YXL HW.

Software: CL YXL.

Supervision: XW CL ZQL.

Validation: CL YXL ZQL.

Visualization: XW CL.

Writing – original draft: CL.

Writing – review & editing: XW CL.

Response of MiRNAs to Folate Deficiency and the Regulation of MTHFR Expression in Human Hepatocytes

PLOS ONE | DOI:10.1371/journal.pone.0168049 January 3, 2017 14 / 18



References
1. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009; 136(2):215–33. doi: 10.

1016/j.cell.2009.01.002 PMID: 19167326

2. Chekulaeva M, Filipowicz W. Mechanisms of miRNA-mediated post-transcriptional regulation in animal

cells. Current opinion in cell biology. 2009; 21(3):452–60. doi: 10.1016/j.ceb.2009.04.009 PMID:

19450959

3. Kozomara A, Griffiths-Jones S. miRBase: annotating high confidence microRNAs using deep sequenc-

ing data. Nucleic acids research. 2014; 42(Database issue):D68–73. doi: 10.1093/nar/gkt1181 PMID:

24275495

4. Alvarez-Garcia I, Miska EA. MicroRNA functions in animal development and human disease. Develop-

ment (Cambridge, England). 2005; 132(21):4653–62.

5. He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S, et al. A microRNA polycistron

as a potential human oncogene. Nature. 2005; 435(7043):828–33. doi: 10.1038/nature03552 PMID:

15944707

6. He H, Jazdzewski K, Li W, Liyanarachchi S, Nagy R, Volinia S, et al. The role of microRNA genes in

papillary thyroid carcinoma. Proceedings of the National Academy of Sciences of the United States of

America. 2005; 102(52):19075–80. doi: 10.1073/pnas.0509603102 PMID: 16365291

7. Verhaar MC, Wever RM, Kastelein JJ, van Dam T, Koomans HA, Rabelink TJ. 5-methyltetrahydrofo-

late, the active form of folic acid, restores endothelial function in familial hypercholesterolemia. Circula-

tion. 1998; 97(3):237–41. PMID: 9462523

8. Holmes MV, Newcombe P, Hubacek JA, Sofat R, Ricketts SL, Cooper J, et al. Effect modification by

population dietary folate on the association between MTHFR genotype, homocysteine, and stroke risk:

a meta-analysis of genetic studies and randomised trials. Lancet (London, England). 2011; 378

(9791):584–94.

9. Kuo CS, Huang CY, Kuo HT, Cheng CP, Chen CH, Lu CL, et al. Interrelationships among genetic

C677T polymorphism of 5,10-methylenetetrahydrofolate reductase, biochemical folate status, and lym-

phocytic p53 oxidative damage in association with tumor malignancy and survivals of patients with

hepatocellular carcinoma. Molecular nutrition & food research. 2014; 58(2):329–42.

10. El-Serag HB, Mason AC. Rising incidence of hepatocellular carcinoma in the United States. The New

England journal of medicine. 1999; 340(10):745–50. doi: 10.1056/NEJM199903113401001 PMID:

10072408

11. Kim YI. Folate and colorectal cancer: an evidence-based critical review. Molecular nutrition & food

research. 2007; 51(3):267–92.

12. Liu Z, Choi SW, Crott JW, Keyes MK, Jang H, Smith DE, et al. Mild depletion of dietary folate combined

with other B vitamins alters multiple components of the Wnt pathway in mouse colon. The Journal of

nutrition. 2007; 137(12):2701–8. PMID: 18029487

13. Shane B. Folate and vitamin B12 metabolism: overview and interaction with riboflavin, vitamin B6, and

polymorphisms. Food and nutrition bulletin. 2008; 29(2 Suppl):S5–16; discussion S7-9. PMID:

18709878

14. Varela-Moreiras G, Selhub J. Long-term folate deficiency alters folate content and distribution differen-

tially in rat tissues. The Journal of nutrition. 1992; 122(4):986–91. PMID: 1552373

15. Huang RF, Hsu YC, Lin HL, Yang FL. Folate depletion and elevated plasma homocysteine promote oxi-

dative stress in rat livers. The Journal of nutrition. 2001; 131(1):33–8. PMID: 11208935

16. Pogribny IP, Basnakian AG, Miller BJ, Lopatina NG, Poirier LA, James SJ. Breaks in genomic DNA and

within the p53 gene are associated with hypomethylation in livers of folate/methyl-deficient rats. Cancer

research. 1995; 55(9):1894–901. PMID: 7794383

17. Ni J, Lu L, Fenech M, Wang X. Folate deficiency in human peripheral blood lymphocytes induces chro-

mosome 8 aneuploidy but this effect is not modified by riboflavin. Environmental and molecular muta-

genesis. 2010; 51(1):15–22. doi: 10.1002/em.20502 PMID: 19472319

18. Bull CF, Mayrhofer G, O’Callaghan NJ, Au AY, Pickett HA, Low GK, et al. Folate deficiency induces dys-

functional long and short telomeres; both states are associated with hypomethylation and DNA damage

in human WIL2-NS cells. Cancer prevention research (Philadelphia, Pa). 2014; 7(1):128–38.

19. James SJ, Pogribny IP, Pogribna M, Miller BJ, Jernigan S, Melnyk S. Mechanisms of DNA damage,

DNA hypomethylation, and tumor progression in the folate/methyl-deficient rat model of hepatocarcino-

genesis. The Journal of nutrition. 2003; 133(11 Suppl 1):3740s–7s.

20. Melnyk S, Pogribna M, Miller BJ, Basnakian AG, Pogribny IP, James SJ. Uracil misincorporation, DNA

strand breaks, and gene amplification are associated with tumorigenic cell transformation in folate defi-

cient/repleted Chinese hamster ovary cells. Cancer letters. 1999; 146(1):35–44. PMID: 10656607

Response of MiRNAs to Folate Deficiency and the Regulation of MTHFR Expression in Human Hepatocytes

PLOS ONE | DOI:10.1371/journal.pone.0168049 January 3, 2017 15 / 18

http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://www.ncbi.nlm.nih.gov/pubmed/19167326
http://dx.doi.org/10.1016/j.ceb.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19450959
http://dx.doi.org/10.1093/nar/gkt1181
http://www.ncbi.nlm.nih.gov/pubmed/24275495
http://dx.doi.org/10.1038/nature03552
http://www.ncbi.nlm.nih.gov/pubmed/15944707
http://dx.doi.org/10.1073/pnas.0509603102
http://www.ncbi.nlm.nih.gov/pubmed/16365291
http://www.ncbi.nlm.nih.gov/pubmed/9462523
http://dx.doi.org/10.1056/NEJM199903113401001
http://www.ncbi.nlm.nih.gov/pubmed/10072408
http://www.ncbi.nlm.nih.gov/pubmed/18029487
http://www.ncbi.nlm.nih.gov/pubmed/18709878
http://www.ncbi.nlm.nih.gov/pubmed/1552373
http://www.ncbi.nlm.nih.gov/pubmed/11208935
http://www.ncbi.nlm.nih.gov/pubmed/7794383
http://dx.doi.org/10.1002/em.20502
http://www.ncbi.nlm.nih.gov/pubmed/19472319
http://www.ncbi.nlm.nih.gov/pubmed/10656607


21. Pogribny IP, Miller BJ, James SJ. Alterations in hepatic p53 gene methylation patterns during tumor pro-

gression with folate/methyl deficiency in the rat. Cancer letters. 1997; 115(1):31–8. PMID: 9097976

22. Ghoshal AK, Rushmore TH, Farber E. Initiation of carcinogenesis by a dietary deficiency of choline in

the absence of added carcinogens. Cancer letters. 1987; 36(3):289–96. PMID: 2888529

23. Ghoshal AK, Farber E. Choline deficiency, lipotrope deficiency and the development of liver disease

including liver cancer: a new perspective. Laboratory investigation; a journal of technical methods and

pathology. 1993; 68(3):255–60. PMID: 7680728

24. Kuo CS, Lin CY, Wu MY, Lu CL, Huang RF. Relationship between folate status and tumour progression

in patients with hepatocellular carcinoma. The British journal of nutrition. 2008; 100(3):596–602. doi: 10.

1017/S0007114508911557 PMID: 18275623

25. Ho CT, Shang HS, Chang JB, Liu JJ, Liu TZ. Folate deficiency-triggered redox pathways confer drug

resistance in hepatocellular carcinoma. Oncotarget. 2015.

26. Welzel TM, Katki HA, Sakoda LC, Evans AA, London WT, Chen G, et al. Blood folate levels and risk of

liver damage and hepatocellular carcinoma in a prospective high-risk cohort. Cancer epidemiology, bio-

markers & prevention: a publication of the American Association for Cancer Research, cosponsored by

the American Society of Preventive Oncology. 2007; 16(6):1279–82.

27. Burr NE, Hull MA, Subramanian V. Folic Acid Supplementation May Reduce Colorectal Cancer Risk in

Patients With Inflammatory Bowel Disease: A Systematic Review and Meta-Analysis. Journal of clinical

gastroenterology. 2016.

28. Cartron PF, Hervouet E, Debien E, Olivier C, Pouliquen D, Menanteau J, et al. Folate supplementation

limits the tumourigenesis in rodent models of gliomagenesis. European journal of cancer (Oxford,

England: 1990). 2012; 48(15):2431–41.

29. Lubecka-Pietruszewska K, Kaufman-Szymczyk A, Stefanska B, Fabianowska-Majewska K. Folic acid

enforces DNA methylation-mediated transcriptional silencing of PTEN, APC and RARbeta2 tumour

suppressor genes in breast cancer. Biochemical and biophysical research communications. 2013; 430

(2):623–8. doi: 10.1016/j.bbrc.2012.11.103 PMID: 23219837

30. Stone N, Pangilinan F, Molloy AM, Shane B, Scott JM, Ueland PM, et al. Bioinformatic and genetic

association analysis of microRNA target sites in one-carbon metabolism genes. PloS one. 2011; 6(7):

e21851. doi: 10.1371/journal.pone.0021851 PMID: 21765920

31. Wu C, Gong Y, Sun A, Zhang Y, Zhang C, Zhang W, et al. The human MTHFR rs4846049 polymor-

phism increases coronary heart disease risk through modifying miRNA binding. Nutrition, metabolism,

and cardiovascular diseases: NMCD. 2013; 23(7):693–8. doi: 10.1016/j.numecd.2012.02.009 PMID:

22647417

32. Starlard-Davenport A, Tryndyak V, Kosyk O, Ross SR, Rusyn I, Beland FA, et al. Dietary methyl defi-

ciency, microRNA expression and susceptibility to liver carcinogenesis. World review of nutrition and

dietetics. 2010; 101:123–30. doi: 10.1159/000314517 PMID: 20436259

33. Su YH, Huang WC, Huang TH, Huang YJ, Sue YK, Huynh TT, et al. Folate deficient tumor microenvi-

ronment promotes epithelial-to-mesenchymal transition and cancer stem-like phenotypes. Oncotarget.

2016.

34. Chern CL, Huang RF, Chen YH, Cheng JT, Liu TZ. Folate deficiency-induced oxidative stress and apo-

ptosis are mediated via homocysteine-dependent overproduction of hydrogen peroxide and enhanced

activation of NF-kappaB in human Hep G2 cells. Biomedicine & pharmacotherapy = Biomedecine &

pharmacotherapie. 2001; 55(8):434–42.

35. Chen Q, Qin R, Fang Y, Li H, Liu Y. A Functional Variant at the miR-214 Binding Site in the Methylenete-

trahydrofolatereductase Gene Alters Susceptibility to Gastric Cancer in a Chinese Han Population. Cel-

lular physiology and biochemistry: international journal of experimental cellular physiology,

biochemistry, and pharmacology. 2015; 36(2):622–30.

36. Saadi H, Seillier M, Carrier A. The stress protein TP53INP1 plays a tumor suppressive role by regulating

metabolic homeostasis. Biochimie. 2015; 118:44–50. doi: 10.1016/j.biochi.2015.07.024 PMID:

26225460

37. Buscaglia LE, Li Y. Apoptosis and the target genes of microRNA-21. Chinese journal of cancer. 2011;

30(6):371–80. doi: 10.5732/cjc.011.10132 PMID: 21627859

38. Eulalio A, Huntzinger E, Izaurralde E. Getting to the root of miRNA-mediated gene silencing. Cell. 2008;

132(1):9–14. doi: 10.1016/j.cell.2007.12.024 PMID: 18191211

39. Li M, Ou X, Lee TD, Zeng Y, Mato JM, Lu SC. Silencing of human methionine adenosyltransferase 1A

expression by methylation of the coding region. The Journal of biological chemistry. 2015; 290

(32):19541. doi: 10.1074/jbc.A115.410405 PMID: 26254270

40. Blount BC, Mack MM, Wehr CM, MacGregor JT, Hiatt RA, Wang G, et al. Folate deficiency causes ura-

cil misincorporation into human DNA and chromosome breakage: implications for cancer and neuronal

Response of MiRNAs to Folate Deficiency and the Regulation of MTHFR Expression in Human Hepatocytes

PLOS ONE | DOI:10.1371/journal.pone.0168049 January 3, 2017 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/9097976
http://www.ncbi.nlm.nih.gov/pubmed/2888529
http://www.ncbi.nlm.nih.gov/pubmed/7680728
http://dx.doi.org/10.1017/S0007114508911557
http://dx.doi.org/10.1017/S0007114508911557
http://www.ncbi.nlm.nih.gov/pubmed/18275623
http://dx.doi.org/10.1016/j.bbrc.2012.11.103
http://www.ncbi.nlm.nih.gov/pubmed/23219837
http://dx.doi.org/10.1371/journal.pone.0021851
http://www.ncbi.nlm.nih.gov/pubmed/21765920
http://dx.doi.org/10.1016/j.numecd.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22647417
http://dx.doi.org/10.1159/000314517
http://www.ncbi.nlm.nih.gov/pubmed/20436259
http://dx.doi.org/10.1016/j.biochi.2015.07.024
http://www.ncbi.nlm.nih.gov/pubmed/26225460
http://dx.doi.org/10.5732/cjc.011.10132
http://www.ncbi.nlm.nih.gov/pubmed/21627859
http://dx.doi.org/10.1016/j.cell.2007.12.024
http://www.ncbi.nlm.nih.gov/pubmed/18191211
http://dx.doi.org/10.1074/jbc.A115.410405
http://www.ncbi.nlm.nih.gov/pubmed/26254270


damage. Proceedings of the National Academy of Sciences of the United States of America. 1997; 94

(7):3290–5. PMID: 9096386

41. Koturbash I, Melnyk S, James SJ, Beland FA, Pogribny IP. Role of epigenetic and miR-22 and miR-29b

alterations in the downregulation of Mat1a and Mthfr genes in early preneoplastic livers in rats induced

by 2-acetylaminofluorene. Molecular carcinogenesis. 2013; 52(4):318–27. doi: 10.1002/mc.21861

PMID: 22213190

42. Al-Ejeh F, Kumar R, Wiegmans A, Lakhani SR, Brown MP, Khanna KK. Harnessing the complexity of

DNA-damage response pathways to improve cancer treatment outcomes. Oncogene. 2010; 29

(46):6085–98. doi: 10.1038/onc.2010.407 PMID: 20818418

43. Song SJ, Pandolfi PP. miR-22 in tumorigenesis. Cell cycle (Georgetown, Tex). 2014; 13(1):11–2.

44. Xin M, Qiao Z, Li J, Liu J, Song S, Zhao X, et al. miR-22 inhibits tumor growth and metastasis by target-

ing ATP citrate lyase: evidence in osteosarcoma, prostate cancer, cervical cancer and lung cancer.

Oncotarget. 2016.

45. Koufaris C, Valbuena GN, Pomyen Y, Tredwell GD, Nevedomskaya E, Lau CH, et al. Systematic inte-

gration of molecular profiles identifies miR-22 as a regulator of lipid and folate metabolism in breast can-

cer cells. Oncogene. 2016; 35(21):2766–76. doi: 10.1038/onc.2015.333 PMID: 26477310

46. Zhang H, Tang J, Li C, Kong J, Wang J, Wu Y, et al. MiR-22 regulates 5-FU sensitivity by inhibiting

autophagy and promoting apoptosis in colorectal cancer cells. Cancer letters. 2015; 356(2 Pt B):781–

90.

47. Yang M, Jiang N, Cao QW, Sun Q. EDD1 predicts prognosis and regulates gastric cancer growth in

vitro and in vivo via miR-22. Biological chemistry. 2016.

48. Zuo QF, Cao LY, Yu T, Gong L, Wang LN, Zhao YL, et al. MicroRNA-22 inhibits tumor growth and

metastasis in gastric cancer by directly targeting MMP14 and Snail. Cell death & disease. 2015; 6:

e2000.

49. Wan WN, Zhang YQ, Wang XM, Liu YJ, Zhang YX, Que YH, et al. Down-regulated miR-22 as predictive

biomarkers for prognosis of epithelial ovarian cancer. Diagnostic pathology. 2014; 9:178. doi: 10.1186/

s13000-014-0178-8 PMID: 25257702

50. Jiang X, Hu C, Arnovitz S, Bugno J, Yu M, Zuo Z, et al. miR-22 has a potent anti-tumour role with thera-

peutic potential in acute myeloid leukaemia. Nature communications. 2016; 7:11452. doi: 10.1038/

ncomms11452 PMID: 27116251

51. Xu QF, Pan YW, Li LC, Zhou Z, Huang QL, Pang JC, et al. MiR-22 is frequently downregulated in

medulloblastomas and inhibits cell proliferation via the novel target PAPST1. Brain pathology (Zurich,

Switzerland). 2014; 24(6):568–83.

52. Li S, Hu R, Wang C, Guo F, Li X, Wang S. miR-22 inhibits proliferation and invasion in estrogen receptor

alpha-positive endometrial endometrioid carcinomas cells. Molecular medicine reports. 2014; 9

(6):2393–9. doi: 10.3892/mmr.2014.2123 PMID: 24715036

53. Yang C, Ning S, Li Z, Qin X, Xu W. miR-22 is down-regulated in esophageal squamous cell carcinoma

and inhibits cell migration and invasion. Cancer cell international. 2014; 14(1):138. doi: 10.1186/

s12935-014-0138-0 PMID: 25516722

54. Yang F, Hu Y, Liu HX, Wan YJ. MiR-22-silenced cyclin A expression in colon and liver cancer cells is

regulated by bile acid receptor. The Journal of biological chemistry. 2015; 290(10):6507–15. doi: 10.

1074/jbc.M114.620369 PMID: 25596928

55. Zhou L, He J, Zhang Y. MicroRNA-22 expression in hepatocellular carcinoma and its correlation with

ezrin protein. The Journal of international medical research. 2013; 41(4):1009–16. doi: 10.1177/

0300060513484436 PMID: 23766411

56. Zhang J, Yang Y, Yang T, Liu Y, Li A, Fu S, et al. microRNA-22, downregulated in hepatocellular carci-

noma and correlated with prognosis, suppresses cell proliferation and tumourigenicity. British journal of

cancer. 2010; 103(8):1215–20. doi: 10.1038/sj.bjc.6605895 PMID: 20842113

57. Shi C, Xu X. MicroRNA-22 is down-regulated in hepatitis B virus-related hepatocellular carcinoma. Bio-

medicine & pharmacotherapy = Biomedecine & pharmacotherapie. 2013; 67(5):375–80.

58. Zekri AN, Youssef AS, El-Desouky ED, Ahmed OS, Lotfy MM, Nassar AA, et al. Serum microRNA pan-

els as potential biomarkers for early detection of hepatocellular carcinoma on top of HCV infection.

Tumour biology: the journal of the International Society for Oncodevelopmental Biology and Medicine.

2016.

59. Xu Q, Liu JW, Yuan Y. Comprehensive assessment of the association between miRNA polymorphisms

and gastric cancer risk. Mutation research Reviews in mutation research. 2015; 763:148–60. doi: 10.

1016/j.mrrev.2014.09.004 PMID: 25795117

Response of MiRNAs to Folate Deficiency and the Regulation of MTHFR Expression in Human Hepatocytes

PLOS ONE | DOI:10.1371/journal.pone.0168049 January 3, 2017 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/9096386
http://dx.doi.org/10.1002/mc.21861
http://www.ncbi.nlm.nih.gov/pubmed/22213190
http://dx.doi.org/10.1038/onc.2010.407
http://www.ncbi.nlm.nih.gov/pubmed/20818418
http://dx.doi.org/10.1038/onc.2015.333
http://www.ncbi.nlm.nih.gov/pubmed/26477310
http://dx.doi.org/10.1186/s13000-014-0178-8
http://dx.doi.org/10.1186/s13000-014-0178-8
http://www.ncbi.nlm.nih.gov/pubmed/25257702
http://dx.doi.org/10.1038/ncomms11452
http://dx.doi.org/10.1038/ncomms11452
http://www.ncbi.nlm.nih.gov/pubmed/27116251
http://dx.doi.org/10.3892/mmr.2014.2123
http://www.ncbi.nlm.nih.gov/pubmed/24715036
http://dx.doi.org/10.1186/s12935-014-0138-0
http://dx.doi.org/10.1186/s12935-014-0138-0
http://www.ncbi.nlm.nih.gov/pubmed/25516722
http://dx.doi.org/10.1074/jbc.M114.620369
http://dx.doi.org/10.1074/jbc.M114.620369
http://www.ncbi.nlm.nih.gov/pubmed/25596928
http://dx.doi.org/10.1177/0300060513484436
http://dx.doi.org/10.1177/0300060513484436
http://www.ncbi.nlm.nih.gov/pubmed/23766411
http://dx.doi.org/10.1038/sj.bjc.6605895
http://www.ncbi.nlm.nih.gov/pubmed/20842113
http://dx.doi.org/10.1016/j.mrrev.2014.09.004
http://dx.doi.org/10.1016/j.mrrev.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25795117


60. Izquierdo L, Ingelmo-Torres M, Mallofre C, Lozano JJ, Verhasselt-Crinquette M, Leroy X, et al. Prog-

nostic value of microRNA expression pattern in upper tract urothelial carcinoma. BJU international.

2014; 113(5):813–21. doi: 10.1111/bju.12551 PMID: 24180461

61. Liu XX, Wang M, Xu D, Yang JH, Kang HF, Wang XJ, et al. Quantitative Assessment of the Association

between Genetic Variants in MicroRNAs and Colorectal Cancer Risk. BioMed research international.

2015; 2015:276410. doi: 10.1155/2015/276410 PMID: 26078942

62. Zhang Y, Guo X, Xiong L, Yu L, Li Z, Guo Q, et al. Comprehensive analysis of microRNA-regulated pro-

tein interaction network reveals the tumor suppressive role of microRNA-149 in human hepatocellular

carcinoma via targeting AKT-mTOR pathway. Molecular cancer. 2014; 13:253. doi: 10.1186/1476-

4598-13-253 PMID: 25424347

63. Wu J, Lv S, An J, Lu C. Pre-miR-149 rs71428439 polymorphism is associated with increased cancer

risk and AKT1/cyclinD1 signaling in hepatocellular carcinoma. International journal of clinical and exper-

imental medicine. 2015; 8(8):13628–33. PMID: 26550305

64. Jia H, Yu H, Liu Q. Single nucleotide polymorphisms of miR-149 gene rs2292832 contributes to the risk

of hepatocellular carcinoma, but not overall cancer: a meta-analysis. Minerva medica. 2016.

65. Lin L, Zhang YD, Chen ZY, Chen Y, Ren CP. The clinicopathological significance of miR-149 and

PARP-2 in hepatocellular carcinoma and their roles in chemo/radiotherapy. Tumour biology: the journal

of the International Society for Oncodevelopmental Biology and Medicine. 2016.

66. Luo G, Chao YL, Tang B, Li BS, Xiao YF, Xie R, et al. miR-149 represses metastasis of hepatocellular

carcinoma by targeting actin-regulatory proteins PPM1F. Oncotarget. 2015; 6(35):37808–23. doi: 10.

18632/oncotarget.5676 PMID: 26498692

67. Lu X, Chen L, Chen Y, Shao Q, Qin W. Bafilomycin A1 inhibits the growth and metastatic potential of

the BEL-7402 liver cancer and HO-8910 ovarian cancer cell lines and induces alterations in their micro-

RNA expression. Experimental and therapeutic medicine. 2015; 10(5):1829–34. doi: 10.3892/etm.

2015.2758 PMID: 26640557

68. Ghattas M, El-Shaarawy F, Mesbah N, Abo-Elmatty D. DNA methylation status of the methylenetetra-

hydrofolate reductase gene promoter in peripheral blood of end-stage renal disease patients. Molecular

biology reports. 2014; 41(2):683–8. doi: 10.1007/s11033-013-2906-7 PMID: 24363223

69. Ding X, Cheng X, Gong M, Chen X, Yin F, Lai K. Hypermethylation and Expression Silencing of PDCD4

Gene in Hepatocellular Carcinoma: A Consort Study. Medicine. 2016; 95(6):e2729. doi: 10.1097/MD.

0000000000002729 PMID: 26871813

70. Weng W, Yang Q, Huang M, Qiao Y, Xie Y, Yu Y, et al. c-Myc inhibits TP53INP1 expression via pro-

moter methylation in esophageal carcinoma. Biochemical and biophysical research communications.

2011; 405(2):278–84. doi: 10.1016/j.bbrc.2011.01.028 PMID: 21219856

71. Mikael LG, Pancer J, Jiang X, Wu Q, Caudill M, Rozen R. Low dietary folate and methylenetetrahydrofo-

late reductase deficiency may lead to pregnancy complications through modulation of ApoAI and IFN-

gamma in spleen and placenta, and through reduction of methylation potential. Molecular nutrition &

food research. 2013; 57(4):661–70.

72. Tannapfel A. [Methylation and other new concepts for the origin of hepatocellular carcinoma]. Der

Pathologe. 2006; 27(4):284–8. doi: 10.1007/s00292-006-0837-y PMID: 16736175

73. Zhang H, Liu C, Han YC, Ma Z, Zhang H, Ma Y, et al. Genetic variations in the one-carbon metabolism

pathway genes and susceptibility to hepatocellular carcinoma risk: a case-control study. Tumour biol-

ogy: the journal of the International Society for Oncodevelopmental Biology and Medicine. 2015; 36

(2):997–1002.

74. Qi YH, Yao LP, Cui GB, Liang J, Shao QJ, Yan LF, et al. Meta-analysis of MTHFR C677T and A1298C

gene polymorphisms: association with the risk of hepatocellular carcinoma. Clinics and research in

hepatology and gastroenterology. 2014; 38(2):172–80. doi: 10.1016/j.clinre.2013.10.002 PMID:

24316043

75. Yu MC, Yuan JM, Lu SC. Alcohol, cofactors and the genetics of hepatocellular carcinoma. Journal of

gastroenterology and hepatology. 2008; 23 Suppl 1:S92–7.

Response of MiRNAs to Folate Deficiency and the Regulation of MTHFR Expression in Human Hepatocytes

PLOS ONE | DOI:10.1371/journal.pone.0168049 January 3, 2017 18 / 18

http://dx.doi.org/10.1111/bju.12551
http://www.ncbi.nlm.nih.gov/pubmed/24180461
http://dx.doi.org/10.1155/2015/276410
http://www.ncbi.nlm.nih.gov/pubmed/26078942
http://dx.doi.org/10.1186/1476-4598-13-253
http://dx.doi.org/10.1186/1476-4598-13-253
http://www.ncbi.nlm.nih.gov/pubmed/25424347
http://www.ncbi.nlm.nih.gov/pubmed/26550305
http://dx.doi.org/10.18632/oncotarget.5676
http://dx.doi.org/10.18632/oncotarget.5676
http://www.ncbi.nlm.nih.gov/pubmed/26498692
http://dx.doi.org/10.3892/etm.2015.2758
http://dx.doi.org/10.3892/etm.2015.2758
http://www.ncbi.nlm.nih.gov/pubmed/26640557
http://dx.doi.org/10.1007/s11033-013-2906-7
http://www.ncbi.nlm.nih.gov/pubmed/24363223
http://dx.doi.org/10.1097/MD.0000000000002729
http://dx.doi.org/10.1097/MD.0000000000002729
http://www.ncbi.nlm.nih.gov/pubmed/26871813
http://dx.doi.org/10.1016/j.bbrc.2011.01.028
http://www.ncbi.nlm.nih.gov/pubmed/21219856
http://dx.doi.org/10.1007/s00292-006-0837-y
http://www.ncbi.nlm.nih.gov/pubmed/16736175
http://dx.doi.org/10.1016/j.clinre.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24316043

