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Gallic acid (3,4,5-trihydroxybenzoic acid; GA), a natural phenolic acid, is abundantly found in
numerous natural products. Increasing evidence have demonstrated that GA plays anti-cancer
roles in multiple cancers. However, its anti-tumor effects on hepatocellular carcinoma (HCC)
and the underlying mechanism remain obscure. In the present study, we found that GA
suppressed the in vitro cell viability and metastasis and inhibited the in vivo tumor growth of
HCC cells. The underlying mechanism was further to investigate and it was showed that GA
suppressed the expression of B-catenin and led to the functional inactivation of Wnt/B-catenin
signaling. As a kind of significant regulators, the long noncoding RNA molecules (IncRNAS)
have attracted widespread attentions for their critical roles in diverse biological process and
human diseases. To further identify which INCRNA participated this GA-mediated process,
several INCRNAs related to Wnt/p-catenin signaling were chosen for examination of their
expression profiing in the GA-treated HCC cells. Of which, Metastasis-Associated Lung
Adenocarcinoma Transcript 1 (MALAT1) was the most promising candidate. And moreover,
MALAT1 was significantly down-regulated by GA. Its overexpression partially reversed the GA-
induced the inhibitory effects on cell proliferation and metastasis; and successfully abolished
the suppressive effect of GA on Wnt/B-catenin signaling. In conclusion, our results indicated
that GA suppressed tumorigenesis in vitro and in vivo by the MALAT1-Wnt/B-catenin signaling
axis, suggesting that GA has great potential to be developed as a chemo-prevention and
chemotherapy agent for HCC patients.

Keywords: hepatocellular carcinoma, gallic acid, IncRNA MALAT1, Wnt/B-catenin signaling, proliferation,
metastasis

Abbreviations: CCKS3, cell counting assay kit-8; CCNDI, cyclin D1; DAPI, 4’,6-diamidino-2-phenylindole; EMT, epithelial to
mesenchymal transition; GA, gallic acid; GADPH, glyceraldehyde 3-phosphate dehydrogenase; HCC, hepatocellular carci-
noma; IncRNA, long noncoding RNA; MALAT1, metastasis-associated lung adenocarcinoma transcript 1; MMP9, matrix
metalloproteinase 9; NC, negative control ; PI, propidium iodide; qRT-PCR, quantitative real-time polymerase chain reaction;
SEM, standard error of the mean; VEGF, vascular endothelial growth factor.
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INTRODUCTION

Hepatocellular carcinoma (HCC) accounts for the majority of
primary liver cancers and it has been considered as the fourth
most common cause of cancer-related death worldwide
(Villanueva, 2019). Most of patients are diagnosed at an
advanced stage and lost the chance of surgery for the lack of
effective early diagnostic biomarkers. And combined with the
lack of effective therapeutic targets and drugs, these HCC patients
often have poorer survival (Klingenberg et al., 2017; Huang et al.,
2020). Therefore, looking for effective biomarkers and
therapeutic drugs are urgent for the treatment of HCC.
Natural products bring a new hope for the discovery of anti-
cancer candidates considering its low toxicity and multi-target
(Harvey, 2008). A number of plant-derived compounds and their
derivatives have been demonstrated to play significant roles in
prevention and treatment of cancers (Lin et al., 2015; Xu et al.,
2017; Li et al., 2018). Gallic acid (GA), 3,4,5-trihydroxybenzoic
acid, is a phenolic acid derived from gallnuts, teas, grapes, red and
white wine, sumac and other natural products (Shahrzad et al,
2001; De Beer et al,, 2003; Ma et al., 2003). Various biological
activities of GA have been documented in previous studies, such
as anti-oxidant, anti-inflammation, anti-tumor, anti-mutagenic
action, anti-bacteria, neuroprotection and cardiovascular
protection (Locatelli et al., 2013; Shao et al., 2015; Choubey
et al, 2018; Kahkeshani et al, 2019). Regarding the anti-
cancer activity, GA has been reported to exert beneficial effects
on various cancers such as leukemia (Madlener et al., 2007),
prostate cancer (Chen et al., 2009), lung cancer (Park and Kim,
2013), gastric cancer (Ho et al., 2013), colorectal, breast, cervical
and esophageal cancers (Choubey et al., 2018). However, the
function of GA in HCC remains unclear, and more investigation
are needed to clarify this anti-cancer activity.

Long non-coding RNAs (IncRNAs) have emerged as potential
key regulators of cancer biology. Accumulating evidence suggests
that aberrant expression of long non-coding RNAs (IncRNAs) play
an important functional role in tumorigenesis and progression
(Batista and Chang, 2013). Intriguingly, IncRNAs act as HCC
diagnosis marker alone or combined with other well known
biomarker such as AFP. For instance, two IncRNAs UCA1 and
WRAP53 combined with AFP achieved HCC sensitivity up to
100% (Klingenberg et al., 2017; Huang et al., 2020). As a widely
studied IncRNA, Metastasis Associated Lung Adenocarcinoma
Transcript 1 (MALAT1) has been reported to be frequently up-
regulated in tumors, and closely correlate with tumor grades and
metastasis in multiple cancers, such as lung cancer, breast cancer,
prostate cancer, osteosarcoma, gastric cancer (Schmidt et al., 2011;
Changetal,, 2020; Goyal et al., 2021). In HCC, MALAT1 promotes
cell proliferation, epithelial-mesenchymal transition (EMT),
migration and sorafenib resistance in HCC cells (Fan et al,
2020), suggesting its diagnostic, prognostic, and therapeutic role
in HCC. We therefore considered that MALAT1 maybe a
promising targets for HCC diagnosis and therapeutic strategy.

In the present study, we systematically examined the anti-cancer
effect of GA on HCC, and it was found that GA suppressed the
proliferation and metastasis in vitro and inhibit tumor growth in vivo.
Further investigation also showed that GA significantly suppressed
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the expression of MALATI, and led to the inactivation of Wnt/
B-catenin signaling. Therefore, our data indicated that GA
suppressed tumorigenesis by modulating IncRNA MALAT1-Wnt/
B-catenin signaling axis in HCC, suggesting that it may be a
promising drug candidate for HCC patients.

MATERIALS AND METHODS

Reagents and Antibodies

Gallic acid (purity >98% by HPLC, Cat. No. S30153) was
purchased from Shanghai yuanye Bio-Technology (Shanghai,
China), and dissolved in PBS for the usage. The primary
antibodies were anti-p-catenin (Cat. No. 8084S), Lamin Bl
(Cat. No.13435S) and GAPDH (Cat. No.5174S) were
purchased from Cell Signaling Technology (Danvers, MA,
United States). Anti-E-cadhein (Cat.NO: ab231303), Vimentin
(Cat.NO: ab92547) and MMP9 (CatNO: ab76003) were
purchased from Abcam (CA, United States). The secondary
antibody (Cat. No. AP132P) were purchased Merck Millipore
(MA, United States).

Cell Culture

The human HCC cell lines, HepG2, Bel-7402 and the
immortalized nontumorigenic cell line LO2, were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with 10%
fetal bovine serum (FBS, ExCell Bio) and 0.1% penicillin/
streptomycin (Invitrogen, Carlsbad, CA, United States). These
cells were incubated and maintained in a humidified atmosphere
at 37°C, 5% CO,.

Cell Viability Assays

Cells were seeded in 96-well plates at a density of 5 x 10° cells per
well and treated with series concentrations of GA (0, 50, 100, 150,
200, 400 puM) for 24, 48 and 72 h. The Cell Counting Assay Kit-8
solution (Beyotime, Shanghai, China) was added and further
incubated for another 1hour at 37°C. The absorbance was
measured at 450 nm using a Hybrid Multi-Mode Microplate
Reader (Tecan, Switzerland). All the experiments were
performed in triplicates.

Colony Formation Assays

The HepG2 and Bel-7402 cells were treated with 120 uM GA for
48 h in dishes and subsequently re-plated into 6-well plates at the
density of 100-200 cells per well and then cultured for 2 weeks to
evaluate the clonogenic ability. The colonies were fixed with
methanol and stained with Giemsa staining solution for
15min. The images were captured using the ImmunoSpot
analyzer (CTL, United States), and the colony numbers were
counted by ImmunoSpot® Version 6.0 Academic system. The
plating efficiency (PE) and surviving fraction (SF) were calculated
according to previous report (Franken et al., 2006).

Flow Cytometry Examination

For apoptosis analyses, HCC cells were seeded in 6-well plates
and treated with 120 uM GA for 48 h. Then, cells were collected
and washed with cold PBS, and followed by annexin V and
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propidium iodide (PI) incubation according to the protocol of the
Apoptosis Detection Kit (KeyGEN, Nanjing, China). The stained
cells were monitored by flow cytometry (Beckman, Pasadena,
CA). For cell cycle analyses, cells were harvested and stained with
the dye from the Cell Cycle Detection Kit (KeyGEN) according to
the manufacturer’s protocol. Then, DNA content was subjected
to flow cytometry (Beckman) examination. Each assay was
conducted in triplicates.

Wound Healing and Transwell Assays

For wound healing assays, cells were plated into 12-well plates
and incubated overnight. To prevent the influence of cell
proliferation, cells were pre-treated with mitomycin C (10 pg/
ml) for 1 h, and then the monolayer was carefully scratched with a
sterile plastic tip, and washed with PBS for three times to remove
floating cells. Then the cells were cultured in the presence or
absence of GA in serum-free media for 48 h, and images were
captured under a microscope. The status of wound area was
evaluated by Image]. The relative wound area was calculated
according to the formula: S44/Sy, where Sy and Syg are the wound
area at 0 and 48 h respectively.

For transwell assays, 5.0 x 10* GA-treated cells and control cells
were resuspended in serum-free medium and seeded in the upper
chamber, which was coated with Matrigel (Corning, United States).
Complete DMEM with 10% FBS was added into the lower
chamber. After incubation for 20-36h, the cells on the lower
membrane were fixed with methanol for 20 min and stained with
0.1% crystal violet. Images were captured by Multifunctional Cell
Imaging Microplate reader (BioTek, United States) and invaded
cells were analyzed by using Gene5 software.

Cell Transfection

The MALAT1 overexpression plasmid was generated according
to previous study and the pcDNA3.1 (+) were used as control
(Zhang et al., 2019). The HepG2 cells were seeded in six-well
plates. After incubation for 12h, cells were transfected with
PMALATI1 and pcDNA3.1 (+) by using Lipofectamine 3,000
(Invitrogen) respectively.

RNA Extraction, Reverse Transcription, and
Quantitative Real-Time Polymerase Chain

Reaction

Total RNA was extracted using Animal Total RNA Isolation Kit
(FOREGENE, Chengdu, China), and it was reversely transcribed
using PrimeScript RT Reagent Kit (Takara, Japan). The qRT-PCR
examinations were conducted using Power up SYBR Green
Master Mix (Thermo Fisher Scientific, Waltham, MA) on a
Light-Cycler480 System (Roche, Basel, Switzerland). The
primer sequences were listed in Tablel. GAPDH was served
as the endogenous control and fold changes were calculated by
means of relative quantification (2724CY " All the experiments
were performed in triplicates.

Luciferase Activity Assay
The luciferase activity assay was carried out as described
previously (Liang et al., 2019). After HCC cells were seeded in
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12-well plates, the luciferase reporter TOPflash and pRL-TK
plasmids (internal control for normalization) were co-
transfected into cells by Lipofectamine 3,000 (Invitrogen).
Twelve hours later, cells were treated with GA for 48 h, and
cells were lysed and subjected to luciferase activity assays by using
the Dual-Luciferase® Reporter Assay System (Promega, Madison,
WI, United States) on a Hybrid Multi-Mode Microplate Reader.
All the experiments were performed in triplicates.

Western Blotting

Total protein was lysed using Radio Immunoprecipitation Assay
(RIPA) buffer supplemented with protease and phosphatase
inhibitor (Beyotime). The supernatant fraction was collected by
centrifugation and quantified by BCA assay (Thermo Fisher
Scientific). Equal amounts of protein were separated by 10%
SDS-PAGE, transferred to PVDF membrane (Millipore, MA,
United States), and then blocked with 5% non-fat milk for 1 h.
The membrane was probed with the following antibodies:
B-catenin  (Cat.NO: 8480S, 1:2,000; Cell Signaling
Technology, United States), LaminB1(Cat.NO: 13435S, 1:
2,000; Cell Signaling Technology, United States) and GADPH
(CatNO: 5174S, 1:2,000; Cell Signaling Technology,
United States) for overnight, then incubated with the
appropriate  secondary  antibody = (Merck  Millipore,
United States) conjugated with HRP (1:2,000 dilution) for
1 h. After washing, the chemiluminescence (Merck Millipore,
United States) was used to visualize the bands and GAPDH was
used as the internal control.

Immunofluorescence and

Immunohistofluorescence

For immunofluorescence assays, HepG2 and Bel-7402 cells were
seeded in 12-well plates and treated with GA for 48 h. Then, cells
were fixed with 4% paraformaldehyde for 15 min, 0.5%Triton X-
100 was used for permeabilization, and 10% normal donkey
serum (Invitrogen) was added and incubated for 1 h. Cells were
incubated with primary antibody against p-catenin (Cat.NO.
84808, 1:100; Cell Signaling Technology, United States) at 4°C
for overnight and then probed with donkey anti-rabbit IgG-
Alexa Fluor 594 (Absin, Beijing, China) in dark at 37°C for 1 h.
Finally, the cells were washed with PBS and stained with DAPI
(Beyotime). The images were captured by using a confocal
microscope (Nikon, Tokyo, Japan). For
immunohistofluorescence examination, the specimens were
fixed in 4% paraformaldehyde, dehydrated and embedded in
paraffin. Sections (5pm) were used to analyze Ki-67 and
[B-catenin expression. After being counterstained with DAPI,
the images were captured using a Zeiss Axiophot two
microscope.

Xenograft Animal Model

Twenty-four male BALB/c nude mice (aged 4 weeks old) were
purchased from Laboratory Animal Services Centre, Southern
Medical University (SMU). The usage and treatment of animals
were approved by Institutional Animal Care and Use Committee
(IACUC) of SMU (Guangzhou, China, Approval No. L2018187).
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TABLE 1 | The primer sequences used in this study.

Suppressive Effect of GA on Liver Cancer

Gene Forwardprimer (5-3’) Reverse primer (5-3’)
GADPH GCACCACCAACTGCTTAG TCTTCTGGGTGGCAGTGATG
Survivin CCACCGCATCTCTACATTCAAG CAAGTCTGGCTCGTTCTCAGTG
Cyclin D1 CTGGAGGTCTGCGAGGAACA CCTTCATCTTAGAGGCCACGAA
Oct3/4 TCGAGAACCGAGTGAGAGGC CACACTCGGACCACATCCTTC
VEGF AGGGCAGAATCATCACGAAGT AGGGTCTCGATTGGATGGCA
E-cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
Vimentin GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT
N-cadherin GCCAGGATGCCGAAAATTAG CCAGCCTTCTCGTCAAATCCT
Fibronectin CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA
ZEB1 ATCATCGCTACTCCTACTG TCTTCCCTTGTCAAACTC

ZEB2 CAAGAGGCGCAAACAAGCC GGTTGGCAATACCGTCATCC
SNAI TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG
SNAI2 CGAACTGGACACACATACAGTG CTGAGGATCTCTGGTTGTGGT
TWIST GGAGTCCGCAGTCTTACGAG TCTGGAGGACCTGGTAGAGG
HOTTIP CCTAAAGCCACGCTTCTTTG TGCAGGCTGGAGATCCTACT
H19 TGCTGCACTTTACAACCACTG ATGGTGTCTTTGATGTTGGGC
TINCR TGTGGCCCAAACTCAGGGATACAT AGATGACAGTGGCTGGAGTTGTCA
HULC TTCACCAGGCTGATAGTCCG ACACGTCCTTCCCATAAACCC
MALAT1 TGGAATTTGGAGGGATGGGAGGAG ACTTGCCAACAGAACAGACAGACC
ROR TCCAACTCACCTGACAGCCACTC CAGTCTTCAGCCGCTAAGCCAAG

HepG2 cells (1 x 10°) were subcutaneously injected into the dorsal
flank of the nude BALB/c mice. When the tumor volume could be
palpable, animals were randomly assigned to four groups (n = 6).
Group 1 (Control) was intragastrically administrated with normal
saline; Group 2 (GA ig) was intragastrically administrated with GA
(80 mg/kg); Group 3 (Control 2) was intraperitoneally injected with
normal saline; Group 4 (GA ip) was intraperitoneally injected with GA
(80 mg/kg). The treatment was performed every day for 4 weeks, and
tumor size was measured twice a week. The tumor volumes (V) were
calculated with the formula: V = %xS>xL, where S and L are the
shortest and longest diameters of the tumor, respectively. At the end of
experiments, mice were sacrificed and the tumors were dissected for
further investigation.

TUNEL Staining

For detection of apoptotic cells in tumor tissues, a2 DeadEnd™
Fluorometric TUNEL System (Promega, China) was used in this
study. According to the manufacturer’s instructions, nucleus was
counterstained with DAPI, and the images were captured using a
confocal microscope (ZEISS, Germany).

Immunohistochemistry

The tumor sections were used to examine the expression of
E-cadhein (CatNO: ab231303, Abcam), Vimentin (Cat.NO:
ab92547, Abcam) and MMP9 (Cat.NO: ab76003, Abcam) with
1:50 dilution. Visualization was achieved by using the 3, 3'-
diaminobenzidine substrate (Dako, Denmark) followed by
counterstaining with hematoxylin. The representative images
were taken with x40 magnification and the positive cells were
quantified with Image].

Statistical Analysis

Data were reported as mean + SEM from at least three
independent experiments. Data were analyzed by two-tailed
unpaired Student’s t test between two groups and by one-way

ANOVA followed by the Dunnett post hoc test for multiple
comparison. Statistical analysis was carried out using Graphpad
prism software version 8. A p-value of <0.05 was considered to be
statistically significant. Data are presented as means + SEM from
three independent experiments. *p < 0.05, **p < 0.01,"**p < 0.001.

RESULTS

GA Significantly Suppressed Cell Viability in
HCC Cells

In order to determine the anti-cancer activity of GA, HepG2 and
Bel-7402 cells were treated with various concentration of GA. The
cell viability was measured and GA was found to significantly
inhibit the cell viability in a concentration-dependent manner
(Figure 1A). In addition, we also found that it had a weak effect
on the cell growth of LO2, the immortalized non-tumorigenic
human hepatocyte cells. The IC50 value of GA was 121.3 uM for a
48 h treatment in HepG2 cells and it was 136.4 uM in Bel-7402
cells. So we selected the concentration of 120 uM for further
investigation. The colony formation assays showed that fewer and
smaller colonies were observed in GA treated HepG2 and Bel-
7402 cells when compared with negative control group
(Figure 1B).

GA Induced Cell Cycle Arrest and Apoptosis
in HCC Cells

To elucidate the underlying anti-cancer mechanisms of GA, the
GA-treated HepG2 and Bel-7402 cells were subjected to cell cycle
analyses. The cell cycle distribution demonstrated that GA
induced an increased percentage of cells in G2/M phase for
HepG2 cells and Bel-7402 cells (Figures 2A-D). In the
following investigation, HepG2 and Bel-7402 cells were treated
with GA and quantitative analyses of the apoptotic cells were
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FIGURE 1 | GA significantly suppressed cell viability in HCC cells. (A) HepG2, Bel-7402 and LO2 cells were treated with various concentrations of GA (0, 50, 100,
150, 200 and 400 pM), and cell viabilities were measured by CCK-8 assays and the IC50 values were calculated and presented. The data was shown as mean + SEM
(n=5). (B) HepG2 and Bel-7402 cells were treated with 120 uM GA for 48 h and subsequently re-plated into 6-well plates and cultured for 2 weeks to assess clonogenic
ability. *, p < 0.05; **, p < 0.01; **, p < 0.001; vs NC.

examined. As shown in Figures 2E,F, 52.3 and 27.4% apoptotic
cells were observed in GA-treated HepG2 cells and Bel-7402 cells
respectively. Bcl-2 family members including the pro-apoptotic
regulator Bax and the anti-apoptotic regulators Bcl-2 and Bcl-xl
were also examined to further validate the apoptosis induced by
GA. As shown in Figures 2G,H, Bax was up-regulated by GA in
the two HCC cells. Moreover, both Bcl-2 and Bcl-xl were all
down-regulated by GA in two HCC cells, while Bcl-xl expression
was slightly decreased in HepG2 cells (Figure 2G).

GA Inhibited the EMT and Metastasis of
HCC Cells

We next investigated the suppressive effects of GA on invasion
and metastasis in HCC cells. A concentration below IC50, 80 uM
was chosen for the invasion and metastasis examination to
exclude the cell proliferation’s impact. The results of wound
healing migration showed that the bigger scratch area was
observed in GA treated cells (Figures 3A-C), suggesting the
suppressive effect of GA on migration in HCC cells. The transwell
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FIGURE 2 | GA induced cell cycle arrest and apoptosis in HCC cells. HepG2 and Bel-7402 cells were treated with 120 uM GA for 48 h, and cell cycles were
determined by flow cytometry assay. GA induced the significant arrest at G2/M phase in HepG2 cell (A,B) and Bel-7402 cell (C,D). GA induced apoptosis in HCC cells.
(E,F) HepG2 (E) and Bel-7402 (F) cells were tested with 120 pM GA for 48h, and the apoptotic cells were examined by annexin V-FITC and Pl double staining. (G,H) The
mMRNA expression of Bax, Bcl-2 and Bcl-xI were examined in GA-treated HCC cells. GAPDH were used as an endogenous control. *, p < 0.05; **, p < 0.01; **, p <
0.001; vs NC.

assays also exhibited less invaded cells in GA-treated cells than
non-treated groups (Figures 3B-D), which confirmed the wound
healing results.

Moreover, the epithelial marker E-cadherin was found to be
increased, while the mesenchymal marker genes like Vimentin,

N-cadherin and Fibronectin were decreased in GA-treated cells
(Figures 3E-G). Consistent with the decreased expression of
EMT-inducing transcription factors (EMT-TFs) like ZEBI,
ZEB2, SNAI1, SNAI2 and TWIST (Figures 3F-H), suggesting
that GA may regulate EMT and metastasis of HCC cells.
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FIGURE 3 | GA inhibited the EMT and metastasis of HCC cells. HepG2 (A) and Bel-7402 (C) cells were treated with 80 uM for 48 h, and wound-healing migration

was assayed. The HepG2 (B) and Bel-7402 (D) cells treated with 80 uM GA and invasion was examined. (E,G) The mRNA expression of E-cadherin, Vimentin,
N-cadherin and Fibronectin in GA-treated HepG2 cells (E) and Bel-7402 cells (G) were measured by g-RT-PCR. (F,H) The mRNA expression of ZEB1, ZEB2, SNAI1,
SNAI2, TWIST in GA-treated HepG2 cells (F) and Bel-7402 cells (H) were measured by g-RT-PCR. Data are presented as mean + SEM. *, p < 0.05; **, p < 0.01; ***,

p < 0.001; vs NC.

Frontiers in Pharmacology | www.frontiersin.org 7 October 2021 | Volume 12 | Article 708967


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Shi et al.

GA Suppressed the Wnt/p-Catenin
Signaling and the Expression of MALAT1 in
HCC Cells

The canonical Wnt/B-catenin signaling has been demonstrated to play
crucial regulatory roles in the development of tumorigenesis in HCC
(Clevers, 2006). We therefore investigated whether this signaling could
be involved in the GA-mediated anti-cancer activity. The Wnt/
B-catenin signaling reporter TOPflash was transfected in the GA-
treated HepG2 and Bel-7402 cells, and the luciferase activity was
examined. It was showed that GA impaired the luciferase activity of
TOPflash in HCC cells (Figure 4A). Moreover, the expression of
B-catenin was suppressed by GA at mRNA level (Figure 4B) and
several downstream target genes of Wnt/[3-catenin signaling such as
VEGE, Oct3/4, survivin, CCND1 were down-regulated in GA treated
cells compared with negative control cells (Figures 4C,D).
Furthermore, We analyzed the protein level of total P-catenin,
intracytoplasmic B-catenin and intranuclear B-catenin and found
that the decreased expression of total and nuclear p-catenin in the
GA-treated HCC cells (Figure 4F). The further immunofluorescence
analyses demonstrated that the decreased expression of -catenin was
observed in GA-treated HCC cells (Figure 4E).

To further confirm whether Wnt/B-catenin signaling could be
involved in the GA-mediated anti-cancer activity in HCC, LiCl,
which has been demonstrated to stimulate Wnt/B-catenin signaling
in our previous study (Lv et al,, 2019) was applied in the present study.
HepG2 cells were pre-treated with 20 mM LiCl for 1h, and then
followed with GA treatment for the anti-cancer effect examination. The
results of cell viability and colony formation demonstrated that LiCl
successfully reversed the anti-cancer effect of GA on HCC cells
(Figures 4G-I). Besides, the suppressive expression of total
B-catenin induced by GA was partially reversed by LiCl stimulation
(Figure 4J). All of these data indicated that GA induced the inactivation
of Wnt/B-catenin signaling in HCC cells. Many IncRNAs have
demonstrated to be severed as critical regulators in the Wnt/
B-catenin signaling pathway in HCC (Wong et al, 2018). To
further identify the putative IncRNAs involved in this process, six
previous reported IncRNAs including HOTTIP, H19, TINCR, HULC,
MALAT1 and ROR were chosen and subjected for qRT-PCR
examination to check their expression profiling. Among these
candidates, only MALAT1 presented significant down-regulation in
two HCC cells (Figure 4K).

MALAT1 Mediated the Suppressive Effects
of GA on Hepatocellular Carcinoma Through

Inactivating Wnt/p-Catenin Signaling

MALAT1 has been reported to mediate the proliferation and
metastasis in HCC through Wnt/B-catenin pathway (Chang
et al,, 2020). So we wondered whether this IncRNA-mediated
Wnt signaling participated in the GA-induced anti-cancer
activity. A MALAT1-overexpressing HepG2 cell line was
generated, and subsequently qRT-PCR examination showed that
MALAT1 was obviously up-regulated in this cell line (Figure 5A).
The examination of cell viability and colony formation showed that
MALAT1 overexpression partially reversed the GA-induced cell
proliferative inhibition (Figures 5B,C). The further transwell

Suppressive Effect of GA on Liver Cancer

assays demonstrated that MALAT1 successfully reversed the
suppressive effect of GA on metastasis in HCC cells (Figures
5D,E). As for the Wnt/B-catenin signaling, our results revealed that
MALAT1 reinforced overexpression significantly abolished the
suppressive effect of GA on the luciferase activity of Wnt
signaling reporter TOPflash (Figure 5F), and reversed the
down-regulation of total (B-catenin and several downstream
target genes of Wnt/B-catenin signaling (Figures 5G,H).

GA Suppressed Tumor Growth in Xenograft
Animal Model

We next examined the in vivo function of GA in the tumorigenesis
using an xenograft model. After that HepG2 cells were subcutaneously
injected into the nude mice, GA were administered intraperitoneally
(ip) and intragastrically (ig) every day. Strikingly, we found that the
control group carried larger burden when compared with treated
groups (Figures 6A,B). Furthermore, a significant reduction in tumor
growth (Figure 6C) and weight (Figure 6D) was also observed in GA-
treated groups. To better elucidate the underlying mechanism of GA,
the expressions of Ki-67 and (-catenin in tumor tissues were
examined by immunohistofluorescence analyses. Decreased Ki-67
and P-catenin expression were exhibited in GA treated groups
(Figure 6E). Moreover, the apoptotic cells in tumor tissues were
monitored, and a significant increase of apoptotic cells was observed
GA in GA-treated tissues (Figures 7A,B). On the other hand, the
metastasis related genes were examined by IHC assays, and it was
found that E-cadherin was up-regulated; Vimentin and MMP9 were
down-regulated in GA-treated tumoral or stromal tissue (Figures
7CD), suggesting that GA inhibited the EMT polarization and
blocked the potential of metastatic dissemination of primary
carcinoma cells in vivo.

DISCUSSION

Gallic acid is a kind of phenolic acids that can be widely found in
dietary substances and traditional medicine herbs. Its anti-cancer
activities has been reported in various cancers such as leukemia
(Chen and Chang, 2012; Batista and Chang, 2013; Locatelli et al.,
2013), melanoma (Su et al., 2013), prostate cancer (Russell et al., 2012;
Heidarian et al, 2016), lung cancer (Park and Kim, 2013), gastric
cancer (Ho et al,, 2010), colon cancer (Forester et al., 2014) and oral
cancer (Kuo et al,, 2014). However, the anti-cancer effect on liver
cancer remains unclear and the detailed mechanisms have not been
clarified systematically. Therefore, depicting the detailed mechanisms
of GA suppressed the tumorigenesis in HCC could provide the strong
basis for its clinical practice in the near future.

To investigate the in vitro function of GA in HCC, cell viability was
examined by CCK-8 assays. The results revealed that GA suppressed
cell viability in a time and concentration-dependent manner in HCC
cells, while exhibited a weak effect on the immortalized normal liver
cell line LO2, suggesting non-obvious cytotoxicity in vitro.

As previously reported, GA exhibited no adverse action or
health-related acute or sub-acute toxicity of GA in albino mice
(Variya et al., 2019). Furthermore, it also has the hepatoprotective
activity (Anand et al., 1997). Our further in vitro investigation
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FIGURE 4 | GA induced the inactivation of Wnt/B-catenin signaling and depression of MALAT in HCC cells. (A) After transfection with TOPflash luciferase reporter,
the two HCC cells were treated with 120 uM GA for 48 h. The luciferase activities were measured. (B) The mRNA expression of p-catenin in GA-treated cells were
examined by g-RT-PCR. (C,D) The expression of several downstream targets of Wnt/p-catenin pathway were examined by gPCR assays. (E) The expression of
B-catenin was detected by immunofluorescence staining. (F) The protein level of total f-catenin, intracytoplasmic p-catenin and intranuclear p-catenin in GA-treated
cells were determined by Western blotting. Cell viabilities (G) and colony formation (H,l) was measured after treatment of LiCl and GA. (J) The protein level of total
B-catenin were determined by Western blotting after treatment of LiCl and GA. (k) The two HCC cell lines were incubated with GA for 48 h, RNA expression of chosen
IncRNAs were determined by gRT-PCR assays. *, p < 0.05; **, p < 0.01; ***, p < 0.001; vs NC.

showed that GA induced an increased percentage of cellsin G2/M  presence of DNA damage, once the cellular DNA damage is
phase for HepG2 cells and Bel-7402 cells. As well known, the G2/ too extensive to be repaired, apoptosis pathways come into
M checkpoint prevents cells from initiating mitosis in the  operation to eliminate the damaged cells. Moreover, GA was
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also found to induce the apoptosis in HCC cells, which was
consistent with the previous studies (Lima et al., 2016; Sun et al.,
2016). We also found that the pro-apoptotic regulator Bax was
up-regulated, and the anti-apoptotic regulators Bcl-2 and Bcl-xl were
down-regulated by GA, while Bcl-xl expression was slightly decreased
in HepG2 cells. Among the expression of these regulators, most of

them validated the apoptotic effect of GA. The TUNEL assays also
demonstrated that GA induced the in vivo apoptosis in tumor
specimens. It has been reported that, GA with low concentrations
has an antioxidant potential that can prevent oxidative damage to
cellular DNA (Freirfa-Géndara et al, 2018; Kosuru et al., 2018);
however, at higher concentrations, it may induce cellular DNA
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FIGURE 6 | GA reduced the tumor growth of HCC cells in vivo. HepG2 cells were subcutaneously injected into the dorsal flank of nude mice, and GA was
administrated i. g or i. p. (A,B) The representative images showed smaller tumors in GA treated groups when compared with control groups. (C) The growth curve of
tumor volumes. (D) The tumor weight. (E) The immunofluorescence of Ki-67 and p-catenin stained sections followed by counterstaining with DAPI. Each data
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damage and late cell cycle arrest, and also initiates apoptosis in
multiple cancers (Liu et al,, 2013; Weng et al., 2015).

As for the effects of GA on migration, there are several reports
to document that GA inhibited the migration and motility in
various cancer cells including leukemia, non-small lung cancer,
gastric cancer and oral cancer (Ho et al,, 2010; Chen and Chang,
2012; Kuo et al.,, 2014; Sunil Gowda et al., 2018). As well known,
most cancers originate from epithelial cells, and the epithelial-
mesenchymal transition (EMT) converts epithelial cells into
mesenchymal cells which contribute to tumor progression and
metastasis (Thiery et al., 2009). Regulated by microenvironment
signals, this cellular plasticity process is driven by a network of

embryonic EMT-inducing transcription factors (EMT-TFs)
mainly represented by the SNAIL, TWIST, and ZEB protein
families, which interact with epigenetic regulators (De Craene
and Berx, 2013; Tam and Weinberg, 2013). The up-regulation of
E-cadherin and down-regulation of Vimentin, N-cadherin,
Fibronectin and some EMT-TFs like ZEB1, ZEB2, SNAII,
SNAI2 and TWIST were observed in GA-treated HCC cells.
The activation of EMT programmes orchestrated by EMT- TFs in
primary carcinoma cells is a critical and initial step in the
metastatic dissemination of various types of carcinoma cells.
Besides, MMP-9 is a crucial enzyme of MMPs which regulates
the degradation of the main constituent of the extracellular
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matrix (ECM) and is deeply involved in cancer invasion and
metastasis (Stamenkovic, 2000; Kessenbrock et al., 2010). In our
present study, the up-regulation of E-cadherin and down-
regulation of Vimentin and MMP9 were found in GA-treated

tumors, combined with the decreased expression of MMP9 in
tumor adjacent stromal tissue, which demonstrated that GA
inhibited the EMT polarization and blocked the potential of
metastatic dissemination of primary carcinoma cells in vivo.

Frontiers in Pharmacology | www.frontiersin.org

12

October 2021 | Volume 12 | Article 708967


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Shi et al.

Our in vitro and in vivo results firstly demonstrated that GA
significantly suppressed the EMT polarization and metastasis of
HCC cells. Therefore, our data combined with the previous
reports suggest that GA may be a promising anti-cancer
candidate and potentially be developed as a therapeutic drug
for clinical practice in the near future.

As well known, Wnt/p-catenin signaling play critical roles in many
physiological processes and disease progression. Mostly, it is inactive in
the mature liver but becomes re-activated in certain pathological
conditions such as cancer. Incomplete statistics, 20-35% HCC cases
show aberrant activation of this pathway (Russell and Monga, 2018;
Perugorria et al., 2019). As the Wnt ligands bind to frizzled receptors,
B-catenin, the core regulator of this signaling cascade is translocated
from cytoplasm towards the nucleus, and subsequently initiates the
transcription of target genes (Russell and Monga, 2018; Liang et al,
2019; Lv et al, 2019). Therefore, targeting Wnt/B-catenin signaling
could provide insight for developing the new therapeutic interventions
for cancer patients. Gallic acid has been reported to promote osteoblast
differentiation by stimulating the P38 MAP kinase (MAPK)/[-catenin
canonical Wnt signaling (Chen et al., 2010). Additionally, GA was also
demonstrated to suppress the expression of cancer stem cells (CSC)
markers as well as the B-catenin/p-GSK3f signaling in colorectal
cancer (Lee et al, 2016). Moreover, GA exhibited the inhibitory
effects on melanin synthesis by inducing the inactivation of Wnt/
B-catenin and cAMP signaling in melanoma cells (Su et al,, 2013). We
thereby hypothesized that Wnt/B-catenin signaling might get involved
in the GA-induced anti-tumorigenesis in HCC, and our results also
validated that GA induced the inactivation of Wnt/B-catenin signaling
via examining the luciferase activity of Wnt signaling reporter and the
expression of B-catenin and several downstream target genes of this
signaling.

LncRNA have been considered as crucial regulators in
tumorigenesis, and dysregulated IncRNAs may serve as
therapeutic targets or diagnosis biomarkers for patients (Huarte,
2015; Wong et al,, 2018). As we previously described, Wnt/p-catenin
signaling is one of the most important pathway in tumorigenesis. We
searched the reference database and obtained several IncRNA
candidates including HOTTIP, H19, MALAT1, TINCR, HULC
and linc-ROR. These lincRNAs have been demonstrated to exert
their function in tumor biology through activating Wnt/B-catenin
signaling. HOTTIP could maintain the stemness of cancer stem cells
(PCSCs) through the HOTTIP/WDR5/HOXA9/Wnt axis in
pancreatic cancer (Fu et al, 2017); IncRNA HI19 mediated the
methotrexate resistance in colorectal cancer through activating
Wnt/B-catenin signaling (Wu et al., 2017). The overexpression
of MALAT]I increased the proliferation and metastasis though
MALAT1/Wnt signaling axis in HCC (Chang et al., 2020). The
IncRNA PLAC2 (also known as TINCR) is transcriptionally
activated by H3K27ac modification at the promoter region in
oral squamous cell carcinoma (OSCC), and promotes cell growth
and metastasis via activating Wnt/p-catenin signaling pathway
(Chen et al,, 2019). HULC could activate PI3K/AKT and Wnt/
B-catenin pathways activities in thyroid cancer (Yang et al., 2020).
Moreover, linc-ROR induces EMT in ovarian cancer cells by
increasing Wnt/p-catenin signaling (Lou et al, 2017). In this
study, these IncRNAs were chosen for examination of their

Suppressive Effect of GA on Liver Cancer

expression profiling. Of which, MALAT1 was down-regulated
in two GA-treated HCC cells. MALATI may act as a potential
therapeutic target and molecular biomarker in HCC, which
regulates the proliferation, metastasis, cancer cell metabolism as
well as the stemness of Hepatic CSCs via multiple mechanisms.
Furthermore, MALAT1 overexpression partially reversed the GA-
induced the inhibitory proliferation and metastasis; and
successfully abolished the suppressive effects on Wnt/B-catenin
signaling. Taken together, targeting the MALAT1-Wnt/B-catenin
signaling regulatory axis was the underlying mechanisms of GA
suppressed tumorigenesis. To sum up, our data demonstrated that
GA suppressed tumorigenesis through an IncRNA MALAT1-Wnt/
B-catenin axis in HCC. These information gained from this study
provides a new insight into cancer prevention as well as developing
a novel synergistic intervene between GA and traditional
chemotherapy agents.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of Southern Medical
University (SMU).

AUTHOR CONTRIBUTIONS

W-MF spearheaded and supervised all the experiments. W-MF
designed the experiments. C-JS, YB-Z, F-FP, and F-WZ
conducted the experiments. PZ provided technical support.
W-MF, PZ, and C-JS analyzed the data and prepared the
manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81773066), Natural Science Foundation
of Guangdong Province (2020A1515010961, 2021A1515012111)
and Foundation for Basic Research Program of ShenZhen Science
and technology innovation commission
(No.JCY]J20180306174928402).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.708967/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org

October 2021 | Volume 12 | Article 708967


https://www.frontiersin.org/articles/10.3389/fphar.2021.708967/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.708967/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Shi et al.

REFERENCES

Anand, K. K,, Singh, B., Saxena, A. K., Chandan, B. K., Gupta, V. N., and Bhardwaj,
V. (1997). 3,4,5-Trihydroxy Benzoic Acid (Gallic Acid), the Hepatoprotective
Principle in the Fruits of Terminalia Belerica-Bioassay Guided Activity.
Pharmacol. Res. 36 (4), 315-321. doi:10.1006/phrs.1997.0236

Batista, P. J., and Chang, H. Y. (2013). Long Noncoding RNAs: Cellular Address
Codes in Development and Disease. Cell 152 (6), 1298-1307. doi:10.1016/
j.cell.2013.02.012

Chang, H. L., Bamodu, O. A, Ong, J. R, Lee, W. H,, Yeh, C. T., and Tsai, J. T.
(2020). Targeting the Epigenetic Non-coding RNA MALAT1/Wnt Signaling
Axis as a Therapeutic Approach to Suppress Stemness and Metastasis in
Hepatocellular Carcinoma. Cells 9 (4). doi:10.3390/cells9041020

Chen, F,, Qi, S., Zhang, X., Wu, J,, Yang, X., and Wang, R. (2019). IncRNA PLAC2
Activated by H3K27 Acetylation Promotes Cell Proliferation and Invasion via
the Activation of Wnt/B-catenin P-athway in O-ral S-quamous C-ell
C-arcinoma. Int. J. Oncol. 54 (4), 1183-1194. doi:10.3892/ij0.2019.4707

Chen, H. M., Wu, Y. C, Chia, Y. C, Chang, F. R,, Hsu, H. K,, Hsieh, Y. C, et al.
(2009). Gallic Acid, a Major Component of Toona Sinensis Leaf Extracts,
Contains a ROS-Mediated Anti-cancer Activity in Human Prostate Cancer
Cells. Cancer Lett. 286 (2), 161-171. doi:10.1016/j.canlet.2009.05.040

Chen, J. R,, Lazarenko, O. P., Wu, X,, Kang, ]., Blackburn, M. L., Shankar, K., et al.
(2010). Dietary-induced Serum Phenolic Acids Promote Bone Growth via P38
MAPK/B-catenin Canonical Wnt Signaling. J. Bone Miner Res. 25 (11),
2399-2411. doi:10.1002/jbmr.137

Chen, Y. J, and Chang, L. S. (2012). Gallic Acid Downregulates Matrix
Metalloproteinase-2 (MMP-2) and MMP-9 in Human Leukemia Cells with
Expressed Bcr/Abl. Mol. Nutr. Food Res. 56 (9), 1398-1412. doi:10.1002/
mnfr.201200167

Choubey, S., Goyal, S., Varughese, L. R,, Kumar, V., Sharma, A. K., and Beniwal, V.
(2018). Probing Gallic Acid for its Broad Spectrum Applications. Mini Rev.
Med. Chem. 18 (15), 1283-1293. doi:10.2174/1389557518666180330114010

Clevers, H. (2006). Wnt/beta-catenin Signaling in Development and Disease. Cell
127 (3), 469-480. doi:10.1016/j.cell.2006.10.018

De Beer, D., Joubert, E., Gelderblom, W. C., and Manley, M. (2003). Antioxidant
Activity of South African Red and white Cultivar Wines: Free Radical
Scavenging. J. Agric. Food Chem. 51 (4), 902-909. doi:10.1021/jf0260110

De Craene, B., and Berx, G. (2013). Regulatory Networks Defining EMT during
Cancer Initiation and Progression. Nat. Rev. Cancer 13 (2), 97-110.
doi:10.1038/nrc3447

Fan, L., Huang, X., Chen, J., Zhang, K., Gu, Y. H,, Sun, ], et al. (2020). Long
Noncoding RNA MALAT1 Contributes to Sorafenib Resistance by Targeting
miR-140-5p/Aurora-A Signaling in Hepatocellular Carcinoma. Mol. Cancer
Ther. 19 (5), 1197-1209. doi:10.1158/1535-7163.Mct-19-0203

Forester, S. C., Choy, Y. Y., Waterhouse, A. L., and Oteiza, P. I. (2014). The
Anthocyanin Metabolites Gallic Acid, 3-O-Methylgallic Acid, and 2,4,6-
trihydroxybenzaldehyde Decrease Human colon Cancer Cell Viability by
Regulating Pro-oncogenic Signals. Mol. Carcinog 53 (6), 432-439.
d0i:10.1002/mc.21974

Franken, N. A., Rodermond, H. M,, Stap, J., Haveman, J., and van Bree, C. (2006).
Clonogenic Assay of Cells In Vitro. Nat. Protoc. 1 (5), 2315-2319. doi:10.1038/
nprot.2006.339

Freiria-Géndara, J., Losada-Barreiro, S., Paiva-Martins, F., and Bravo-Diaz, C.
(2018). Enhancement of the Antioxidant Efficiency of Gallic Acid Derivatives in
Intact Fish Oil-In-Water Emulsions through Optimization of Their Interfacial
Concentrations. Food Funct. 9 (8), 4429-4442. d0i:10.1039/c8f000977¢

Fu, Z., Chen, C., Zhou, Q., Wang, Y., Zhao, Y., Zhao, X, et al. (2017). LncRNA
HOTTIP Modulates Cancer Stem Cell Properties in Human Pancreatic Cancer
by Regulating HOXA9. Cancer Lett. 410, 68-81. doi:10.1016/
j-canlet.2017.09.019

Goyal, B., Yadav, S. R. M., Awasthee, N., Gupta, S., Kunnumakkara, A. B., and
Gupta, S. C. (2021). Diagnostic, Prognostic, and Therapeutic Significance of
Long Non-coding RNA MALATI in Cancer. Biochim. Biophys. Acta Rev.
Cancer 1875 (2), 188502. doi:10.1016/j.bbcan.2021.188502

Harvey, A. L. (2008). Natural Products in Drug Discovery. Drug Discov. Today 13
(19-20), 894-901. doi:10.1016/j.drudis.2008.07.004

Suppressive Effect of GA on Liver Cancer

Heidarian, E., Keloushadi, M., Ghatreh-Samani, K., and Valipour, P. (2016). The
Reduction of IL-6 Gene Expression, pAKT, pERK1/2, pSTAT3 Signaling
Pathways and Invasion Activity by Gallic Acid in Prostate Cancer PC3
Cells. Biomed. Pharmacother. 84, 264-269. doi:10.1016/j.biopha.2016.09.046

Ho, H. H., Chang, C. S., Ho, W. C,, Liao, S. Y, Lin, W. L., and Wang, C. J. (2013).
Gallic Acid Inhibits Gastric Cancer Cells Metastasis and Invasive Growth via
Increased Expression of RhoB, Downregulation of AKT/small GTPase Signals
and Inhibition of NF-Kb Activity. Toxicol. Appl. Pharmacol. 266 (1), 76-85.
doi:10.1016/j.taap.2012.10.019

Ho, H. H., Chang, C. S., Ho, W. C,, Liao, S. Y., Wu, C. H., and Wang, C.J. (2010).
Anti-metastasis Effects of Gallic Acid on Gastric Cancer Cells Involves
Inhibition of NF-kappaB Activity and Downregulation of PI3K/AKT/small
GTPase Signals. Food Chem. Toxicol. 48 (8-9), 2508-2516. doi:10.1016/
j.£ct.2010.06.024

Huang, Z., Zhou, J. K,, Peng, Y., He, W., and Huang, C. (2020). The Role of Long
Noncoding RNAs in Hepatocellular Carcinoma. Mol. Cancer 19 (1), 77.
doi:10.1186/s12943-020-01188-4

Huarte, M. (2015). The Emerging Role of IncRNAs in Cancer. Nat. Med. 21 (11),
1253-1261. doi:10.1038/nm.3981

Kahkeshani, N., Farzaei, F., Fotouhi, M., Alavi, S. S., Bahramsoltani, R., Naseri, R.,
et al. (2019). Pharmacological Effects of Gallic Acid in Health and Diseases: A
Mechanistic Review. Iran J. Basic Med. Sci. 22 (3), 225-237. d0i:10.22038/
ijbms.2019.32806.7897

Kessenbrock, K., Plaks, V., and Werb, Z. (2010). Matrix Metalloproteinases:
Regulators of the Tumor Microenvironment. Cell 141 (1), 52-67.
doi:10.1016/j.cell.2010.03.015

Klingenberg, M., Matsuda, A., Diederichs, S., and Patel, T. (2017). Non-coding
RNA in Hepatocellular Carcinoma: Mechanisms, Biomarkers and Therapeutic
Targets. J. Hepatol. 67 (3), 603-618. doi:10.1016/j.jhep.2017.04.009

Kosuru, R. Y., Roy, A, Das, S. K., and Bera, S. (2018). Gallic Acid and Gallates in
Human Health and Disease: Do Mitochondria Hold the Key to Success? Mol.
Nutr. Food Res. 62 (1), 1700699. doi:10.1002/mnfr.201700699

Kuo, C. L, Lai, K. C,, Ma, Y. S, Weng, S. W,, Lin, J. P,, and Chung, J. G. (2014).
Gallic Acid Inhibits Migration and Invasion of SCC-4 Human Oral Cancer
Cells through Actions of NF-Kb, Ras and Matrix Metalloproteinase-2 and -9.
Oncol. Rep. 32 (1), 355-361. doi:10.3892/0r.2014.3209

Lee, J., Kim, Y. S,, Lee, J., Heo, S. C., Lee, K. L., Choi, S. W., et al. (2016). Walnut
Phenolic Extract and its Bioactive Compounds Suppress Colon Cancer Cell
Growth by Regulating Colon Cancer Stemness. Nutrients 8 (7), 439.
doi:10.3390/nu8070439

Li, K. F, Kang, C. M,, Yin, X. F, Li, H. X,, Chen, Z. Y,, Li, Y., et al. (2018).
Ginsenoside Rh2 Inhibits Human A172 Glioma Cell Proliferation and Induces
Cell Cycle Arrest Status via Modulating Akt Signaling Pathway. Mol. Med. Rep.
17 (2), 3062-3068. doi:10.3892/mmr.2017.8193

Liang, W. C., Wong, C. W,, Liang, P. P, Shi, M., Cao, Y., Rao, S. T,, et al. (2019).
Translation of the Circular RNA Circf-Catenin Promotes Liver Cancer Cell
Growth through Activation of the Wnt Pathway. Genome Biol. 20 (1), 84.
doi:10.1186/s13059-019-1685-4

Lima, K. G., Krause, G. C,, Schuster, A. D., Catarina, A. V., Basso, B. S., De
Mesquita, F. C,, et al. (2016). Gallic Acid Reduces Cell Growth by Induction of
Apoptosis and Reduction of IL-8 in HepG2 Cells. Biomed. Pharmacother. 84,
1282-1290. doi:10.1016/j.biopha.2016.10.048

Lin, X,, Xu, W, Shao, M., Fan, Q., Wen, G, Li, C,, et al. (2015). Shenling Baizhu San
Supresses Colitis Associated Colorectal Cancer through Inhibition of Epithelial-
Mesenchymal Transition and Myeloid-Derived Suppressor Infiltration. BMC
Complement. Altern. Med. 15, 126. doi:10.1186/s12906-015-0649-9

Liu, K. C,, Ho, H. C,, Huang, A. C,, Ji, B. C, Lin, H. Y., Chueh, F. S,, et al. (2013).
Gallic Acid Provokes DNA Damage and Suppresses DNA Repair Gene
Expression in Human Prostate Cancer PC-3 Cells. Environ. Toxicol. 28 (10),
579-587. doi:10.1002/tox.20752

Locatelli, C., Filippin-Monteiro, F. B., and Creczynski-Pasa, T. B. (2013). Alkyl
Esters of Gallic Acid as Anticancer Agents: a Review. Eur. J. Med. Chem. 60,
233-239. doi:10.1016/j.ejmech.2012.10.056

Lou, Y., Jiang, H., Cui, Z,, Wang, L., Wang, X, and Tian, T. (2017). Linc-ROR
Induces Epithelial-To-Mesenchymal Transition in Ovarian Cancer by
Increasing  Wnt/B-Catenin Signaling. Oncotarget 8 (41), 69983-69994.
doi:10.18632/oncotarget.19545

Frontiers in Pharmacology | www.frontiersin.org

October 2021 | Volume 12 | Article 708967


https://doi.org/10.1006/phrs.1997.0236
https://doi.org/10.1016/j.cell.2013.02.012
https://doi.org/10.1016/j.cell.2013.02.012
https://doi.org/10.3390/cells9041020
https://doi.org/10.3892/ijo.2019.4707
https://doi.org/10.1016/j.canlet.2009.05.040
https://doi.org/10.1002/jbmr.137
https://doi.org/10.1002/mnfr.201200167
https://doi.org/10.1002/mnfr.201200167
https://doi.org/10.2174/1389557518666180330114010
https://doi.org/10.1016/j.cell.2006.10.018
https://doi.org/10.1021/jf026011o
https://doi.org/10.1038/nrc3447
https://doi.org/10.1158/1535-7163.Mct-19-0203
https://doi.org/10.1002/mc.21974
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1039/c8fo00977e
https://doi.org/10.1016/j.canlet.2017.09.019
https://doi.org/10.1016/j.canlet.2017.09.019
https://doi.org/10.1016/j.bbcan.2021.188502
https://doi.org/10.1016/j.drudis.2008.07.004
https://doi.org/10.1016/j.biopha.2016.09.046
https://doi.org/10.1016/j.taap.2012.10.019
https://doi.org/10.1016/j.fct.2010.06.024
https://doi.org/10.1016/j.fct.2010.06.024
https://doi.org/10.1186/s12943-020-01188-4
https://doi.org/10.1038/nm.3981
https://doi.org/10.22038/ijbms.2019.32806.7897
https://doi.org/10.22038/ijbms.2019.32806.7897
https://doi.org/10.1016/j.cell.2010.03.015
https://doi.org/10.1016/j.jhep.2017.04.009
https://doi.org/10.1002/mnfr.201700699
https://doi.org/10.3892/or.2014.3209
https://doi.org/10.3390/nu8070439
https://doi.org/10.3892/mmr.2017.8193
https://doi.org/10.1186/s13059-019-1685-4
https://doi.org/10.1016/j.biopha.2016.10.048
https://doi.org/10.1186/s12906-015-0649-9
https://doi.org/10.1002/tox.20752
https://doi.org/10.1016/j.ejmech.2012.10.056
https://doi.org/10.18632/oncotarget.19545
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Shi et al.

Lv, M. Y, Shi, C.],, Pan, F. F,, Shao, J., Feng, L., Chen, G., et al. (2019). Urolithin B
Suppresses Tumor Growth in Hepatocellular Carcinoma through Inducing the
Inactivation of Wnt/B-Catenin Signaling. J. Cel Biochem 120 (10),
17273-17282. d0i:10.1002/jcb.28989

Ma, ], Luo, X. D,, Protiva, P., Yang, H., Ma, C,, Basile, M. ], et al. (2003). Bioactive
Novel Polyphenols from the Fruit of Manilkara Zapota (Sapodilla). J. Nat. Prod.
66 (7), 983-986. doi:10.1021/np020576x

Madlener, S., Illmer, C., Horvath, Z., Saiko, P., Losert, A., Herbacek, I, et al. (2007).
Gallic Acid Inhibits Ribonucleotide Reductase and Cyclooxygenases in Human
HL-60 Promyelocytic Leukemia Cells. Cancer Lett. 245 (1-2), 156-162.
doi:10.1016/j.canlet.2006.01.001

Park, W. H.,, and Kim, S. H. (2013). MAPK Inhibitors Augment Gallic Acid-
Induced A549 Lung Cancer Cell Death through the Enhancement of
Glutathione Depletion. Oncol. Rep. 30 (1), 513-519. doi:10.3892/0r.2013.2447

Perugorria, M. J., Olaizola, P., Labiano, I., Esparza-Baquer, A., Marzioni, M.,
Marin, J. J. G, et al. (2019). Wnt-pB-catenin Signalling in Liver Development,
Health and Disease. Nat. Rev. Gastroenterol. Hepatol. 16 (2), 121-136.
doi:10.1038/s41575-018-0075-9

Russell, J. O., and Monga, S. P. (2018). Wnt/p-Catenin Signaling in Liver
Development, Homeostasis, and Pathobiology. Annu. Rev. Pathol. 13,
351-378. doi:10.1146/annurev-pathol-020117-044010

Russell, L. H., Jr., Mazzio, E., Badisa, R. B., Zhu, Z. P., Agharahimi, M., Oriaku, E.
T., et al. (2012). Autoxidation of Gallic Acid Induces ROS-dependent Death in
Human Prostate Cancer LNCaP Cells. Anticancer Res. 32 (5), 1595-1602.

Schmidst, L. H., Spieker, T., Koschmieder, S., Schiffers, S., Humberg, J., Jungen, D.,
etal. (2011). The Long Noncoding MALAT-1 RNA Indicates a Poor Prognosis
in Non-small Cell Lung Cancer and Induces Migration and Tumor Growth.
J. Thorac. Oncol. 6 (12), 1984-1992. d0i:10.1097/JTO.0b013e3182307¢eac

Shahrzad, S., Aoyagi, K, Winter, A.,, Koyama, A. and Bitsch, I (2001).
Pharmacokinetics of Gallic Acid and its Relative Bioavailability from tea in
Healthy Humans. J. Nutr. 131 (4), 1207-1210. doi:10.1093/jn/131.4.1207

Shao, D, Li, J., Li, J., Tang, R,, Liu, L., Shi, J., et al. (2015). Inhibition of Gallic Acid
on the Growth and Biofilm Formation of Escherichia coli and Streptococcus
Mutans. J. Food Sci. 80 (6), M1299-M1305. doi:10.1111/1750-3841.12902

Stamenkovic, I. (2000). Matrix Metalloproteinases in Tumor Invasion and
Metastasis. Semin. Cancer Biol. 10 (6), 415-433. d0i:10.1006/scbi.2000.0379

Su, T. R, Lin, J. J., Tsai, C. C,, Huang, T. K,, Yang, Z. Y., Wu, M. O,, et al. (2013).
Inhibition of Melanogenesis by Gallic Acid: Possible Involvement of the PI3K/
Akt, MEK/ERK and Wnt/p-Catenin Signaling Pathways in B16F10 Cells. Int.
J. Mol. Sci. 14 (10), 20443-20458. doi:10.3390/ijms141020443

Sun, G,, Zhang, S., Xie, Y., Zhang, Z., and Zhao, W. (2016). Gallic Acid as a Selective
Anticancer Agent that Induces Apoptosis in SMMC-7721 Human Hepatocellular
Carcinoma Cells. Oncol. Lett. 11 (1), 150-158. doi:10.3892/01.2015.3845

Sunil Gowda, S. N., Rajasowmiya, S., Vadivel, V., Banu Devi, S., Celestin Jerald, A.,
Marimuthu, S,, et al. (2018). Gallic Acid-Coated Sliver Nanoparticle Alters the
Expression of Radiation-Induced Epithelial-Mesenchymal Transition in Non-
small Lung Cancer Cells. Toxicol. Vitro 52, 170-177. doi:10.1016/j.tiv.2018.06.015

Tam, W. L, and Weinberg, R. A. (2013). The Epigenetics of Epithelial-

Suppressive Effect of GA on Liver Cancer

Thiery, J. P., Acloque, H., Huang, R. Y., and Nieto, M. A. (2009). Epithelial-
mesenchymal Transitions in Development and Disease. Cell 139 (5), 871-890.
doi:10.1016/j.cell.2009.11.007

Variya, B. C., Bakrania, A. K., Madan, P., and Patel, S. S. (2019). Acute and 28-days
Repeated Dose Sub-acute Toxicity Study of Gallic Acid in Albino Mice. Regul.
Toxicol. Pharmacol. 101, 71-78. doi:10.1016/j.yrtph.2018.11.010

Villanueva, A. (2019). Hepatocellular Carcinoma. N. Engl. J. Med. 380 (15),
1450-1462. doi:10.1056/NEJMral713263

Weng, S. W, Hsu, S. C,, Liu, H. C,, Ji, B. C,, Lien, J. C,, Yu, F. S, et al. (2015). Gallic
Acid Induces DNA Damage and Inhibits DNA Repair-Associated Protein
Expression in Human Oral Cancer SCC-4 Cells. Anticancer Res. 35 (4),
2077-2084.

Wong, C. M,, Tsang, F. H,, and Ng, I. O. (2018). Non-coding RNAs in
Hepatocellular ~ Carcinoma: Molecular ~ Functions and Pathological
Implications. Nat. Rev. Gastroenterol. Hepatol. 15 (3), 137-151. doi:10.1038/
nrgastro.2017.169

Wu, K. F,, Liang, W. C,, Feng, L., Pang, ]. X., Waye, M. M., Zhang, ]. F., et al. (2017).
H19 Mediates Methotrexate Resistance in Colorectal Cancer through
Activating  Wnt/p-Catenin Pathway. Exp. Cel Res 350 (2), 312-317.
doi:10.1016/j.yexcr.2016.12.003

Xu, J., Liu, D., Niu, H., Zhu, G, Xu, Y., Ye, D., et al. (2017). Resveratrol Reverses
Doxorubicin Resistance by Inhibiting Epithelial-Mesenchymal Transition
(EMT) through Modulating PTEN/Akt Signaling Pathway in Gastric
Cancer. J. Exp. Clin. Cancer Res. 36 (1), 19. doi:10.1186/s13046-016-0487-8

Yang, Z,, Li, G, Ding, C., Sun, W., and Zhang, J. (2020). Long Non-coding RNA
HULC Exerts Oncogenic Activity on Papillary Thyroid Cancer In Vitro and In
Vivo. Artif. Cell Nanomed Biotechnol 48 (1), 326-335. doi:10.1080/
21691401.2019.1703730

Zhang, Y., Gao, L., Ma, S., Ma, ], Wang, Y., Li, S,, et al. (2019). MALAT1-KTN1-
EGFR Regulatory axis Promotes the Development of Cutaneous Squamous Cell
Carcinoma. Cell Death Differ 26 (10), 2061-2073. doi:10.1038/s41418-019-
0288-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Shi, Zheng, Pan, Zhang, Zhuang and Fu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.

Mesenchymal Plasticity in Cancer. Nat. Med. 19 (11), 1438-1449. No use, distribution or reproduction is permitted which does not comply with
doi:10.1038/nm.3336 these terms.
Frontiers in Pharmacology | www.frontiersin.org 15 October 2021 | Volume 12 | Article 708967


https://doi.org/10.1002/jcb.28989
https://doi.org/10.1021/np020576x
https://doi.org/10.1016/j.canlet.2006.01.001
https://doi.org/10.3892/or.2013.2447
https://doi.org/10.1038/s41575-018-0075-9
https://doi.org/10.1146/annurev-pathol-020117-044010
https://doi.org/10.1097/JTO.0b013e3182307eac
https://doi.org/10.1093/jn/131.4.1207
https://doi.org/10.1111/1750-3841.12902
https://doi.org/10.1006/scbi.2000.0379
https://doi.org/10.3390/ijms141020443
https://doi.org/10.3892/ol.2015.3845
https://doi.org/10.1016/j.tiv.2018.06.015
https://doi.org/10.1038/nm.3336
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.yrtph.2018.11.010
https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.1038/nrgastro.2017.169
https://doi.org/10.1038/nrgastro.2017.169
https://doi.org/10.1016/j.yexcr.2016.12.003
https://doi.org/10.1186/s13046-016-0487-8
https://doi.org/10.1080/21691401.2019.1703730
https://doi.org/10.1080/21691401.2019.1703730
https://doi.org/10.1038/s41418-019-0288-7
https://doi.org/10.1038/s41418-019-0288-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Gallic Acid Suppressed Tumorigenesis by an LncRNA MALAT1-Wnt/β-Catenin Axis in Hepatocellular Carcinoma
	Introduction
	Materials and Methods
	Reagents and Antibodies
	Cell Culture
	Cell Viability Assays
	Colony Formation Assays
	Flow Cytometry Examination
	Wound Healing and Transwell Assays
	Cell Transfection
	RNA Extraction, Reverse Transcription, and Quantitative Real-Time Polymerase Chain Reaction
	Luciferase Activity Assay
	Western Blotting
	Immunofluorescence and Immunohistofluorescence
	Xenograft Animal Model
	TUNEL Staining
	Immunohistochemistry
	Statistical Analysis

	Results
	GA Significantly Suppressed Cell Viability in HCC Cells
	GA Induced Cell Cycle Arrest and Apoptosis in HCC Cells
	GA Inhibited the EMT and Metastasis of HCC Cells
	GA Suppressed the Wnt/β-Catenin Signaling and the Expression of MALAT1 in HCC Cells
	MALAT1 Mediated the Suppressive Effects of GA on Hepatocellular Carcinoma Through Inactivating Wnt/β-Catenin Signaling
	GA Suppressed Tumor Growth in Xenograft Animal Model

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


