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METTL3-mediated m6A modification of FGF7 mRNA
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Abstract
Background: Berberine (BBR), an isoquinoline alkaloid from Coptidis rhizoma, has
been found to have powerful activities against various human malignancies, including
breast cancer. However, the underlying antitumor mechanisms of BBR in breast can-
cer remain poorly understood.
Methods: Breast cancer cells were cultured and treated with different doses (0, 20,
40, and 60 μM) of BBR for 48 h. Cell viability, proliferation, apoptosis, invasion, and
migration were assessed using 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-
tetrazolium bromide (MTT), 5-ethynyl-20-deoxyuridine (EdU), flow cytometry, trans-
well, and wound healing assays. Fibroblast growth factor 7 (FGF7), methyltransferase-
like 3 (METTL3), and insulin-like growth factor-2 mRNA-binding protein
3 (IGF2BP3) mRNA levels and protein levels were measured using real-time quantita-
tive polymerase chain reaction (RT-qPCR) and western blot. Interaction between
METTL3 and FGF7 m6A was assessed using methylated RNA immunoprecipitation
(MeRIP)-qPCR and RNA immunoprecipitation (RIP) assay. Binding ability between
IGF2BP3 and FGF7 mRNA was analyzed using RIP assay.
Results: BBR treatment hindered breast cancer cell proliferation, invasion, migration,
and induced apoptosis. FGF7 expression was upregulated in breast cancer tissues,
while its level was reduced in BBR-treated tumor cells. FGF7 upregulation relieved the
repression of BBR on breast cancer cell malignant behaviors. In mechanism, METTL3
stabilized FGF7 mRNA through the m6A-IGF2BP3-dependent mechanism and natu-
rally improved FGF7 expression. BBR treatment inhibited breast cancer growth
in vivo.
Conclusion: BBR treatment blocked breast cancer cell growth and metastasis partly
by regulating METTL3-mediated m6A modification of FGF7 mRNA, providing a
promising therapeutic target for breast cancer treatment.
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INTRODUCTION

As the most common occurring malignancy in women,
breast cancer has been considered an increasing health and
economic burden all over the world, with about 3 million
new cases and 1 million deaths by 2040.1,2 In recent years,

breast cancer incidence rates have been slowly increasing,
especially in younger women associated with poorer clinical
outcomes.3 Despite the fact that 70%–80% of individuals
with early-stage breast cancer are considered curable, thanks
to the advancement of multimodal therapies, including
mammography screening, surgical resection, adjuvant che-
motherapy, and immunotherapy, outcomes for subjects with
advanced/metastatic disease remain dismal.4,5 Therefore, itWei Fu and Lixin Liu contributed equally to this study.
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is imperative to identify more effective therapies for breast
cancer to achieve better treatment outcomes. In recent years,
traditional Chinese medicine (TCM) and some extracted
monomers have become more and more popular against dif-
ferent diseases due to their unique advantages such as multi-
targeting and low side effects.6,7 As a nature-driven
phytochemical isoquinoline alkaloid from Chinese herbs
and used in TCM, BBR has been reported to possess multi-
ple protective properties, such as antibacterial, antiapoptosis,
anti-inflammatory, and anticancer.8,9 Mounting evidence
has indicated that BBR is a multitarget drug that prevents
and treats many cancers by inhibiting proliferation and
inducing apoptosis.10,11 In fact, work in a number of labora-
tories has revealed that BBR diminished breast cancer cell
growth and metastasis by altering several gene expres-
sions.12,13 Yet, the detailed underlying mechanism of the
anticancer ability of BBR is far from being addressed in
breast cancer.

As a potent mitogen for different types of epithelial and
cancer cells, fibroblast growth factor 7 (FGF7, also known as
keratinocyte growth factor [KGF]) has been reported to
modulate the migration and differentiation of these cells and
defend them against various injuries under stress condi-
tions.14 Several studies have suggested that FGF7 is
expressed at a high level in most human cancers, including
breast cancer.15 Further reports verified that the inhibition
of FGF7 signaling might reduce breast cancer cell growth,
migration, and invasion.16,17 Beyond that, a recent study
indicated that a TCM extract (aqueous extract of eucommia
leaves) might significantly hinder the proliferation of osteo-
blasts by decreasing FGF7 expression.18 However, whether
FGF7 participates in BBR-mediated antitumor effects in
breast cancer remains unknown.

Numerous RNA modifications have been identified to
possess the potential to change RNA function. As the most
prevalent internal mRNA modification, N6-methyadenosine
(m6A) has received increasing attention as an important
regulator of gene expression.19 Indeed, some articles have
presented that m6A methylation exerts a vital role in modu-
lating gene expression in many human cancers,20 including
breast cancer.21 As a dynamic and reversible process, it can
be installed by methyltransferase complexes (“writers”) con-
sisting of methyltransferase-like 3 (METTL3), METTL14,
and WTAP, and eliminated by demethylases (“erasers”),
containing FTO and ALKBH5.22,23 Moreover, the regulatory
function of m6A is required for the recognition and binding
of m6A sites via m6A binding proteins (“readers”), like
insulin-like growth factor-2 mRNA-binding protein 1/2/3
(IGF2BP1/2/3) and YTHDF1/2/3.24,25 It has been reported
that m6A modifications are involved in regulating mRNA
stability, degradation, and translation efficiency.24 Of note,
the silencing of METTL3 might block breast cancer progres-
sion via decreasing PD-L1 mRNA stability in an m6A-
IGF2BP3-dependent way.26 In addition, METTL3 has been
reported to partake in BBR-mediated neuroprotection in
ischemic stroke.27 In the present study, SRAMP software

was used and it was discovered that FGF7 possessed the
underlying m6A sites. Apart from that, FGF7 was identified
as a possible target gene of METTL3. Accordingly, this study
aimed to explore whether METTL3 might affect the anti-
breast cancer of BBR by modulating FGF7 expression.

METHODS

Cell culture and clinical samples

In this study, breast cancer cell lines (ER+/HER2� MCF-7,
CL-0149; and triple-negative MDA-MB-231, CL-0150B; ER
+/HER2+ BT-474, CL-0040; triple-negative breast cancer
BT-549, CL-549), and an immortalized, nontransformed
human mammary epithelial cell line (MCF-10A, CL-0525,
Procell) were respectively cultured in corresponding special
medium (CM-0149, CM-0150B, CM-0525, CM-0040, CM-
549, Procell) at 37�C with 5% CO2. For the in vitro study,
MCF-7, MDA-MB-231, BT-474, and BT-549 cells were
exposed to BBR (HPLC ≥99%, Meilum Biologics, dissolved
in dimethylsulfoxide [DMSO]) in the dose range of 0, 20,
40, and 60 μM for 48 h at 37�C. For functional experiments,
MCF-7 and MDA-MB-231 cells were incubated with the
media including 40 μM BBR for 48 h.

Breast cancer and matched adjacent normal tissues
were provided by 29 patients at People’s Hospital of Dong-
xihu District. No patient had received chemotherapy or
radiation therapy prior to surgery. Subsequently, these
excised specimens during the surgery were quickly frozen
in liquid nitrogen and stored at �80�C. This research was
approved by the Ethics Committee of People’s Hospital of
Dongxihu District with written informed consent from
each participant.

5-diphenyl-2H-tetrazolium bromide (MTT)
assay

MCF-7 and MDA-MB-231 cell viability were evaluated in
this experiment. After being treated with or without BBR for
48 h at 37�C, 20 μL of 5 mg/mL MTT reaction solution
(Sigma-Aldrich) was added to 3 � 104 tumor cells in
96-well plates. After 4 h, the precipitates generated were dis-
solved by the addition of 150 μL DMSO. Finally, the absor-
bance was measured based on a microplate reader.

5-ethynyl-20-deoxyuridine (EdU) assay

Briefly, 5 � 103 MCF-7 and MDA-MB-231 cells were cul-
tured in 96-well plates with BBR or without for 48 h. Then,
50 μM EdU working solution (RiboBio) was added to each
well for another 2 h, followed by fixture with 4% formalde-
hyde solution for 30 min. After reaction with Apollo dye
solution for 30 min, the cells were stained with
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40,6-diamidino-2-phenylindole (DAPI) (identifying the
nuclei) for 30 min. Finally, EdU-positive cells (green cells)
were visualized under a fluorescence microscope and
counted using NIS-Elements BR 3.0 software.

Flow cytometry for cell apoptosis

After treatment with or without BBR for 48 h, collected
breast cancer cells were washed with phosphate buffered
saline (PBS) and resuspended in binding buffer. Subse-
quently, 5 μL annexin V-FITC and 10 μL PI (Solarbio) in
the dark were used to stain the cells, which then were ana-
lyzed using the flow cytometer and FlowJo software ver-
sion 10.5.0.

Matrigel invasion assay

In brief, 1 � 105 breast cancer cells in 200 μL serum-free
medium were introduced into the upper chamber
(BD Biosciences) with coated Matrigel (BD Biosciences).
Meanwhile, 600 μL medium with 10% FBS was added to the
lower chambers. After incubation at 37�C for 24 h, cells
invaded into the lower side were immobilized by 4% para-
formaldehyde and stained with 0.1% crystal violet solution.
Finally, the penetrated cells were counted using a micro-
scope in five randomly selected fields.

Wound healing assay

The activity of tumor cell migration was measured in this
experiment. Briefly, cells in 24-well plates were cultured until
they reached approximately 90% confluency. After that,
200 mL sterile pipette tips were used to scratch across the
surface of the cell monolayer (record 0 h). After removing the
nonadherent cells, the tumor cells were cultured in serum-
free medium for 24 h. Finally, wound closure was captured
under a microscope and analyzed using Image J software.

Real-time quantitative polymerase chain
reaction (RT-qPCR)

In general, total RNAs from clinical samples and cell lines
were extracted using TRIzol reagent (Invitrogen). Then,
2 μg of total RNAs were utilized to synthesize cDNA based
on HiScript 1st strand cDNA synthesis kit (Vazyme). On
ABI7900HT fast real-time PCR system (Applied Biosys-
tems), amplification reaction was conducted with a real-time
fluorescent quantitative PCR kit (Vazyme). The PCR condi-
tions were as follows: 30 s at 95�C, followed by 40 cycles at
95�C for 5 s, 45�C for 30 s, and 72�C for 30 s. After being
normalized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), RNA expression fold changes were calculated by
the 2�ΔΔCt method. The primers used are shown in Table 1.

Western blot assay

Using radioimmunoprecipitation (RIPA) lysis buffer
(Beyotime), total proteins from clinical tissues and cell lines
were prepared. After being mixed with loading buffer for 5 min
at 100�C, samples were subjected to 12% separating gel and
then shifted onto polyvinylidene fluoride (PVDF) membranes
(Invitrogen). After incubation with appropriate diluent primary
antibodies: FGF7 (ab131162, Abcam), METTL3 (ab195352,
Abcam), IGF2BP3 (ab177477, Abcam), and GAPDH (ab9485,
Abcam) at 4�C overnight, the membranes were hybridized
with secondary antibody for 2 h at room temperature. Finally,
signals were visualized using an ECL kit (Solarbio).

Cell transfection

For FGF7, IGF2BP3, and METTL3 overexpression, human
FGF7 cDNA (NM_002009.4), IGF2BP3 cDNA
(NM_006547.3), and METTL3 cDNA (XM_054376403.1)
were respectively synthesized and cloned into pcDNA vector
(GenePharma), which then were transfected into MCF-7
and MDA-MB-231 cells, with empty vector as a negative
control. For knockdown system, FGF7, IGF2BP3, and
METTL3 small interfering RNAs (si-FGF7, si-IGF2BP3, or
si-METTL3) or their control (si-NC) from RiboBio were
introduced into MCF-7 and MDA-MB-231 cell using lipo-
fectamine 3000 (Invitrogen) for 48 h at 37�C.

Methylated RNA immunoprecipitation (MeRIP)

In order to examine m6A modification of FGF7 mRNA, total
RNAs from MCF-7 and MDA-MB-231 cells transfected with
si-NC, si-METTL3 or without were isolated using TRIzol
(Invitrogen). After being fragmented, one-ninth of the
mRNA was used as an “input” control. Meanwhile, the A/G
immunomagnetic beads and anti-m6A (Abcam) or IgG
(Abcam) were premixed and then incubated with the rest
mRNA. After being digested, m6A enrichment was subjected
to RT-qPCR analysis and input normalization.

TAB L E 1 Primer sequences used for PCR.

Name Primers for PCR (50-30)

METTL3 Forward CAGAGGCAGCATTGTCTCCA

Reverse ATGGACACAGCATCAGTGGG

IGF2BP3 Forward CCCCCTCGGACCTAGAAAGT

Reverse TAAACTATCCAGCACCTCCCAC

FGF7 Forward AGTTGCACCAGGCAGACAA

Reverse TCAGTTGCTGTGACGCTGTT

GAPDH Forward GGAGCGAGATCCCTCCAAAAT

Reverse GGCTGTTGTCATACTTCTCATGG

Abbreviations: FGF7, fibroblast growth factor 7; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; IGFBP3, insulin-like growth factor-2 mRNA-binding protein 3
METTL3, methyltransferase-like 3; PCR, polymerase chain reaction.
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RNA immunoprecipitation (RIP)

To further prove the binding ability between FGF7 mRNA
and METTL3 or IGF2BP3, this assay was performed in
MCF-7 and MDA-MB-231 cells transfected with si-NC or
si-METTL3. In summary, complete RIP lysis buffer
(Millipore) was used to obtain sufficient cell lysates, which
were incubated with magnetic beads coupled with anti-
IGF2BP3 (Abcam) or anti-IgG (Millipore) at 4�C overnight.
After being digested and purified, RNAs from the RNA-
protein complex were determined using RT-qPCR assay.

Measurement of mRNA stability

In brief, MCF-7 cells with si-NC or si-METTL3 were harvested
at 0, 3, 6, and 9 h after treatment with actinomycin D (act D, a
transcriptional inhibitor, Sigma-Aldrich). After being extracted,
the half-life of FGF7 mRNA was assessed using RT-qPCR.

Tumor xenograft assay

In this animal experiment, 100 μL MCF-7 cells (1 � 106

cells) were subcutaneously injected into female nude mice
(5-week-old, Slaike Jingda Laboratory, Hunan, China).
When the tumors attained volumes of about 40 mm3, the
mice were randomly assigned to two groups (n = 5 each
group): (1) the control group, mice were treated with saline;
(2) the BBR group, mice were treated with 10 mg/kg BBR by
gavage administration. During tumor growth, size was
examined and calculated every 3 days. Then, 22 days later,
tumor weight was measured after mice were euthanized by
cervical dislocation after deep anesthesia with 2% isoflurane
(Baxter Healthcare Corporation). In addition, dissected
tumors were subjected to western blot and immunohisto-
chemical (IHC) staining analysis. All processes involving
this experiment were authorized by the Animal Ethics Com-
mittee of People’s Hospital of Dongxihu District.

Statistical analysis

Data were analyzed using GraphPad Prism7 software and
expressed in the form of mean ± standard deviation (SD). The
statistical significance of the difference was assessed by stu-
dent’s t-test or one-way analysis of variance (ANOVA) with
Tukey’s tests. Statistical significance was accepted for p < 0.05.

RESULTS

BBR repressed breast cancer cell proliferation
and metastasis

To investigate the effect of BBR in breast cancer cells,
MCF-7 and MDA-MB-231 cells were exposed to different

concentrations of BBR (0, 20, 40, or 60 μM) for 48 h. After
that, cell viability was assessed using MTT assay. Data
exhibited that BBR treatment might decrease MCF-7 and
MDA-MB-231 cell viability in a dose-dependent way
(Figure 1a). Considering that no significant changes in sup-
pression of tumor cell viability after 40 μM or 60 μM BBR
treatment, we selected 40 μM for subsequent experiments.
As shown in Figure 1b, BBR treatment might apparently
block the number of EdU-positive cells in MCF-7 and
MDA-MB-231 cells relative to the control group. On the
contrary, an obvious enhancement in apoptosis rate was
observed after BBR exposure in MCF-7 and MDA-MB-231
cells (Figure 1c). Furthermore, transwell results showed that
the number of MCF-7 and MDA-MB-231 cell invasions was
clearly hindered after BBR exposure (Figure 1d, e). Mean-
while, the wound healing assay also presented the inhibitory
role of BBR treatment on MCF-7 and MDA-MB-231 cell
migratory ability (Figure 1f). Collectively, these results sug-
gested that BBR treatment might constrain breast cancer cell
growth and metastasis.

FGF7 expression was reduced in BBR-treated
breast cancer cells

Furthermore, the GSE85871 database microarray data set
from the Gene Expression Omnibus (GEO) database was
applied in an optimized analysis to identify differentially
expressed genes in breast cancer treated with BBR. As a
result, we found that FGF7 expression was significantly
downregulated in the BBR group (Figure 2a), implying that
FGF7 might partake in the BBR-mediated breast cancer pro-
cess. Moreover, we further validated that the mRNA level
and protein level of FGF7 were remarkably hindered in
BBR-induced MCF-7 and MDA-MB-231 cells compared
with the control group (Figure 2b, c). In addition, FGF7
mRNA level and protein level were highly expressed in
29 breast cancer samples versus 29 normal tissues
(Figure 2d, e). Simultaneously, the significant downregula-
tion of FGF7 was found in breast cancer cell lines (MCF-7
and MDA-MB-231) in comparison with MCF-10A cells
(Figure 2f). Together, these data highlighted that dysregu-
lated FGF7 might be associated with BBR-mediated breast
cancer progression.

BBR treatment suppressed breast cancer cell
malignant phenotypes by modulating FGF7

Then, to check the impact of FGF7 on BBR-mediated malig-
nant phenotype inhibition of breast cancer cells, in vitro
gain-function analysis was conducted in MCF-7 and MDA-
MB-231 cells. At first, FGF7 protein level were markedly
increased in pcDNA-FGF7-transfected cells compared with
the pcDNA group (Figure 3a), suggesting that the overex-
pression efficiency is available. Under BBR treatment, MTT
and EdU assays displayed that the overexpression of FGF7
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might effectively abolish BBR-mediated cell viability and
proliferation inhibition in MCF-7 and MDA-MB-231 cells
(Figure 3b, c). Furthermore, BBR-induced MCF-7 and

MDA-MB-231 cell apoptosis rates were distinctly relieved
through FGF7 upregulation (Figure 3d, e). In addition,
transwell and wound healing assays showed that the

F I G U R E 1 Effects of berberine (BBR) on breast cancer cell proliferation and metastasis. (a) A 5-diphenyl-2H-tetrazolium bromide (MTT) assay was
applied to measure cell viability in MCF-7 and MDA-MB-231 cells exposed to different concentrations of BBR (0, 20, 40, and 60 μM). (b–f) MCF-7 and
MDA-MB-231 cells were treated with BBR (40 μM) or without (control). (b) A 5-ethynyl-20-deoxyuridine (EdU) assay was used to assess cell proliferation in
treated MCF-7 and MDA-MB-231 cells. (c) The cell apoptosis rate was examined using flow cytometry assay in treated MCF-7 and MDA-MB-231 cells.
(d and e) A transwell assay was performed to measure cell invasion in treated MCF-7 and MDA-MB-231 cells. (f) Migration ability was detected using
wound healing assay in treated MCF-7 and MDA-MB-231 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

F I G U R E 2 Berberine (BBR)
might decrease the levels of
fibroblast growth factor 7 (FGF7) in
breast cancer cells. (a) The
GSE85871 database was used to
analyze the expression level of FGF7
in the control and BBR groups.
(b and c) FGF7 mRNA level and
protein level were determined in
MCF-7 and MDA-MB-231 cells
treated with 40 μM BBR or control
using real-time quantitative
polymerase chain reaction
(RT-qPCR) and western blot. (d and
e) RT-qPCR and western blot
analysis of FGF7 mRNA level and
protein level in 29 breast cancer
tissues and 29 normal tissues. (f)
FGF7 protein level was assessed in
MCF-10A cells and breast cancer
cell lines (MCF-7 and MDA-MB-
231). *p < 0.05, ***p < 0.001.
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suppressive role of BBR exposure on MCF-7 and MDA-MB-
231 cell invasion and migration were evidently abrogated
after pcDNA-FGF7 introduction (Figure 3f, g). In addition,
our data also confirmed that upregulation of FGF7 might
partly relieve the repression of BBR exposure on the growth
and metastasis of BT-474 and BT-549 cells (Figure S1). Col-
lectively, these findings implied that FGF7 overexpression
partially attenuated the inhibitory role of BBR treatment on
breast cancer cell growth and metastasis in vitro.

METTL3 might improve the stability and
expression of FGF7 mRNA by regulating m6A
methylation

Based on MeRIP analysis, we found that FGF7 contained
abundant m6A methylation (Figure 4a). Subsequently,
SRAMP (an online tool to predict m6A sites) database dis-
covered that FGF7 mRNA possessed the potential m6A sites
(Figure 4b). In addition, the knockdown efficiency of
METTL3 in MCF-7 and MDA-MB-231 cells was detected
and shown in Figure 4c. After that, RT-qPCR results showed
that the FGF7 mRNA level was apparently blocked by
METTL3 knockdown in MCF-7 and MDA-MB-231 cells
(Figure 4d). Moreover, MeRIP-qPCR analysis presented that
the downregulation of METTL3 might apparently decrease

the m6A level of FGF7 mRNA in MCF-7 and MDA-MB-
231 cells (Figure 4e). To further validate their interaction,
RIP assay was carried out. Data showed that FGF7 RNA
enrichment was significantly reduced in the si-METTL3
group relative to the si-NC group (Figure 4f). In addition,
the actinomycin D experiment showed that METTL3
knockdown might enhance the degradation rate of mRNA
in MCF-7 cells (Figure 4g). Beyond that, western blot assay
presented that METTL3 content remarkably declined in
BBR-treated MCF-7 and MDA-MB-231 cells compared with
the control group (Figure 4h). Collectively, these results
indicated that METTL3 might sustain FGF7 mRNA stability
through m6A modification.

IGF2BP3 recognized the m6A modification of
FGF7 mRNA and enhanced its expression

Previous studies have shown that the effects of m6A modifi-
cations on mRNA transcripts require that these modifica-
tions be recognized by m6A binding proteins called m6A
readers. Therefore, we knocked down IGF2BP1, IGF2BP2,
and IGF2BP3 in MCF-7 cells. Among these reader proteins,
our data displayed that the downregulation of IGF2BP3
might obviously decrease FGF7 mRNA levels in breast can-
cer cells (Figure 5a). Beyond that, the GSE85871 database

F I G U R E 3 Overexpression of fibroblast growth factor 7 (FGF7) might overturn the effects of berberine (BBR) on breast cancer cell malignant
phenotypes. (a) FGF7 protein level was determined in MCF-7 and MDA-MB-231 cells transfected with pcDNA or FGF7 using western blot. (b–g) MCF-7
and MDA-MB-231 cells were treated with control, BBR, BBR + pcDNA, and BBR + FGF7. (b) Cell viability was assessed using a 5-diphenyl-2H-tetrazolium
bromide (MTT) assay in treated MCF-7 and MDA-MB-231 cells. (c) A 5-ethynyl-20-deoxyuridine (EdU) assay was used to measure cell proliferation in
treated MCF-7 and MDA-MB-231 cells. (d and e) Flow cytometry assay was applied to analyze cell apoptosis rate in treated MCF-7 and MDA-MB-231 cells.
(f and g) Transwell and wound healing assays were employed to examine cell invasion and migration in treated MCF-7 and MDA-MB-231 cells. **p < 0.01,
***p < 0.001.
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determined that BBR treatment might remarkably decrease
the IGF2BP3 mRNA level (Figure 5b). Moreover, we further
validated that IGF2BP3 protein level was clearly repressed in
BBR-treated MCF-7 and MDA-MB-231 cells versus the con-
trol group (Figure 5c). Apart from that, FGF7 RNA enrich-
ment was significantly increased in the IGF2BP3 group
compared with the IgG group when METTL3 knockdown
in MCF-7 cells (Figure 5d), suggesting that silencing
METTL3 inhibited the binding of FGF7 RNA to IGF2BP3.
In addition, the overexpression efficiency of IGF2BP3 in
MCF-7 and MDA-MB-231 cells was measured and dis-
played in Figure 5e. Then, western blot assay presented that
the cotransfection of pcDNA-IGF2BP3 might significantly
abolish the repression of METTL3 deficiency on FGF7 pro-
tein level in MCF-7 and MDA-MB-231 cells (Figure 5f).
Overall, these results suggested that METTL3 might increase
FGF7 expression by regulating the RNA m6A modification,
which might be recognized by IGF2BP3 and is essential for
mRNA stability.

Knockdown of METTL3 might block breast
cancer cell malignant phenotypes by
targeting FGF7

Next, to further explore whether the influence of METTL3
on breast cancer cell development was mediated by regulat-
ing FGF7, rescue experiments were performed in MCF-7
and MDA-MB-231 cells. Western blot results exhibited that
the lack of METTL3 might strikingly dampen FGF7 protein
level in MCF-7 and MDA-MB-231 cells, which were partly
overturned after pcDNA-FGF7 co-transfection (Figure 6a).
Functionally, reduced cell viability and proliferation were
observed due to the downregulation of METTL3, whereas
these effects were ameliorated by FGF7 overexpression
(Figure 6b, c). Beyond that, METTL3 silencing-mediated
apoptosis rate promotion was partly mitigated through the
upregulation of FGF7 in MCF-7 and MDA-MB-231 cells
(Figure 6d, e). In addition, the forced expression of FGF7
might markedly abrogate the repression of METTL3

F I G U R E 4 Fibroblast growth factor 7 (FGF7) was regulated by methyltransferase-like 3 (METTL3)-mediated m6A methylation. (a) Methylated RNA
immunoprecipitation (MeRIP) assay was used to assess the m6A methylation level of FGF7 in MCF-7 and MDA-MB-231 cells. (b) SRAMP software
predicted that FGF7 mRNA had an m6A site. (c and d) METTL3 protein level and FGF7 mRNA level were examined using MCF-7 and MDA-MB-231 cells
transfected with si-NC or si-METTL3 using real-time quantitative polymerase chain reaction (RT-qPCR) or western blot. (e) Changes in the m6A
methylation level of FGF7 after METTL3 knockdown were assessed using MeRIP-qPCR assay. (f) Their binding was verified using RNA
immunoprecipitation (RIP) assay in MCF-7 and MDA-MB-231 cells transfected with si-NC or si-METTL3. (g) Influences of METTL3 downregulation on
FGF7 mRNA stability after actinomycin D treatment was assessed using RT-qPCR in MCF-7 cells. (h) FGF7 protein levels were examined in MCF-7 and
MDA-MB-231 cells treated with berberine (BBR) or control using western blot. **p < 0.01, ***p < 0.001.
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knockdown on MCF-7 and MDA-MB-231 cell invasion and
migration (Figure 6f, g). Altogether, the above-mentioned
results indicated that the METTL3 downregulation might
impede breast cancer cell malignancy by modulating FGF7
in vitro.

BBR treatment might inhibit FGF7 expression
by regulating METTL3

As previously mentioned, we speculated that BBR treatment
might repress breast cancer progression partly by the
METTL3/FGF7 regulation pathway. To prove the assump-
tion, we further investigated whether BBR exposure might
affect the expression of FGF7 by METTL3. First, western
blot results exhibited that METTL3 protein level was clearly
improved in pcDNA-METTL3-transfected MCF-7 and
MDA-MB-231 cells compared with the pcDNA group
(Figure 7a), indicating that the overexpression efficiency is
successful. After that, BBR treatment might significantly
dwindle FGF7 protein level in MCF-7 and MDA-MB-231
cells, while these effects were partly abolished by METTL3
overexpression (Figure 7b, c). Collectively, these findings
implied that BBR might exert its function by regulating the
METTL3/FGF7 pathway.

BBR might hinder breast cancer cell growth
in vivo

Additionally, mice xenograft models of breast cancer were
established to explore the influence of BBR treatment on
tumor growth. As shown in Figure 8a, b, BBR treatment sig-
nificantly blocked tumor volume and weight, implying the
repression of BBR exposure on tumor growth. Beyond that,
western blot results presented that METTL3 and FGF7 pro-
tein levels were obviously lower in tumor tissues from the
BBR group than in the control group (Figure 8c). In addi-
tion, IHC staining also uncovered that the positive expres-
sion rate of METTL3 and FGF7 was apparently decreased in
the BBR group compared with the control group
(Figure 8d). Collectively, these data illuminated that BBR
treatment diminished breast cancer xenograft tumor growth
in vivo.

DISCUSSION

In recent years, natural herbal extracts from TCM have
attracted extensive attention in the field of tumor research
for their distinctive benefits of multitargeting and minimal
side impacts.28,29 As a natural bioactive alkaloid mainly

F I G U R E 5 IGF2BP3 mediated the M6A methylation of fibroblast growth factor 7 (FGF7). (a) FGF7 mRNA level was determined in MCF-7 cells
transfected with si-NC, si-IGF2BP1, si-IGF2BP2, or si-IGF2BP3 using real-time quantitative polymerase chain reaction (RT-qPCR). (b) The GSE85871
database was used to analyze the expression level of IGF2BP3 in the control and BBR groups. (c) Western blot analysis of IGF2BP3 protein level in MCF-7
and MDA-MB-231 cells treated with berberine (BBR) or control. (d) Interaction between FGF7 and IGF2BP3 was assessed in MCF-7 cells transfected with
si-NC or si-METTL3 using RNA immunoprecipitation (RIP) assay. (e) IGF2BP3 protein level was determined in MCF-7 and MDA-MB-231 cells transfected
with pcDNA or IGF2BP3 using western blot. (f) Western blot analysis of FGF7 protein level in MCF-7 and MDA-MB-231 cells transfected with si-NC,
si-METTL3, si-METTL3 + pcDNA, or si-METTL3 + IGF2BP3. *p < 0.05, **p < 0.01, ***p < 0.001.
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found in the Chinese herb Coptis chinensis, BBR possesses a
broad range of pharmacological effects, containing antia-
poptosis, antioxidative, antimicrobial, and anticancer activi-
ties.9,30 Lately, it has become evident that BBR displays
anticancer effects on various cancers, including breast can-
cer.31 Herein, our data verified that BBR treatment might
suppress breast cancer cell proliferation, invasion, migration,

and induce apoptosis in vitro, in agreement with previous
studies.32,33 Consistently, the repression of BBR exposure on
breast cancer growth has been validated in vivo. In total, the
above findings demonstrated the anticancer activity of BBR
in breast cancer.

Regarding the molecular mechanism, numerous studies
have validated the antitumor effects of BBR occur in breast

F I G U R E 6 Effects of methyltransferase-like 3 (METTL3) and fibroblast growth factor 7 (FGF7) on breast cancer progression. MCF-7 and MDA-MB-
231 cells transfected with si-NC, si-METTL3, si-METTL3 + pcDNA, or si-METTL3+ FGF7. (a) FGF7 protein level was determined using western blot in
transfected MCF-7 and MDA-MB-231 cells. (b and c) Cell viability and proliferation were examined using 5-diphenyl-2H-tetrazolium bromide (MTT) and
5-ethynyl-20-deoxyuridine (EdU) assays. (d and e) Cell apoptosis rate was examined using flow cytometry assay. (f and g) Cell invasion and migration were
measured using transwell and wound healing assays. **p < 0.01, ***p < 0.001.

F I G U R E 7 Berberine (BBR) affected fibroblast growth factor 7 (FGF7) expression by regulating methyltransferase-like 3 (METTL3). (a) METTL3
protein level was detected in MCF-7 and MDA-MB-231 cells transfected with pcDNA or METTL3 using western blot. (b and c) FGF7 protein level was in
MCF-7 and MDA-MB-231 cells treated with control, BBR, BBR + pcDNA, or BBR + METTL3 using western blot. **p < 0.01, ***p < 0.001.
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cancer via different biochemical mechanisms, containing
regulating gene expression and signal pathways.13,34,35

Herein, we used the GSE85871 database to screen FGF7,
which clearly differs in BBR-treated breast cancer. Beyond
that, our data further verified that FGF7 content was obvi-
ously reduced in BBR-triggered breast cancer cells. Of inter-
est, FGF7 level was identified to be upregulated in breast
cancer, consistent with a former study.15 As a mesenchyme-
specific heparin-binding growth factor, FGF7 was reported
to bind FGF receptor 2 to affect various cellular pro-
cesses.36,37 It has been confirmed that the knockdown of
FGF7 might hinder breast cancer cell growth and metasta-
sis.16,17 Therefore, we inferred that FGF7 might be impli-
cated in BBR-mediated antitumor activity. In the present
study, our data confirmed that BBR-triggered breast cancer
growth and metastasis inhibition were partly overturned by
FGF7 upregulation. These observations provide first-hand
evidence of the antitumor effects of BBR through the regula-
tion of FGF7.

As a novel layer of epigenetic modulation, m6A is con-
sidered an abundant cotranscriptional modification in
mRNA and participates in diverse aspects of post-
transcriptional mRNA metabolism.38,39 Herein, our data
identify for the first time an important role for METTL3 in
mediating the m6A modification of FGF7 mRNA. More-
over, it has been confirmed that IGF2BPs might affect target

mRNA expression by regulating the stability of
target mRNA.40 Meanwhile, IGF2BP3 might facilitate breast
cancer cell proliferation through destabilizing NF1 mRNA
via an m6A-dependent way.41 In the current study, this
modification is recognized by IGF2BP3, which is responsible
for maintaining the mRNA stability and expression of
FGF7. In addition, METTL3 might increase PD-L1 mRNA
stability and its protein expression in an m6A-
IGF2BP3-dependent manner, thereby repressing tumor
immune surveillance in breast cancer.26 Herein, our study
showed that FGF7 overexpression might partially abolish
the repression of METTL3 deficiency in breast cancer devel-
opment. Some studies have indicated that METTL3 might
be implicated in BBR-or allocryptopine (an isoquinoline
alkaloid extracted from Macleaya cordata)-mediated anti-
ischemia–reperfusion injury or antitumor activity.27,42 As
expected, our data verified that METTL3 upregulation might
partly abrogate BBR-mediated FGF7 reduction in breast
cancer cells, further supporting the regulatory mechanism of
BBR/METTL3/FGF7 in breast cancer. In addition, previous
studies have indicated that aberrant activation of the Wnt/β-
catenin signaling pathway is one of the main reasons for
breast tumorigenesis and metastasis.43,44 Meanwhile, it has
been reported that BBR might suppress tumor growth in
various human cancers by repressing Wnt/β-catenin
signaling,45,46 containing breast cancer.47 Furthermore,

F I G U R E 8 Berberine (BBR)
blocked tumor growth in a xenograft
model. MCF-7 cells were inoculated
subcutaneously into the nude mice.
Then, mice with tumor formation
were given 10 mg/kg BBR.
(a) Growth curve of xenografted
tumors was presented. (b) Weight of
resected tumor masses was
measured. (c) Methyltransferase-like
3 (METTL3) and fibroblast growth
factor 7 (FGF7) protein levels were
assessed using western blot in the
xenografts. (d) The positive
expression rate of METTL3 and
FGF7 was gauged in xenografts
using immunohistochemical (IHC)
staining. *p < 0.05, **p < 0.01,
***p < 0.001.
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FGF7 might induce the accumulation of cytoplasmic β-cate-
nin.48 Therefore, we will explore whether BBR treatment
impedes the growth and metastasis of breast cancer cells
through the METTL3/FGF7-mediated Wnt/β-catenin sig-
naling pathway in further studies. In addition, the subcuta-
neous xenograft model used in this study may not fully
mimic the natural breast cancer microenvironment. Hence,
some of our findings may not be reproducible in the natural
disease state, and the patient-derived xenograft (PDX)
model needs to be performed in future studies.

In conclusion, our results provided compelling evidence
that BBR might hinder breast cancer cell growth and metas-
tasis by regulating the METTL3/FGF7 axis, which provides
novel strategies for the design of new METTL3/FGF7-based
antitumor agents and drug combinations.
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