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N6-Methyladenosine (m6A) is a prevalent modification pres-
ent in the mRNAs of higher eukaryotes. YTH domain family 2
(YTHDF2), an m6A “reader” protein, can recognize mRNA m6A
sites to mediate mRNA degradation. However, the regulatory
mechanism of YTHDF2 is poorly understood. To this end, we
investigated the post-transcriptional regulation of YTHDF2.
Bioinformatics analysis suggested that the microRNA miR-145
might target the 3�-untranslated region (3�-UTR) of YTHDF2
mRNA. The levels of miR-145 were negatively correlated with
those of YTHDF2 mRNA in clinical hepatocellular carcinoma
(HCC) tissues, and immunohistochemical staining revealed that
YTHDF2 was closely associated with malignancy of HCC. Inter-
estingly, miR-145 decreased the luciferase activities of 3�-UTR
of YTHDF2 mRNA. Mutation of predicted miR-145 binding
sites in the 3�-UTR of YTHDF2 mRNA abolished the miR-145-
induced decrease in luciferase activity. Overexpression of miR-
145 dose-dependently down-regulated YTHDF2 expression in
HCC cells at the levels of both mRNA and protein. Conversely,
inhibition of miR-145 resulted in the up-regulation of YTHDF2
in the cells. Dot blot analysis and immunofluorescence staining
revealed that the overexpression of miR-145 strongly increased
m6A levels relative to those in control HCC cells, and this
increase could be blocked by YTHDF2 overexpression. More-
over, miR-145 inhibition strongly decreased m6A levels, which
were rescued by treatment with a small interfering RNA-based
YTHDF2 knockdown. Thus, we conclude that miR-145 modu-
lates m6A levels by targeting the 3�-UTR of YTHDF2 mRNA in
HCC cells.

N6-Methyladenosine (m6A)3 is a common modification of
RNA molecules. There are about 7600 mRNA transcripts, and
more than 300 non-coding RNAs contain the m6A sites in
humans (1, 2). Although the modification exists widely, the bio-
logical importance of m6A remains largely unknown (3, 4). m6A
modification has been reported to function in mRNA splicing,
export, and stability and so on. Many enzymes are involved in
the m6A system, such as the methylases methyltransferase-like
3 (mettl3)/mettl14, demethylases fat mass and obesity-associ-
ated protein (FTO)/alkB homolog 5(ALKBH5) (5–7). More-
over, the methylases and demethylases of m6A have been
shown to have disease correlations (1, 5, 8 –10). Among the
enzymes involved in the system, YTH domain family 1
(YTHDF1) and YTH domain family 2 (YTHDF2) are demon-
strated selectively binding m6A sites as reader proteins.
YTHDF1 can regulate mRNA translation efficiency, whereas
YTHDF2 is reported to have influence in regulating mRNA
degradation and cell viability (11–13). In addition, YTHDF2
gene has been found associated with human longevity (14).
Thus, YTHDF2 has more important biological functions and
plays significant roles in m6A regulation system. However, the
regulatory mechanism of YTHDF2 is not well documented.

MicroRNAs (miRNAs) are endogenous 21–24 nucleotides
RNAs that can play significant regulatory roles by targeting
mRNAs for cleavage or translational repression. In mammals,
the miRNAs introduce the RNA-induced silencing complex
(RISC) to the 3�-untranslated regions (3�-UTRs) of mRNA tar-
gets, and the translation of the mRNAs is impeded by base
complementary (15–17). MiRNAs post-transcriptionally re-
press gene expression by base pairing to mRNAs. More than
half of all mRNAs are estimated to be targets of miRNAs, and
each miRNA is predicted to regulate about hundreds of targets
(18 –20). miR-145 is a famous miRNA with many biological
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involved in the different diseases, such as cardiac myofibroblast
differentiation, pulmonary arterial hypertension, and micro-
vasculature (21–23). In addition, miR-145 is also associated
with different kinds of human cancers, in which miR-145 reg-
ulates PAK4 in human colon cells and is down-regulated in
human ovarian cancer and so on (24 –26). miR-145 is known to
inhibit proliferation of prostate, renal, and esophageal cancer
(27–29). Moreover, miRNA-145 is down-regulated in patients
with hepatocellular carcinoma (HCC) (30, 31). It is reported
that miR-145 can inhibit HCC through targeting IRS1 and its
downstream effectors (32).

In this study we investigated the regulatory mechanism of
YTHDF2 in liver cancer cells. Interestingly, we identified
that miR-145 was involved in targeting YTHDF2 mRNA in
the regulation of mRNA m6A. Our finding provides new
insights into the regulatory mechanism of YTHDF2 in
mRNA methylation.

Results

The Expression Levels of miR-145 Are Negatively Correlated
with Those of YTHDF2 in Clinical HCC Tissues—It has been
reported that YTHDF2 plays significant roles in m6A regulation
systems. However, the significance of YTHDF2 in cancer is
poorly understood. We examined the expression of YTHDF2 in
clinical HCC tissues via immunohistochemistry (IHC) staining
using tissue arrays. Our data revealed that the control group
without treatment with anti-YTHDF2 antibody (Fig. 1A, left)
was negative, suggesting that the specificity of the antibody was
suitable for IHC staining. The test group (right) showed that the
positive signals of YTHDF2 staining were located in the cyto-
plasm and nucleus in HCC tissues (Fig. 1). The positive rate of
YTHDF2 was 35.6% (67/188) in the tissues, in which 83.9%
(26/31) was in grade III HCC tissues, suggesting that YTHDF2
is closely associated with the malignance of HCC. Next, we
investigated the post-transcriptional regulation YTHDF2. We
focused on the effects of miRNAs on YTHDF2. Bioinformatics
analysis predicted the potential miRNAs targeting the 3�-UTR
of YTHDF2 by using three websites, including DIANA-microT,
Targetscan, and MiRanda (33). Interestingly, eight candidate
miRNAs could be predicted (Fig. 1B). Among them, miR-145
had the highest score in all three websites. Western blot analysis
screening showed that miR-145 could remarkably suppress the
expression of YTHDF2 in HepG2 cells (Fig. 1, C and D), sug-
gesting that miR-145 is involved in the regulation of YTHDF2
mRNA. Then, real-time PCR revealed that the expression levels
of miR-145 were significantly reduced in 30 clinical HCC sam-
ples relative to their adjacent peritumorous tissues (p � 0.001,
n � 30; Wilcoxon’s signed-rank test). The expression level of
miR-145 was relative to U6 (Fig. 1E). Moreover, we observed
that the expression levels of miR-145 were negatively correlated
with those of YTHDF2 mRNA in HCC tissues (Pearson’ corre-
lation coefficient, r � �0.5045, p � 0.01; Fig. 1F). Thus, we
conclude that YTHDF2 may be one of the target genes of
miR-145.

miR-145 Directly Targets 3�-UTR of YTHDF2 mRNA—Next,
we tried to identify whether miR-145 could regulate YTHDF2
expression at post-transcriptional level. Bioinformatics analysis
showed that there were two target sites of miR-145 in the

3�-UTR of YTHDF2 mRNA (Fig. 2A). Then, we cloned the
3�-UTR of YTHDF2 mRNA (termed pGL3-YTHDF2-WT) and
its three mutants (termed pGL3-YTHDF2-mut 1, pGL3-
YTHDF2-mut 2, and pGL3-YTHDF2-mut 1 � 2). The mutants
were randomly designed following the principles that it could
not produce another miR-145 binding site (Fig. 2B). Luciferase
reporter gene assays elucidated that miR-145 could decrease
the luciferase activities through targeting the 3�-UTR of
YTHDF2 mRNA in 293T cells. But it failed to work when both
target sites were mutated in the cells (Fig. 2C). However, miR-
145 inhibitor resulted in the opposite results (Fig. 2D), suggest-
ing that YTHDF2 mRNA is one of the targets of miR-145. Col-

FIGURE 1. The expression levels of miR-145 are negatively correlated
with those of YTHDF2 in clinical HCC tissues. A, expression of YTHDF2 was
examined by IHC staining in clinical HCC tissues. B, schema of the candidate
miRNAs by different prediction web. Each labeled circle represents one pre-
diction websites with the number of its predicted miRNAs, and the number
listed in overlapping of circles is simultaneously predicted by different web. C,
Western blot analysis of YTHDF2 for HepG2 cells transiently transfected with
miR ctrl, miR-454, miR-181a, miR-19a, miR-301a, miR-141, miR-145, miR-543,
miR-494 mimic. D, expression of YTHDF2 relative to �-actin was quantified
using ImageJ. Data are presented as -fold change in expression. E, relative
expression levels of miR-145 were examined by qRT-PCR in 30 pairs of HCC
tissues and corresponding peritumorous tissues (**, p � 0.01; Wilcoxon’s
signed-rank test). The experiments were repeated at least three times. F, cor-
relation of levels of miR-145 with YTHDF2 mRNA levels was examined by
qRT-PCR analysis in 30 cases of clinical HCC tissues (Pearson’s correlation
coefficient, r � �0.5045). Statistically significant differences are indicated: **,
p � 0.01; Student’s t test.
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lectively, we conclude that miR-145 directly targets the 3�-UTR
of YTHDF2 mRNA.

miR-145 Is Able to Down-regulate YTHDF2 in HepG2 Cells—
To further validated the effect of miR-145 on the expression of
YTHDF2, we performed the transient transfection of miR-145
in HepG2 cells. Interestingly, we observed that YTHDF2 was
down-regulated in miR-145-overexpressed HepG2 cells at the
levels of mRNA and protein in a dose-dependent manner (Fig.
3A). The opposite results were obtained when the cells were
treated with miR-145 inhibitor (Fig. 3B), suggesting that miR-
145 is able to suppress the expression of YTHDF2 in HCC cells.
In addition, the transfection efficiency of miR-145 and miR-145
inhibitor was validated by real-time PCR analysis (Fig. 3, A and
B). It has been reported that YTHDF2 can down-regulate SON
DNA binding protein (SON) and CREB-binding protein
(CREBBP) (11). As expected, real-time PCR showed that miR-
145 up-regulated the mRNA levels of SON and CREBBP in
HepG2 cells. Meanwhile, si-YTHDF2 also worked well in the
system (Fig. 3C). Conversely, anti-miR-145 down-regulated the
mRNA levels of SON and CREBBP in the cells (Fig. 3D). Over-
expression of YTHDF2 did well in the system, supporting that
miR-145 is able to down-regulate YTHDF2 in HCC cells. We
conclude that miR-145 is able to down-regulate YTHDF2 at the
levels of mRNA and protein.

miR-145 Targets YTHDF2 and Increases the m6A Levels of
mRNAs—Given that YTHDF2 can recognize mRNA m6A sites
to mediate mRNA degradation (11, 13), the degradation of
mRNAs can result in the decrease of m6A levels. Thereby, we
were interested in whether miR-145 could affect m6A levels of
mRNAs through modulating YTHDF2 in HCC cells. Dot blot

assays revealed that overexpression of YTHDF2 could decrease
the m6A levels of mRNAs in HepG2 cells (Fig. 4, A and B).
Moreover, immunofluorescence staining validated the data
(Fig. 4, C and D). Interestingly, we observed that miR-145
increased the m6A levels of mRNAs in the cells, which could be
blocked by overexpression of YTHDF2 (Fig. 4, E and F). Immu-
nofluorescence staining also confirmed the data (Fig. 4, G and
H). Conversely, si-YTHDF2 led to the opposite results in the
cells (Fig. 5A-D). But the treatment with miR-145 inhibitor
could decrease the m6A levels of mRNAs, which could be res-
cued by si-YTHDF2 in the cells (Fig. 5, E--G), suggesting that
miR-145 can increase the m6A levels of mRNAs through mod-
ulating YTHDF2. In addition, we also evaluated the effect of
YTHDF1, a member of YTH domain family, on m6A levels of
mRNAs. However, we failed to obtain the positive data (Fig. 6),
suggesting that the YTHDF1 has no effect on the m6A levels of
mRNAs in HepG2 cells. We conclude that miR-145 targeting
YTHDF2 increases the m6A levels of mRNAs, which supports
miR-145 as able to modulate YTHDF2.

miR-145 Targets YTHDF2 and Suppresses Proliferation of
HCC Cells—It has been reported that YTHDF2 knockdown
results in the decrease of cell viability in HeLa cells (11).
Accordingly, we were concerned about whether miR-145 can
affect the proliferation of HCC cells through modulation of
YTHDF2. Interestingly, MTT assays indicated that the prolif-
eration of HepG2 cells was decreased when the cells were
treated with miR-145, whereas the treatment with anti-miR-
145 increased the proliferation. Notably, we observed that
YTHDF2 siRNA was able to block the anti-miR-145-enhanced
proliferation (Fig. 7A), suggesting that miR-145 suppresses the

FIGURE 2. miR-145 directly targets 3�-UTR of YTHDF2 mRNA. A, the binding sites of miR-145 in 3�-UTR of YTHDF2 mRNA was shown in a model. B, mutant was
generated at 3�-UTR of YTHDF2 mRNA as indicated. A fragment of YTHDF2 mRNA 3�-UTR containing wild type (or mutants of the miR-145 binding sequence)
was cloned into the downstream of the pGL3-control luciferase reporter gene vector. C, the effect of miR-145 on reporters, such as pGL3-YTHDF2-WT,
pGL3-YTHDF2-mut 1, pGL3-YTHDF2-mut 2, and pGL3-YTHDF2-mut 1 � 2, was measured by luciferase reporter gene assays in 293T cells. D, the effect of
anti-miR-145 on reporters, such as pGL3-YTHDF2-WT, pGL3-YTHDF2-mut 1, pGL3-YTHDF2-mut 2, and pGL3-YTHDF2-mut 1 � 2 was measured by luciferase
reporter gene assays in 293T cells. Statistically significant differences are indicated: **, p � 0.01; NS, not significant. Student’s t test. The experiment was
repeated at least three times.
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proliferation of HCC cells through modulating YTHDF2. The
interference efficiency of YTHDF2 siRNA was validated by West-
ern blot analysis (Fig. 7B). Taken together, we conclude that miR-
145 targeting YTHDF2 suppresses proliferation of HCC cells.

Discussion

Growing evidence shows that the modification of RNAs is a
prevalent feature of mammalian cells and likely plays a role in
development and disease (34), in which m6A modification
functions mostly through regulating mRNA splicing, export,

and stability (35, 36). The modification of m6A needs various
functional proteins and enzymes, such as the methylases
mettl3/mettl14 and demethylases FTO/ALKBH5 and so on (5,
7, 37). YTHDF2 is an m6A reader protein that has important
biological functions in modulation of mRNA m6A (38). How-
ever, the regulatory mechanism of YTHDF2 is still unclear. In
this study we investigated the post-transcriptional regulation of
YTHDF2 in HepG2 cells.

YTHDF2 selectively recognizes mRNA m6A in the regula-
tion of mRNA stability; the degradation of mRNAs can result in

FIGURE 3. miR-145 is able to down-regulate YTHDF2 in HepG2 cells. A, the transfection efficiency of miR-145 was validated by qRT-PCR analysis. The expression
levels of YTHDF2 were examined by RT-PCR and Western blot analysis in HepG2 cells transfected with miR-145 at the levels of mRNA and protein. The relative
expression of YTHDF2 was quantified by using ImageJ. B, the transfection efficiency of miR-145 inhibitor was detected by qRT-PCR analysis. The levels of mRNA and
protein of YTHDF2 were examined by RT-PCR analysis and Western blot analysis in HepG2 cells transfected with anti-miR-145. The relative expression of YTHDF2 was
quantified by using ImageJ. C, the effect of miR-145 on SON and CREBBP was examined by qRT-PCR analysis in HepG2 cells. D, the effect of anti-miR-145 on SON and
CREBBP was determined by qRT-PCR analysis in HepG2 cells. Statistically significant differences are indicated: *, p � 0.05; **, p � 0.01; Student’s t test.
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the decrease of m6A levels (11). Moreover, it has been reported
that YTHDF2 destabilizes m6A-containing RNA through
direct recruitment of the CCR4-NOT deadenylase complex,
which is recruited to m6A-containing RNAs through a direct
interaction between the N-terminal region of YTHDF2 (13). It
has been reported that miRNA is a kind of vital bioactive mol-
ecule inducing post-transcriptional gene regulation in eukary-
otic cells (39). Accordingly, we demonstrated the regulation
mechanism of YTHDF2 at the post-transcriptional level. IHC

staining showed that YTHDF2 was closely associated with the
malignance of HCC. It implied that YTHDF2 played a crucial
role in the development of liver cancer. Moreover, bioinformat-
ics analysis and Western blot analysis showed that miR-145
could target the 3�-UTR of YTHDF2 mRNA. Interestingly, the
expression levels of miR-145 were negatively correlated with
those of YTHDF2 in clinical HCC tissues, suggesting that miR-
145 may be able to target the 3�-UTR of YTHDF2 mRNA. We
then validated that by experiments. Furthermore, we found that

FIGURE 4. miR-145 increased the levels of mRNA m6A and blocked by YTHDF2. A, the mRNAs were isolated from HepG2 cells transfected with
pcDNA3.1-YTHDF2 followed by dot blot analysis with m6A antibody. The levels of m6A are shown in the upper panel. Equal loading of mRNAs was verified by
methylene blue staining (lower panel). B, the quantification of m6A in A. C, immunofluorescence images of m6A (red) are shown. DAPI staining (blue) was
included to visualize the nucleus. D, quantification of the intensity of fluorescence per cell of m6A levels in C. E, levels of m6A were shown in HepG2 cells
transfected with miRNA control or miR-145 or both miR-145 and pcDNA3.1-YTHDF2. F, the quantification of m6A in E. G, immunofluorescence images of
m6A (red) are shown. DAPI staining (blue) was included to visualize the nucleus. H, quantification of the intensity of fluorescence per cell of m6A levels
in G. Statistically significant differences are indicated: **, p � 0.01; Student’s t test.
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miR-145 suppressed the expression of YTHDF2 at the levels of
mRNA and protein in HepG2 cells. It has been reported that
YTHDF2 can modulate mRNA m6A levels by recognizing m6A
sites, leading to mRNA degradation, and the degradation of
mRNAs can result in the decrease of m6A levels (11, 13). In our
study dot blot assays and immunofluorescence staining showed
that miR-145 was able to increase the levels of m6A through
down-regulating YTHDF2 in HCC cells, supporting that miR-
145 is capable of down-regulating YTHDF2 in HepG2 cells.
YTHDF1 was also demonstrated as a selective binding m6A site

reader protein. YTHDF1 can regulate mRNA translation effi-
ciency by recognizing mRNA m6A (12). However, we failed to
observe the effect of YTHDF1 on levels of m6A in HCC cells.

It has been reported that miR-145 can modulate many bio-
logical functions through targeting different genes (40 – 42),
suggesting that the target genes of miR-145 may have synergis-
tic effects in modulation of mRNA m6A modification. Up to
now the role of m6A in cancers has not been well documented.
In this study we observed that miR-145 could increase the
mRNA m6A level in HepG2 cells. In addition, we also showed

FIGURE 5. Anti-miR-145 decreased the levels of mRNA m6A and rescued by si-YTHDF2. A, the levels of m6A were measured by dot blot assays in HepG2 cells
transfected with si-YTHDF2. B, the quantification of m6A in A. C, immunofluorescence images of m6A (red) are shown. DAPI staining (blue) was included to
visualize the nucleus. D, the quantification of the intensity of fluorescence per cell of m6A levels in C. E, levels of m6A were shown in HepG2 cells
transfected with miRNA control or miR-145 inhibitor or both miR-145 inhibitor and YTHDF2 siRNA. F, quantification of m6A in E. G, immunofluorescence
images of m6A (red) are shown. DAPI staining (blue) was included to visualize the nucleus. H, the quantification of the intensity of fluorescence per cell
of m6A levels in G. Statistically significant differences are indicated: **, p � 0.01; Student’s t test.
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that miR-145 could increase mRNA m6A levels in immortalized
normal liver cell line LO2 and breast cancer cell line MCF-7
(data not shown). Functionally, we found that miR-145 could
suppress the proliferation of HepG2 cells. It is reported that
miR-145 can induce apoptosis of HCC cells (43). It suggests that
the miR-145-increased methylated mRNAs may be also in-
volved in the process of cell apoptosis. Our finding suggests
that miR-145 can be a promising therapeutic agent to suppress
liver cancer.

Normally, YTHDF2 can recognize mRNA m6A sites as medi-
ating mRNA degradation, which results in the decrease of m6A
levels (Fig. 7C). In this study we present a model that miR-145
modulates m6A reader protein YTHDF2 through targeting its
mRNA 3�-UTR, leading to the increase of mRNA methylation in

HCC cells (Fig. 7D). Thus, our finding provides new insights into
the mechanism of YTHDF2 mediated by miR-145 in liver cancer.

Experimental Procedures

Patient Samples—Thirty clinical HCC tissues (n � 30) used
in this study were attained from Tianjin First Central Hospital
(Tianjin, China) after surgical resection. Written consents ap-
proving the use of their tissues for research purposes after the
operation were obtained from the patients. The study protocol
was approved by the Institute Research Ethics Committee at
Nankai University (Tianjin, China).

Immunohistochemistry Staining—The HCC tissue and nor-
mal liver tissue microarrays were obtained from the Xi’an
Aomei Biotechnology Co., Ltd. (Xi’an, China). These microar-
rays were composed of 188 HCC tissues. IHC staining was per-
formed using rabbit anti-YTHDF2 antibody as described previ-
ously (44).

Cell Lines and Cell Culture—Human HCC cell line HepG2
was cultured in Dulbecco’s modified Eagle’s medium (Gibco).
HepG2 cells were supplemented with 10% fetal calf serum, 100
units/ml penicillin, and 100 �g/ml streptomycin in 5% CO2
at 37 °C. Human embryonic kidney cell line 293T was main-
tained in Dulbecco’s modified Eagle’s medium as described
previously(45).

Isolation of Total RNA, Reverse-transcribed RNA, and Quan-
titative Real-time Polymerase Chain Reaction (qRT-PCR)—
Total RNA was isolated from cells (or tumor tissues) using
RNAiso Plus (Takara Biotechnology, Dalian, China). The total
extraction was treated with DNase I (Sigma). First-strand
cDNA was synthesized as described previously (46). To test the
expression of miR-145, total RNA was polyadenylated by
poly(A) polymerase (Ambion, Austin, TX) as described previ-
ously (46). Reverse transcription was performed using poly
(A)-tailed total RNA and reverse transcription primer with
ImPro-II reverse transcriptase (Promega, Madison, WI) ac-
cording to the manufacturer’s direction. qRT-PCR was per-
formed by a Bio-Rad sequence detection system according to
the manufacturer’s protocol using double-stranded DNA-spe-
cific Fast Start Universal SYBR Green Master (Roche Applied
Science). Relative transcriptional levels were examined by the
comparative Ct method using 2���Ct (47). GAPDH was used as
a loading control. U6 was used as a loading control to normalize
miR-145 levels. The primers used were as follows: YTHDF2
forward, 5�-TAGCCAACTGCGACACATTC-3�; reverse, 5�-
CACGACCTTGACGTTCCTTT-3�; GAPDH forward, 5�-AAC-
GGATTTGGTCGTATTG-3�; reverse, 5�-GGAAGATGGT-
GATGGGATT-3�; miR-145 forward, 5�-GTCCAGTTTT-
CCCAGG-3�; reverse, 5�-GCGAGCACAGAATTAA-3�; U6
forward, 5�-CTCGCTTCGGCAGCACA-3�; reverse, 5�-AACG-
CTTCACGAATTTGCGT-3�; SON forward, 5�-TGACAGA-
TTTGGATAAGGCTCA-3�, reverse, 5�-GCTCCTCCTGACT-
TTTTAGCAA-3�, CREBBP forward, 5�-CTCAGCTGTGACC-
TCATGGA-3�; reverse, 5�-AGGTCGTAGTCCTCGCACAC-3�.

Plasmid Construction—YTHDF2 was cloned into vector
pcDNA 3.1 (BamHI, XhoI) (forward primer, 5�-CGTACG-
GATCCATGGATTACAAGGACGACGATGACAAGATGT-
CGGCCAGCAGCC-3�; reverse primer, 5�-CGATGCTCGA-
GTCATTTCCCACGACCTTGACG-3�). YTHDF1 was cloned

FIGURE 6. YTHDF1 had no effect on m6A levels of mRNAs. A, levels of m6A
were measured by dot blot assays in HepG2 cells transfected with
pcDNA3.1-YTHDF1. B, quantification of m6A in A. C, immunofluorescence
images of m6A (red) are shown. DAPI staining (blue) was included to visualize
the nucleus. D, quantification of the intensity of fluorescence per cell of m6A
levels in C. E, levels of m6A were measured by dot blot assays in HepG2 cells
transfected with si-YTHDF1. F, quantification of m6A in E. G, immunofluores-
cence images of m6A (red) are shown. DAPI staining (blue) was included to
visualize the nucleus. H, quantification of the intensity of fluorescence per cell
of m6A levels in G. NS, not significant.
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into vector pcDNA 3.1 (EcoRI, XhoI) (forward primer, 5�-CGT-
ACGAATTCATGGATTACAAGGACGACGATGACAAGA-
TGTCGGCCACCAGCG-3�; reverse primer, 5�- CCATACT-
CGAGTCATTGTTTGTTTCGACTCTGCC-3�). The fragment
containing the target sites of miR-145 in 3�-UTR of YTHDF2
mRNA was cloned into pGL3-control vector (Promega) imme-
diately downstream of the stop codon of the luciferase gene to
generate pGL3-YTHDF2-WT. Site-directed mutants of the
miR-145 target in pGL3-YTHDF2 3�-UTR were named pGL3-
YTHDF2-mut 1 (containing a substitution of 8 nucleotides in
sites 2401–2408), pGL3-YTHDF2-mut 2 (containing a sub-
stitution of 8 nucleotides in sites 2699 –2706), and pGL3-
YTHDF2-mut 1 � 2 (containing a substitution of 8 nu-
cleotides in both sites both 2401–2408 and 2699 –2706). The
primers used in this study for construction were as follows:

pGL3-YTHDF2-WT (forward, 5�GCATATCCTA-3�; reverse,
5�-GGGGGCCGGCCACTGTTC TCAGCTTTGAA-3�), pGL3-
YTHDF2-mut 1 (forward, 5�-AAAAGACATAGGACTTCC-
AGTTGGAATGAAAAAAAAAAGA-3�; reverse, 5�-TCTTT-
TTTTTTTCATTCCAACTGGAAGTCCTATGTCTTTT-3�),
pGL3-YTHDF2-mut 2 (forward, 5�-TGATTTTATCCTTC-
CGCCAGTTGGGAACATTTTTATGAAG-3�; reverse, 3�
CTTCATAAAAATGTTCCCAACTGGCGGAAGGATAAA-
ATC-5�.

Cell Transfection—The cells were cultured in 6-well or
24-well plates for 24 h and then were transfected with plasmids,
miRNAs or siRNAs. All transfections were performed using
Lipofectamine 2000 reagent (Invitrogen) according to the man-
ufacturer’s instructions. YTHDF2 siRNA oligonucleotides,
miR-145 (or anti-miR-145), and miRNA control (miR Ctrl)

FIGURE 7. miR-145 targets YTHDF2 and suppresses proliferation of HCC cells. A, HepG2 cells were transfected with miRNA control, miR-145, anti-miR-145,
and YTHDF2 siRNA. B, interference efficiency of YTHDF2 siRNA was validated by Western blot analysis in HepG2 cells. The effect of miR-145 on cell proliferation
was determined by MTT assays. Statistically significant differences are indicated: **, p � 0.01; Student’s t test. C, a sketch of the mechanism by which YTHDF2
regulates m6A levels of mRNAs. D, a model shows that miR-145 increases m6A levels of mRNAs through down-regulating YTHDF2.
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were synthesized by RiboBio (Guangzhou, China). The siRNA
duplexes sequences used were as follows: YTHDF2 siRNA,
(5�-TTGGCTATTGGGAACGTCCTT-3�), YTHDF1 siRNA
(5�-CCGCGTCTAGT TGTTCATGAA3�).

Luciferase Reporter Gene Assays—Luciferase reporter gene
assays were performed using the Dual-Luciferase Reporter
Assay System (Promega) according to the manufacturer’s
instructions. Cells were plated into 24-well plates (about 3 �
104 cells/well). After 24 h, the cells were co-transfected with the
pRL-TK plasmid (Promega), which is used for internal normal-
ization and various constructs containing the seed sequence or
mutant seed sequence of YTHDF2 mRNA 3�-UTR. All experi-
ments were performed at least three times.

Western Blot Analysis—Western blot analysis was performed
as described previously (48). The following primary antibodies
were used: rabbit anti-YTHDF2 polyclonal antibody (Protein-
tech), mouse anti-�-actin monoclonal antibody (Sigma). All
experiments were repeated three times. Band intensities were
quantified using ImageJ software. Quantitative measurements
of protein expression levels reported here represent the average
of at least three independent biological replicates.

Analysis of m6A Levels Using Dot Blot Assays—m6A levels
were analyzed according to protocols reported before (49).
Briefly, total RNAs were isolated from transiently transfected
cells with RNAiso Plus (Takara Biotechnology). The mRNA
was extracted using PolyATtract� mRNA Isolation Systems
(Promega). The mRNA concentration was measured by
NanoDrop. Isolated mRNA was first denatured by heating at
95 °C for 3 min, followed by chilling on ice directly. The
isolated mRNAs were spotted on an Amersham Biosciences
Hybond-N� membrane optimized for nucleic acid transfer (GE
Healthcare). Then, the mRNAs were UV cross-linked in a
Ultraviolet Crosslinker (Ultra-Violet Products, Cambridge,
UK), the membrane was washed by 1� PBST buffer (PBS-
Tween), blocked with 5% of nonfat milk in PBST, and incubated
with anti-m6A antibody (1: 2,000; Synaptic Systems, Goettin-
gen, Germany) overnight at 4 °C. After incubating with horse-
radish peroxidase (HRP)-conjugated anti-rabbit IgG secondary
antibody, the membrane was visualized by Immobilon Western
Chemilum HRP Substrate (Merck Millipore, Darmstadt, Ger-
many). To ensure an equal amount of mRNA was spotted on
the membrane, the same blot was stained with 0.02% methylene
blue in 0.3 M sodium acetate (pH 5.2) (6).

Immunofluorescence Staining—Cells were grown on acid-
treated glass coverslips. Treated cells were fixed with ice-cold
4% paraformaldehyde for 10 min, washed 3 times with phos-
phate-buffered saline (PBS), and permeabilized with 0.1% Tri-
ton X-100 in PBS for 20 min. After washing 3 times with 0.05%
Tween 20 in PBS, the samples were blocked in PBS containing
3% BSA for 1 h. Cells were incubated with anti-m6A antibody
(Synaptic Systems) for 2 h at room temperature. After being
washed, the cells were incubated with fluorophore-conjugated
secondary antibody (Rockland) and DAPI. After washing, slides
were mounted with glycerol and observed under an upright
fluorescence microscope (Zeiss Axio Imager Z1) with all acqui-
sition settings kept constant for all images. Images were ana-
lyzed using Image J software.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide (MTT) Assays—Cell proliferation was determined by
MTT (Sigma) assay as described previously (50).

Statistical Analysis—Each experiment was repeated three
times. Statistical significance was assessed by comparing mean
values (	S.D.) using a Student’s t test for independent groups
and was assumed for * (p � 0.05) and ** (p � 0.01); NS, not
significant (51). Pearson’s correlation coefficient was used to
determine the correlation between the levels of miR-145 and
YTHDF2 mRNA in HCC tissues.
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