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INTRODUCTION 
 

Liver cancer is a leading cause of cancer burden 

globally. There are approximately 841,000 new cases 

and 782,000 deaths have been reported annually, 

making it has emerged as the sixth most commonly 

diagnosed cancer and fourth most deadly type of cancer 

worldwide in 2018. Hepatocellular carcinoma (HCC) is 

the main form of primary liver cancer (comprising 

75%–85% of cases) [1]. Unfortunately, HCC is usually 

diagnosed at an advanced stage, and the 5-year survival 

rate is extremely low (~15%) [2]. Although many 

researchers are trying to exploit molecular targeted 

drugs and immunotherapies, effective agents for HCC  

 

treatment have not yet been developed [3]. Therefore, 

there is an urgent need for effective therapeutic agents 

for HCC treatment. 

 

Resveratrol is a natural polyphenolic compound widely 

available from both dietary foods and plant species. 

Studies have reported that resveratrol has many health 

benefits, such as antioxidant, anti-inflammatory, 

antiviral, anti-hyperlipidemia activities [4]. Increasing 

evidence indicates that resveratrol shows significant 

effects against different types of cancer. For example, 

resveratrol inhibits oral squamous cell carcinoma via 

induction of apoptosis and G2/M phase cell cycle arrest 

[5] and inhibits human leiomyoma cell proliferation via 
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ABSTRACT 
 

Resveratrol is a common, naturally occurring polyphenol confirmed with inhibited the cellular effects of 
carcinogenesis. However, the molecular mechanism underlying resveratrol’s action against hepatocellular 
carcinoma (HCC) is still unclear. In addition, MARCH1 promotes the initiation and progression of HCC, but it is 
unclear whether resveratrol exerts antitumor efforts by regulating MARCH1 expression. This study determined 
the molecular mechanisms underlying the antitumor effects of resveratrol in HCC. Resveratrol induced 
apoptosis and inhibited the proliferation, migration, and invasion of HCC cell lines (HepG2 and Hep3B). In 
addition, it inhibited MARCH1 and phospho–protein kinase B (p-AKT) expression but upregulated the 
phosphatase and tensin homolog deleted on chromosome 10 (PTEN) dose-dependently both in vitro and in 
vivo. MARCH1 knockdown by small interfering RNA (siRNA) also increased PTEN expression. Meanwhile, 
MK2206 (an AKT inhibitor) and bisperoxovanadium (BPV; a PTEN inhibitor) combined with resveratrol 
decreased MARCH1 expression more than the single-treatment HCC group. These results suggested that 
resveratrol affects the biological characteristics of HCC via downregulation of MARCH1 expression. 
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crosstalk between integrin αvβ3 and insulin-like growth 

factor 1 receptor (IGF-1R) [6]. Resveratrol also 

suppresses the signal transducer and activator of 

transcription 3 (STAT3) signaling pathway and inhibits 

proliferation of high-glucose-exposed HepG2 cells, 

partly via sirtuin-1 (SIRT1) [7]. However, the molecular 

mechanisms underlying the antitumor effects of 

resveratrol in HCC still need further exploration. 

 

MARCH1, an E3 ubiquitin ligase with a membrane-

associated RING-CH domain, can regulate congenital 

immunity Preliminary [8]. Research in our lab found 

that MARCH1 is significantly higher expressed in HCC 

tissues and cells. MARCH1 knockdown by small 

interfering RNA (siRNA) could induces the apoptosis, 

inhibit the proliferation, migration, and invasion of 

HCC cells [9]. We have shown that MARCH1 is a 

tumor promoter that regulates the phosphoinositide-3-

kinase/protein kinase B (PI3K/AKT)/β-catenin 

signaling pathway and might be a potential molecular 

therapeutic target in HCC [10]. 

 

This study determined that resveratrol not only inhibits 

the biological functions of HCC cells (consistent with 

previous reports) but also downregulates MARCH1 

expression dose-dependently. We also analyzed whether 

resveratrol elevates the expression of phosphatase and 

tensin homolog deleted on chromosome 10 (PTEN) and 

inhibits phospho–protein kinase B (P-AKT) levels. 

Overall our results demonstrated that resveratrol may 

through reduced MARCH1 regulated of PTEN/AKT 

pathway, inhibited expression of Bcl-2 and VEGF, in 

turn exerted anti-HCC effects 

 

RESULTS 
 

Resveratrol suppressed HCC cell viability via 

down-regulated MARCH1 of HepG2 and Hep3B 

cells 

 

We used CCK-8 assays to validate the potential 

cytotoxic effects of resveratrol on HCC cell lines 

(HepG2 and Hep3B). Treatment of HepG2 and Hep3B 

cells with 20, 40, and 80 μM resveratrol for 48 h 

affected the number and state of cells (Figure 1A). 

MARCH1 expression was significantly down-regulated 

(Figure 1C). In addition, resveratrol was evidently 

cytotoxic to HepG2 and Hep3B cells dose-dependently 

by (Figure 1B). After resveratrol treatment for 48 h, the 

mean inhibitory concentration (IC50) was 32.33 and 

113.5 μΜ for HepG2 and Hep3B cells, respectively. 

Interestingly, the expression of MARCH1 in mRNA 

was increased slightly (Figure 1D) after treated with the 

indicated dose of resveratrol for 24h in HepG2 cells. 

Then, treated cells with resveratrol and with or without 

MG132, a proteasome inhibitor, and analyzed the 

results by Western blot. Resveratrol treatment led to a 

decreased expression of MARCH1, treatment with 

MG132 blocked the decreased of MARCH1 induced by 

resveratrol. (Figure 1E). These results suggested that 

resveratrol promoted proteasome –mediated degradation 

of MARCH1. To further validate that anti-tumor effect 

of resveratrol is mediated by inhibition of MARCH1, 

transfected HepG2 cells with empty vector and 

MARCH1 overexpression plasmids, and then treated 

with or without resveratrol for 24h. The data shows that 

combined with MARCH1 overexpression plasmids 

group would partially cancel anti-tumor effect by 

resveratrol (Figure 1F, 1G). Then, the protein level were 

analyzed by Western blot, the results were consistent 

with the cell phenotype (Figure 1H). These data 

indicated that inhibition of cell viability induced by 

resveratrol might be involved in down-regulation of 

MARCH1 expression. 

 

Resveratrol induced apoptosis and inhibited colony 

formation of HCC cells 
 

Experiments on apoptosis were performed to determine 

the molecular mechanism underlying resveratrol’s 

effect on cell growth. HepG2 and Hep3B cells were 

treated with various concentrations of resveratrol (0, 20, 

40, and 80 μM) for 48 h. Flow cytometric analysis 

showed that resveratrol treatment significantly 

increased the rate of apoptosis compared to control 

cells. The number of apoptotic Hep3B cells increased 

by 1.8-, 3.8-, and 7.8-fold, while the number of 

apoptotic HepG2 cells increased by 1.5-, 3.2-, and 5.2-

fold in response to 20, 40, and 80 μM resveratrol, 

respectively (Figure 2A). We also assessed the effect of 

resveratrol on the colony formation ability of HepG2 

and Hep3B cells. The numbers of colonies significantly 

decreased in resveratrol-treated cells compared to 

control cells (Figure 2B). These data demonstrated that 

cell growth inhibition contributes to resveratrol-induced 

HCC cell apoptosis. 

 

Resveratrol inhibited the migration and invasion of 

HCC cells 
 

To investigate whether resveratrol affects cell motility, 

we performed wound-healing and trans-well assays 

within 24 h and with low concentrations of resveratrol 

in order to avoid cell proliferation and apoptosis. 

Wound-healing assays showed that resveratrol 

treatment impairs HCC cells’ motor ability compared to 

control cells. The migration rate decreased by ~about 

28%, 39%, and 60% in HepG2 cells and by ~16%, 35%, 

and 56% in Hep3B cells with 10, 20, and 40 μM of 

resveratrol, respectively (Figure 3A). In addition, trans-

well assays showed that resveratrol treatment sharply 

decreased the invasiveness of HepG2 and Hep3B cells. 
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Figure 1. Resveratrol inhibits HCC cell viability. (A) Representative images of HepG2 and Hep3B cells treated with different 
concentrations of resveratrol for 48 h. (B) The cytotoxicity of HepG2 and Hep3B cells treated with resveratrol was estimated by CCK-8 assays. 
HepG2 and Hep3B cells were treated with different concentrations of resveratrol for 48 h. The absorbance at 450 nm is detected. 
(C) Western blot analysis showed that MARCH1 expression decreased after resveratrol treated for 48 h in both HepG2 and Hep3B cells. 
GAPDH was also detected as the loading control. (D) HepG2 cells were treated with the indicated dose of resveratrol for 24h and then 
analyzed the transcription level of MARCH1. MARCH1 mRNA levels were normalized to GAPDH. (E) HepG2 cells were pretreated with 0.25μM 
MG132 for 24h, then analyzed the expression of MARCH1. (F, G) HepG2 cells were treated with the indicated dose of empty vectors and 
overexpression plasmids for 48h, then incubation with resveratrol for 24h. (H) The expression of MARCH1 were detected. All values 
represent the mean ± SD. **P < 0.01; *P < 0.05. 
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The rate of migration of HepG2 and Hep3B cells 

decreased to 14% and 18%, respectively, compared to 

control cells with 40 μM (maximum concentration) 

(Figure 3B). In addition, the invasion percentage of 

HepG2 and Hep3B cells decreased to 7% and 19%, 

respectively, compared to control cells with 40 μM 

(maximum concentration) (Figure 3C). These results 

suggested that resveratrol inhibits HCC cell migration 

and invasion in vitro. 

 

Resveratrol decreased expression of MARCH1 and 

Its related genes 

 

Previous studies have verified that PTEN/AKT has been 

inhibited the process of tumor initiation, promotion, and 

progression. To explain the molecular mechanism 

underlying inhibition of the biological functions of 

HCC cells by resveratrol, we employed western blotting 

assays. As show in Figure 4A, 4B, resveratrol treatment 

significantly decreased MARCH1 and p-AKT 

expression, increased PTEN expression, and 

significantly decreased the expression of downstream 

protein molecules, such as VEGF, transcription factor 

p-STAT3, and the anti-apoptotic gene Bcl2 in both 

HepG2 and Hep3B cells. To explore the relationship 

between MARCH1, PTEN, and p-AKT, we used 

overexpressed plasmids, siRNA and small-molecule 

inhibitors with or without resveratrol treatment of 

HepG2 cells. Results showed that the combination of 

resveratrol and inhibitors significantly inhibited cell 

survival compared to resveratrol alone, which was also 

confirmed by western blotting assay (Figure 4C, 4D). 

Furthermore, the expression of PTEN were decreased 

and the level of P-AKT increased after forced 

expression of MARCH1 (Figure 4E). Also, MARCH1 

knockdown by siRNA increased PTEN levels, which 

was in accordance with resveratrol treatment (Figure 

4F). HepG2 cells were pretreated for 12 h with

 

 
 

Figure 2. Resveratrol induces HCC cell apoptosis. (A) HepG2 and Hep3B cells were treated with different concentrations of resveratrol 
for 48 h, followed by analysis of cell apoptosis by flow cytometry. Representative scatter plots are shown. The percentage of apoptosis was 
calculated. (B) HepG2 and Hep3B cells were seeded in 6-well plates and treated with resveratrol for 24 h, and the medium was changed with 
fresh medium for 12 days to form colonies. Colonies were fixed and stained. All values represent the mean ± SD. **P < 0.01; *P < 0.05. 
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MK2206 and BPV(phen) as inhibitors of p-AKT and 

PTEN, respectively, and then combined with 

resveratrol. Results showed that the protein level of 

MARCH1 decreased even more compared to resveratrol 

alone (Figure 4G, 4H). In summary, these results 

indicated that resveratrol might ameliorate the 

progression of HCC through PTEN-AKT signaling via 

down-regulation of MARCH1 expression in vitro.  

 

The expression of PTEN mRNA were increased 
 

HepG2 cells were treated with the indicated dose of 

resveratrol for 24h and then analyzed the transcription 

level of PTEN. The mRNA level of PTEN was up-

regulated after treatment with resveratrol. To 

demonstrate how MARCH1 regulates PTEN, HepG2 

cells were infected with indicated concentrations of 

siRNA for 48 h. Then the mRNA MARCH1 expression 

significantly decreased, while mRNA PTEN expression 

increased. To sum up, after the treatment of resveratrol 

or knockdown of MARCH1 by siRNA of HepG2 cells 

respectively stimulated the up-regulation of PTEN at 

the transcriptional level consistent with the protein level 

(Supplementary Figure 1A, 1B). 

 

Resveratrol significantly inhibits tumor growth in 

vivo  

 

To further confirm the antitumor effects of resveratrol 

in HCC, we used established xenograft models; we

 

 
 

Figure 3. Resveratrol inhibits HCC cell motility. (A) In a wound-healing assay, HepG2 and Hep3B cells were treated with different 
concentrations of resveratrol for 24 h. The wound area was measured at indicated times. Representative images are shown. (B, C) Cell tran-
swell assays (with or without a Matrigel coating). HepG2 and Hep3B cells were seeded in the upper chamber and cultured in serum-free 
medium containing resveratrol. After 24 h, the membrane was stained with crystal violet solution and photographed. The results of 
quantification analysis are presented. All values represent the mean ± SD. **P < 0.01; *P < 0.05. 
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Figure 4. Resveratrol could down-regulate MARCH1 expression via PTEN–STAT3 signaling. (A, B) HepG2 and Hep3B cells were 
treated with different concentrations of resveratrol for 48 h, and the level of protein expression was analyzed by western blotting. MARCH1 
and p-AKT levels significantly drastically decreased, PTEN levels increased, and downstream protein molecules also significantly decreased. 
(C, D) HepG2 cells were treated with inhibitors MK2206 and BPV(phen). The combination of resveratrol and inhibitors significantly inhibited 
cell survival compared to resveratrol alone. (E) Overexpression of the MARCH1 protein with empty vectors and overexpression plasmids in 
the human HL7702 cells. (F) HepG2 cells were infected with indicated concentrations of siRNA for 72 h. MARCH1 expression significantly 
decreased, while PTEN expression increased. (G, H) HepG2 cells were pretreated with an inhibitor for 12 h and then combined with 
resveratrol for 48 h. MARCH1 expression decreased even more compared to resveratrol alone. GAPDH was also detected as a loading control. 
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inoculated HepG2 cells into the back of BALB/c nude 

mice, near the right hind leg. The mice treated with 

resveratrol at the indicated concentration showed 

significant inhibition of tumor volume and tumor 

weight dose-dependently (Figure 5A–5D). MRI was 

used to analyze the therapeutic effects of resveratrol. As 

shown in Figure 5E, 5F, on coronal T2-weighted MRI, 

the tumor volume after resveratrol treatment was 

significantly decreased, which was consistent with the 

measurement using a digital vernier caliper. However, 

the weight of the three groups of mice was not 

statistically significant during the treatment period 

(Figure 5G). In addition, hematoxylin and eosin (H&E) 

staining of tissues treated with resveratrol showed 

looser cell spacing and much more apoptotic corpuscles 

and tumor necrosis compared to control groups. IHC 

showed that resveratrol treatment decreases MARCH1 

expression. Ki67 is a nuclear protein strictly associated 

with cell proliferation, which is present in all active 

phases of cells but is absent in resting cells, making it a 

proliferation marker [11]. We observed that resveratrol 

treatment decreased the number of stained nuclei dose-

dependently (Figure 5H). In addition, the protein from 

tumor tissue was used to verify the signal pathway by 

western blotting assay. Consistent with in vitro studies, 

the expression levels of key proteins, such as MARCH1 

and p-AKT, significantly decreased, while PTEN levels 

increased (Figure 5I). Taken together, these results 

showed that resveratrol significantly inhibits tumor 

growth in vivo. 

 

The Potential Signal Pathway against HCC with 

Resveratrol though Regulating MARCH1.Resveratrol 

could reduce the level of MARCH1 then regulates the 

PTEN/AKT signaling pathway thereby affecting cell 

proliferation, apoptosis, migration, and invasion, and 

the signal pathway diagram is plotted (Figure 6). 

 

DISCUSSION 
 

Resveratrol is a common, naturally occurring 

polyphenol derived from many dietary substances and 

has numerous biological activities [4]. Studies have 

revealed that resveratrol inhibits the cellular effects of 

carcinogenesis, which is the stage of tumor initiation, 

promotion, and progression [12]. Resveratrol might be a 

promising therapeutic and chemotherapeutic preventive 

agent against various types of cancer, including breast, 

colorectal, skin, and liver cancers [13]. Resveratrol 

could interact with a wide range of proteins, including 

receptors, kinases, and signaling molecules, thus 

controlling cell growth, apoptosis, metastasis, and 

angiogenesis [14, 15]. This study illustrated that 

resveratrol down-regulates MARCH1 expression, 

increases PTEN expression, decreases AKT 

phosphorylation and STAT3 nuclear translocation, 

inhibits of VEGF and Bcl2 expression, and 

subsequently affects the biological hallmarks of HCC 

cells. These results demonstrated a novel molecular 

mechanism underlying resveratrol treatment of HCC. 

 

MARCH1 is an E3 ubiquitin ligase. Ubiquitination is 

involved in the regulation of protein degradation and 

almost all life activities, including the cell cycle, gene 

expression, and signal transduction [16]. A preliminary 

study in our lab found that MARCH1 expression 

increases in HCC cell lines (HepG2 and Hep3B). We 

also confirmed that MARCH1 can promote the 

development of HCC, so it might be a potential 

molecular therapeutic target. In this report, found that 

resveratrol treatment significantly down-regulates 

MARCH1 expression in HCC cells dose-dependently 

and obviously induces inhibition of cell proliferation 

and increases apoptosis. Due to the heterogeneity of 

cancer, it is difficult to find a single target for cancer 

therapy. In addition, mono-targeted drugs usually 

accompany with several side effects if taken for a long 

time. Some studies have reported that resveratrol 

regulates multiple signaling pathways, so resveratrol 

antitumor treatment might affect multi-target molecules 

[17, 18]. Based on our previous reports and present 

findings, we supposed that MARCH1 might be a novel 

therapeutic target of resveratrol. Also the down-

regulation of MARCH1 expression is an important 

molecular mechanism of resveratrol’s anticancer 

efficacy in HCC.  

 

Genetic mutation or deletion of PTEN, a tumor 

suppressor gene, is commonly noted in human cancers 

and might be involved in the development and 

progression of HCC [19]. PTEN is a lipid phosphatase, 

which can dephosphorylate proteins, negatively 

regulating the PI3K/AKT signaling pathway, which is 

one of the mostly universal dysregulated signaling 

pathways in cancers [20]. Phosphorylated AKT (p-

AKT) represents the active form, and aberrant 

overexpression of p-AKT is a common feature in 

cancers [21]. Resveratrol reverses doxorubicin 

resistance via modulation of the PTEN/AKT signaling 

pathway in gastric cancer [22]. Moreover, resveratrol 

treatment can increase PTEN expression, leading to 

decreased p-AKT expression and proliferation index in 

prostate cancer [23]. Whether the PTEN/AKT signaling 

pathway is involved in anti-HCC treatment with 

resveratrol has not been reported. In this study, 

resveratrol treatment up-regulated PTEN expression in 

HCC cells dose-dependently. In addition, expression of 

AKT phosphorylation decreased with increasing 

resveratrol concentration. Thus, the PTEN/AKT 

signaling pathway exerts a significant effect on anti-

HCC treatment with resveratrol. AKT is a crucial 

signaling hub with a number of downstream target 
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Figure 5. Resveratrol inhibits tumor growth in HepG2 mouse models. (A–C) HepG2 cells were inoculated into the back of BALB/c 
nude mice, near the right hind leg. The mice were treated with resveratrol (0, 50, and 100 mg/kg/ig). Representative images of the tumor are 
shown, and the tumor volume growth curves of resveratrol are plotted. (D) Tumor weight after resveratrol treatment. (E) Representative 
images of mice MRI. (F) Average volume of tumor measured on coronal T2-weighted MRI after resveratrol treatment. (G) The changes in 
animal weight are shown during resveratrol treatment. (H) Tumor tissue slides were stained with H&E and IHC performed. (I) Levels of 
MARCH1, PTEN, p-AKT, p-STAT3, VEGF, and Bcl2 in tumors treated with resveratrol were analyzed by western blotting. GAPDH was also 
detected as a loading control. All values represent the mean ± SD. **P < 0.01; *P < 0.05. 
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substrates [24]. In addition, AKT regulates several 

transcription factors, including fork-head box 

transcription factor class O (FOXO), cyclic adenosine 

monophosphate (cAMP)-response element-binding 

protein (CREB), and STAT3 [25–27]. STAT3 is an 

important transcription factor. Comparison of organellar 

localization after gene activation shows that AKT 

remains in the cytoplasm, while STAT3 is mainly located 

in the nucleus [32]. Previous reports have shown that 

AKT acts upstream of STAT3 in some cancers, regulating 

cell viability, invasion, and migration [28, 29]. In this 

study, we observed that resveratrol treatment markedly 

inhibits STAT3 phosphorylation in HCC.VEGF 

expression is usually high in HCC, and VEGF is one of 

the major regulators in angiogenesis [30]. As a necessary 

process for invasion and metastasis, tumor angiogenesis 

plays an important role in cancer progression, meanwhile, 

tumor metastasis is believed to be the leading cause of 

cancer-related death [31]. STAT3 is closely associated 

with VEGF, that is, STAT3 directly binds to the VEGF 

promoter and mediates VEGF transcription [32]. In this 

study, VEGF expression was down-regulated with 

increasing concentration of resveratrol. Bcl2 is an anti-

apoptotic protein of the Bcl-2 family that modulates 

survival in various cancers [33]. We found that resveratrol 

treatment decreased Bcl2 expression dose-dependently. 

This and previous studies have suggested that resveratrol 

interacts with a wide range of proteins; however, it is 

worth investigating whether there is cascading effect and 

reciprocal regulation among these proteins. 

To explore the exact molecular mechanism underlying 

resveratrol treatment of HCC, we applied the siRNA-

induced MARCH1 knockdown. PTEN expression 

increased and the expression of p-AKT were down-

regulated in the MARCH1 siRNA group compared to 

the non-target group. Meanwhile, compared with the 

empty vector-HL7702, the expression of PTEN was 

decreased and p-AKT was up-regulated in the 

overexpression MARCH1-HL7702 cells. These results 

indicated that resveratrol inhibits the malignant 

progression of HCC via MARCH1 regulation of the 

PTEN/AKT signaling pathway. To further prove that 

resveratrol inhibits the malignant progression of HCC 

via MARCH1-induced regulation of the PTEN/AKT 

signaling pathway, the PTEN inhibitor BPV(phen) and 

the p-AKT inhibitor MK2206 combined with resveratrol 

were used to treat HepG2 cells and then analyzed the 

changes and correlation of these related genes 

expression. These present results exhibited the synergy 

with resveratrol, the MK2206 and resveratrol 

combination group had lower number of cells than single 

treatment group. Under the action of MK2206 inhibitor, 

the combination group had lowest expression of 

MARCH1, however, the level of PTEN was highest. 

Similar results were showed with BPV(phen), the level 

of p-AKT and MARCH1 was lowest in combination 

group. According to the above results, we suspect that 

resveratrol demonstrated anti-cancer effect may through 

the interaction of MARCH1, PTEN, and p-AKT, or say 

cyclic reciprocal impact, then transmit signals to 

 

 
 

Figure 6. Model for resveratrol regulating MARCH1 expression. Resveratrol decreased MARCH1 expression, increased PTEN 
expression, and decreased AKT phosphorylation, STAT3 phosphorylation. On the whole, resveratrol inhibits the malignant progression of HCC 
via MARCH1-induced regulation of the PTEN/AKT/STAT3 signaling pathway. The expression of downstream effectors VEGF and Bcl2 
decreased. 
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downstream molecules, change the biological 

phenotype of cells. However, the more detailed and 

precise proteins interactions with each other remains to 

be studied. At the same time, resveratrol is safe up to a 

concentration of 5 g/d [34]. In this study, the 

concentration of 100mg/kg/2days of resveratrol could 

effectively inhibit cancer growth yet with minimal 

toxicity to normal cells. 

 

In conclusion, resveratrol down-regulate MARCH1 

expression, and MARCH1 regulates the PTEN/AKT 

signaling pathway, affecting the biological functions of 

HCC cells, that is, it inhibits HCC cell growth and induces 

apoptosis. This is a new potential mechanism for use of 

resveratrol as treatment of HCC and might contribute to 

the early clinical application of resveratrol in HCC. 

 

MATERIALS AND METHODS 
 

Reagents and antibodies 
 

Resveratrol was purchased from Solarbio Life Sciences 

(R8350; Beijing, China). It was dissolved in dimethyl 

sulfoxide (DMSO) to an appropriate concentration and 

then stored at –20°C until use. The AKT inhibitor 

MK2206 (HY-10358) was purchased from 

MedChemExpress (MCE, NJ, USA). The PTEN inhibitor 

potassium bisperoxo (1,10-phenanthroline) oxovanadate 

(BPV(phen)) (SML-0889) was purchased from Sigma-

Aldrich (St. Louis, MO, USA). Anti-MARCH1 (bs-9335) 

antibody was obtained from Bioss (Beijing, China). In 

addition, anti-PTEN (22034-1-AP), AKT (60203-2-IG), 

P-AKT (S473; 66444-1-AP), B-cell lymphoma 2 (Bcl2; 

12789-1-AP), vascular endothelial growth factor (VEGF; 

1900 3-1-AP), STAT3 (10253-AP), and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH; 10494-1-AP) 

antibodies were purchased from Proteintech (Wuhan, 

China). Anti-p-stat3 (S727; ab3214) antibody was 

purchased from Abcam (Cambridge, UK), while 

horseradish peroxidase (HRP)-conjugated secondary 

antibodies for western blotting (ZB-2301 and ZB-2305) 

and immunohistochemistry (IHC) (PV6000), DAB (ZLI-

9017), goat serum (ZLI-9022), and Ki67 (ZM-0167) were 

obtained from ZSGB-BIO (Beijing, China). 

 

Cell culture 
 

HCC cell lines HepG2 and Hep3B were purchased from 

Cell Line Bank, Chinese Academy of Science 

(Shanghai, China). The cells were maintained in 

Dulbecco’s modified Eagle medium (DMEM) 

containing high glucose (HyClone, Logan, UT, USA), 

10% fetal bovine serum (FBS; Gibco, Waltham, MA, 

USA), 100 μg/mL of streptomycin, and 100 U/mL of 

penicillin and incubated in a humidified atmosphere of 

5% CO2 at 37°C. 

Quantitative real-time RT-PCR 
 

Real-time (RT)PCR primer designed and synthesized by 

Takara. The primer sequences for human MARCH1 

were F:5’-CTGCTGTGAGCTCTGCAAGTATGA-3’; 

R: 5’-TACGTGGAATGTGACAGAGCAGAA. The 

primer sequences for human PTEN were F: 5’-

TGAAGTGAGGCTTGTAGTCATGG-3’, R:5’-CATT 

TGGACAACTGGATAGAGTAGG-3’. The primer 

sequences for human GAPDH were F: 5’-GCACC 

GTCAAGGCTGAGAAC-3’; R: 5’-TGGTGAAGAC 

GCCAGTGGA-3’. Briefly, total RNA was extracted 

from HepG2 cells using TRIZOL, and the cDNAs were 

reverse transcribed using the Takara reverse-

transcription kit (RR047A.Takara).The genes were 

amplified and detected by real-time PCR using Tli 

RNaseH Plus(RR820A,Takara). Refer to the factory 

manual for specific steps. Relative quantification with 

the comparative threshold cycle (Ct) was done using the 

Ct method. 

 

Gene silencing and transfection 

 

Two different siRNA sequences targeting different sites 

ofMARCH1 mRNA were designed and provided by 

Genepharma (Shanghai, China). The sequences for the 

MARCH1 siRNA-1, the sense sequence 5′- CAGGAG 

GUCUUGUCUUCAUTT-3′; the antisense sequence 5′-

AUGAAGACAAGACCUCCUGTT-3′. For siRNA-2, 

the sense sequence 5′-GGUAGUGCCUGUACCAC 

AATT-3′; the antisense sequence 5′-UUGUGGU 

ACAGGCACUACCTT-3′. 

 

The non-target siRNA was the sense sequence 5′-

UUCUCCGAACGUGUCACGUTT-3′; the antisense 

sequence 5′-ACGUGACACGUUCGGAGAATT-3′. 

The over-expressed plasmid was originally stored in the 

laboratory. 

 

Cell proliferation assay 

 

The antiproliferative effects of resveratrol on HCC were 

determined using Cell Counting Kit-8 (CCK-8; Biosharp, 

Beijing, China). Briefly, HepG2 and Hep3B cells were 

seeded in 96-well plates at a density of 5 × 103 cells/well 

overnight, treated with indicated concentrations of 

resveratrol for 48 h, and incubated with CCK-8 reagent 

for 1 h at 37°C, avoiding light. Absorbance of the samples 

was recorded at a wavelength of 450 nm busing a 

SpectraMax M2 microplate reader (Molecular Devices, 

Shanghai, China). 

 

Colony formation assay  
 

HepG2 and Hep3B cells were seeded in 6-well plate at a 

density of 8000 cells/well. On the following day, the 
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cells were treated with resveratrol for 24 h, and the 

medium was changed with fresh medium for 12 days to 

form colonies. The colonies were fixed and stained with 

0.1% crystal violet solution (Solarbio, Beijing, China), 

and colonies with >50 cells were counted. 

 

Cell apoptosis assay 

 

HepG2 and Hep3B cells were managed using the 

fluorescein isothiocyanate (FITC)–annexin V and 

propidium iodide (PI) apoptosis detection kit (KeyGEN 

Biotech, Nanjing, China) according to the manufacturer’s 

instructions. Briefly, HepG2 and Hep3B cells were 

incubated with resveratrol in a 6-well plate for 48 h. The 

cell apoptosis rate was determined using a FACSCanto 

flow cytometer (Becton Dickinson, Franklin Lakes, NJ, 

USA). 

 

Wound-healing assay 

 

HepG2 and Hep3B cells were seeded in a 6-well plate 

and incubated with DMEM until they reached 90% 

confluence. Scratches were made using a 10 μL pipette 

tip, the cells were washed with phosphate-buffered saline 

(PBS), and the medium was changed with fresh medium 

and 1% FBS to inhibit cell proliferation. The scratch 

areas were photographed at indicated times using an 

Olympus TL4 photomicroscope (Olympus, Japan). The 

wound areas were measured using Image-Pro Plus 6.0, 

and wound-healing mobility was calculated according to 

the change in wound size. 

 

Transwell assay 

 

HCC cell migration and invasion were measured in a 24-

well transwell membrane chamber with 6.5 mm inserts 

and 8.0-μm-pore polycarbonate membranes (3422; 

Corning Inc., Corning, NY, USA). Briefly, for the 

invasion assay, the transwell membrane chamber was 

covered with Matrigel (356234; Corning) and incubated 

for 4 h at 37°C. Then, the excess Matrigel was removed 

gently. HepG2 and Hep3B cells were seeded in the upper 

chamber at a density of 5 × 104 cells/well and cultured in 

serum-free medium containing resveratrol. The lower 

chamber contained complete medium with 20% FBS. 

After 24 h, the cells remaining on the upper side of the 

membrane that was untraversed were be removed using a 

wet cotton swab. The membrane was fixed with 4% 

paraformaldehyde (PFA) for 20 min and stained with 

0.1% crystal violet solution for 10 min. Excess dye was 

washed off, and the cells were photographed under a 

microscope at 400Х magnification (Canon, China).  

 

For the cell migration assay, there was no need for the 

Matrigel coating. The other steps were the same as 

before. 

Xenograft model and tumor therapy 
 

All animal protocols were approved by the Institutional 

Animal Care and Use Committee of Binzhou Medical 

University, China (SCXK2018-0008). Female BALB/c 

nude mice aged 4 weeks and weighing 18–22 g were 

purchased from GemPharmatech Co. Ltd (Nanjing, 

China) and bred in a specific pathogen-free (SPF)-grade 

laboratory. The mice were allowed ~1 week to adapt to 

their new environment, which was a 12/12 h light/dark 

cycle in a temperature-controlled room. Briefly, 1 × 107 

HepG2 cells were suspended in 150 μL of PBS and 

subcutaneously inoculated into the back of the mice, near 

the right hind leg. After 2 weeks, tumor volumes reached 

~50–70 mm3. The mice were randomly divided into three 

groups. Resveratrol was dissolved in filtered corn oil and 

intragastrically administered at concentrations of 0, 50, 

and 100 mg/kg every 2 days. The tumor volumes were 

measured using a digital caliper once every 2 days and 

calculated as (A × B2)/2, where A and B are the longest 

and shortest diameter of the tumor, respectively. When 

the tumor size of the control group reached ~10–15 mm, 

all mice were scanned for magnetic resonance before 

they were euthanized. The tumors were harvested and 

divided into two parts, one for western blotting and the 

other for IHC. 

 

Western blotting 

 

HepG2 and Hep3B cells were lysed using ice-cold 

radioimmunoprecipitation assay (RIPA) lysis buffer 

(P0013B; Beyotime, Shanghai, China) containing 

protease inhibitors phenylmethanesulfonyl fluoride 

(PMSF; Beyotime) and phosSTOP (Roche, 

Indianapolis, IN, USA). The cells were split on ice for 

30 min and then centrifuged for 20 min at 12,000 × g 

and 4°C to remove debris. The concentration of protein 

extracts was determined using a bicinchoninic acid 

(BCA) protein assay kit (Beyotime) and boiled in 5Х 

loading buffer for 8 min. Total protein (25 ug) was 

loaded per lane and resolved by sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-

PAGE) and then transferred to polyvinylidene 

difluoride (PVDF membrane) (ISEQ00010; Merck 

Millipore, Germany). The PVDF membrane was 

incubated overnight with a primary antibody at 4°C and 

secondary antibodies for 2 h at room temperature and 

electroluminescence was detected using a super-

enhanced chemiluminescence (ECL) kit (Novland, 

Shanghai, China). Band quantification was performed 

using ImageJ. GAPDH was used as the internal control. 

 

Immunohistochemical staining 
 

All samples were fixed in 4% PFA and embedded in 

paraffin. Tissue slices (5-μm-thick) were dewaxed in 
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xylene, dehydrated in ethanol and block endogenous 

peroxidase for 10 min, and incubated in goat serum for 

30 min. The slides were incubated with primary 

antibodies targeting ki67, MARCH1 (1:200 YT2642; 

Immunoway) overnight at 4°C and then with the HRP-

conjugated secondary antibody for 30 min at 37°C. 

Finally, the sections were visualized under a Leica light 

microscope (Leica Microsystems, Wetzlar, Germany) 

after staining with DAB, a chromogenic reagent. 

 

Magnetic resonance imaging 
 

All magnetic resonance imaging (MRI) examinations 

were performed using a high-field 7.0 Tesla Bruker 

BioSpec 70/20 USR MRI system (Bruker, Karlsruhe, 

Germany). MRI of the mice was performed in the 

prone position, using a nonmagnetic stereotactic and 

cylindrical surface wrist coil for signal detection. The 

mice were anesthetized with 1%–2% inhaled 

isoflurance (Ruiward Life Technology Co. Ltd., 

Shenzhen, China) in the following sequence: T2 fast 

spin echo (FSE) sequence repetition time (TR) = 

1986.57 ms; echo time (TE) = 34.37 ms; slice 

thickness (ST) = 1 mm. The total acquisition time was 

~20 min. 

 

Statistical analysis 
 

Statistical analysis was performed using SPSS 

Statistics 17.0 (IBM Corporation, Chicago, IL, USA) 

and PRISM 7.0 (GraphPad Prism, San Diego, CA, 

USA). Two-tailed Student’s t-test, one-way analysis 

of variance (ANOVA; for >2 groups), and two-way 

ANOVA were used to analyze the defenses of volume 

between mice. P < 0.05 was considered statistically 

significant. 

 

Abbreviations 
 

HCC: Hepatocellular Carcinoma; MRI: Magnetic 

Resonance Imaging; SiRNA: Small interfering RNA; 

IHC: Immunohistochemistry; HE:  hematoxylin-eosin 

staining; SDS-PAGE: sodium dodecyl sulfate-

polyacrylamide gel electrophoresis 

 

AUTHOR CONTRIBUTIONS 
 

Conceptualization, H.D., M.L., M.Z. and X.H.; 

Methodology, H.D., M.L. and W.Y.; software, X.W., 

P.W., J.S., formal analysis, H.D., M.L., M.Z.; 

Investigation, H.D., M.L. and W.Y.; Resources, W.Y.; 

X.W., P.W., J.S.; data curation, H.D., M.L.; funding 

acquisition, M.Z.,M.L.,P.W., Writing–Original Draft, 

H.D., M.L.; writing review and editing, M.Z., and 

X.H. All authors read and approved the final 

manuscript. 

CONFLICTS OF INTEREST 
 

The authors declare they have no conflicts of interest. 

 

FUNDING 
 

This research was funded by the Nature Science 

Foundation of Shangdong Province (ZR2013HM050), 

Nature Science Foundation of Shangdong Province 

(ZR2018MH034), University Scientific Research 

Program of Shandong (J18KB116) and Natural Science 

Foundation of China (31501146). 

 

REFERENCES 
 

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, 
Jemal A. Global cancer statistics 2018: GLOBOCAN 
estimates of incidence and mortality worldwide for 36 
cancers in 185 countries. CA Cancer J Clin. 2018; 
68:394–424. 

 https://doi.org/10.3322/caac.21492 
 PMID:30207593 

2. Kanda T, Ogasawara S, Chiba T, Haga Y, Omata M, 
Yokosuka O. Current management of patients with 
hepatocellular carcinoma. World J Hepatol. 2015; 
7:1913–20. 

 https://doi.org/10.4254/wjh.v7.i15.1913 
 PMID:26244066 

3. Dutta R, Mahato RI. Recent advances in hepatocellular 
carcinoma therapy. Pharmacol Ther. 2017; 173:106–17. 

 https://doi.org/10.1016/j.pharmthera.2017.02.010 
 PMID:28174094 

4. Soleas GJ, Diamandis EP, Goldberg DM. Resveratrol: a 
molecule whose time has come? and gone? Clin 
Biochem. 1997; 30:91–113. 

 https://doi.org/10.1016/s0009-9120(96)00155-5 
 PMID:9127691 

5. Yu XD, Yang JL, Zhang WL, Liu DX. Resveratrol inhibits 
oral squamous cell carcinoma through induction of 
apoptosis and G2/M phase cell cycle arrest. Tumour 
Biol. 2016; 37:2871–77. 

 https://doi.org/10.1007/s13277-015-3793-4 
 PMID:26409447 

6. Ho Y, Sh Yang YC, Chin YT, Chou SY, Chen YR, Shih YJ, 
Whang-Peng J, Changou CA, Liu HL, Lin SJ, Tang HY, Lin 
HY, Davis PJ. Resveratrol inhibits human leiomyoma 
cell proliferation via crosstalk between integrin αvβ3 
and IGF-1R. Food Chem Toxicol. 2018; 120:346–55. 

 https://doi.org/10.1016/j.fct.2018.07.030 
 PMID:30026090 

7. Chai R, Fu H, Zheng Z, Liu T, Ji S, Li G. Resveratrol 
inhibits proliferation and migration through SIRT1 
mediated post-translational modification of PI3K/AKT 

https://doi.org/10.3322/caac.21492
https://pubmed.ncbi.nlm.nih.gov/30207593
https://doi.org/10.4254/wjh.v7.i15.1913
https://pubmed.ncbi.nlm.nih.gov/26244066
https://doi.org/10.1016/j.pharmthera.2017.02.010
https://pubmed.ncbi.nlm.nih.gov/28174094
https://doi.org/10.1016/s0009-9120(96)00155-5
https://pubmed.ncbi.nlm.nih.gov/9127691
https://doi.org/10.1007/s13277-015-3793-4
https://pubmed.ncbi.nlm.nih.gov/26409447
https://doi.org/10.1016/j.fct.2018.07.030
https://pubmed.ncbi.nlm.nih.gov/30026090


 

www.aging-us.com 11729 AGING 

signaling in hepatocellular carcinoma cells. Mol Med 
Rep. 2017; 16:8037–44. 

 https://doi.org/10.3892/mmr.2017.7612 
 PMID:28983625 

8. Galbas T, Raymond M, Sabourin A, Bourgeois-
Daigneault MC, Guimont-Desrochers F, Yun TJ, Cailhier 
JF, Ishido S, Lesage S, Cheong C, Thibodeau J. MARCH1 
E3 ubiquitin ligase dampens the innate inflammatory 
response by modulating monocyte functions in mice. J 
Immunol. 2017; 198:852–61. 

 https://doi.org/10.4049/jimmunol.1601168 
 PMID:27940660 

9. Xie L, Dai H, Li M, Yang W, Yu G, Wang X, Wang P, Liu 
W, Hu X, Zhao M. MARCH1 encourages tumour 
progression of hepatocellular carcinoma via regulation 
of PI3K-AKT-β-catenin pathways. J Cell Mol Med. 2019; 
23:3386–401. 

 https://doi.org/10.1111/jcmm.14235 PMID:30793486 

10. Xie L, Li M, Liu D, Wang X, Wang P, Dai H, Yang W, Liu 
W, Hu X, Zhao M. Secalonic acid-F, a novel mycotoxin, 
represses the progression of hepatocellular carcinoma 
via MARCH1 regulation of the PI3K/AKT/β-catenin 
signaling pathway. Molecules. 2019; 24:393. 

 https://doi.org/10.3390/molecules24030393 
 PMID:30678274 

11. Scholzen T, Gerdes J. The ki-67 protein: from the 
known and the unknown. J Cell Physiol. 2000; 
182:311–22. 

 https://doi.org/10.1002/(SICI)1097-
4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9 

 PMID:10653597 

12. Jang M, Cai L, Udeani GO, Slowing KV, Thomas CF, 
Beecher CW, Fong HH, Farnsworth NR, Kinghorn AD, 
Mehta RG, Moon RC, Pezzuto JM. Cancer 
chemopreventive activity of resveratrol, a natural 
product derived from grapes. Science. 1997; 
275:218–20. 

 https://doi.org/10.1126/science.275.5297.218 
 PMID:8985016 

13. Ko JH, Sethi G, Um JY, Shanmugam MK, Arfuso F, 
Kumar AP, Bishayee A, Ahn KS. The role of resveratrol 
in cancer therapy. Int J Mol Sci. 2017; 18:2589. 

 https://doi.org/10.3390/ijms18122589 
 PMID:29194365 

14. Kulkarni SS, Cantó C. The molecular targets of 
resveratrol. Biochim Biophys Acta. 2015; 1852:1114–23. 

 https://doi.org/10.1016/j.bbadis.2014.10.005 
 PMID:25315298 

15. Britton RG, Kovoor C, Brown K. Direct molecular 
targets of resveratrol: identifying key interactions to 
unlock complex mechanisms. Ann N Y Acad Sci. 2015; 
1348:124–33. 

 https://doi.org/10.1111/nyas.12796  
PMID:26099829 

16. Goru SK, Pandey A, Gaikwad AB. E3 ubiquitin ligases as 
novel targets for inflammatory diseases. Pharmacol 
Res. 2016; 106:1–9. 

 https://doi.org/10.1016/j.phrs.2016.02.006 
 PMID:26875639 

17. Xiao Q, Zhu W, Feng W, Lee SS, Leung AW, Shen J, Gao 
L, Xu C. A review of resveratrol as a potent 
chemoprotective and synergistic agent in cancer 
chemotherapy. Front Pharmacol. 2019; 9:1534. 

 https://doi.org/10.3389/fphar.2018.01534 
 PMID:30687096 

18. Singh AP, Singh R, Verma SS, Rai V, Kaschula CH, Maiti 
P, Gupta SC. Health benefits of resveratrol: evidence 
from clinical studies. Med Res Rev. 2019; 39:1851–91. 

 https://doi.org/10.1002/med.21565 
 PMID:30741437 

19. Fujiwara Y, Hoon DS, Yamada T, Umeshita K, Gotoh M, 
Sakon M, Nishisho I, Monden M. PTEN / MMAC1 
mutation and frequent loss of heterozygosity identified 
in chromosome 10q in a subset of hepatocellular 
carcinomas. Jpn J Cancer Res. 2000; 91:287–92. 

 https://doi.org/10.1111/j.1349-7006.2000.tb00943.x 
 PMID:10760687 

20. Sansal I, Sellers WR. The biology and clinical relevance 
of the PTEN tumor suppressor pathway. J Clin Oncol. 
2004; 22:2954–63. 

 https://doi.org/10.1200/JCO.2004.02.141 
 PMID:15254063 

21. Vivanco I, Sawyers CL. The phosphatidylinositol 3-
kinase AKT pathway in human cancer. Nat Rev Cancer. 
2002; 2:489–501. 

 https://doi.org/10.1038/nrc839 PMID:12094235 

22. Xu J, Liu D, Niu H, Zhu G, Xu Y, Ye D, Li J, Zhang Q. 
Resveratrol reverses Doxorubicin resistance by 
inhibiting epithelial-mesenchymal transition (EMT) 
through modulating PTEN/Akt signaling pathway in 
gastric cancer. J Exp Clin Cancer Res. 2017; 36:19. 

 https://doi.org/10.1186/s13046-016-0487-8 
 PMID:28126034 

23. Dhar S, Kumar A, Li K, Tzivion G, Levenson AS. 
Resveratrol regulates PTEN/akt pathway through 
inhibition of MTA1/HDAC unit of the NuRD complex in 
prostate cancer. Biochim Biophys Acta. 2015; 
1853:265–75. 

 https://doi.org/10.1016/j.bbamcr.2014.11.004 
 PMID:25447541 

24. Manning BD, Cantley LC. AKT/PKB signaling: navigating 
downstream. Cell. 2007; 129:1261–74. 

 https://doi.org/10.1016/j.cell.2007.06.009 
 PMID:17604717 

https://doi.org/10.3892/mmr.2017.7612
https://pubmed.ncbi.nlm.nih.gov/28983625
https://doi.org/10.4049/jimmunol.1601168
https://pubmed.ncbi.nlm.nih.gov/27940660
https://doi.org/10.1111/jcmm.14235
https://pubmed.ncbi.nlm.nih.gov/30793486
https://doi.org/10.3390/molecules24030393
https://pubmed.ncbi.nlm.nih.gov/30678274
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3%3c311::AID-JCP1%3e3.0.CO;2-9
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3%3c311::AID-JCP1%3e3.0.CO;2-9
https://pubmed.ncbi.nlm.nih.gov/10653597
https://doi.org/10.1126/science.275.5297.218
https://pubmed.ncbi.nlm.nih.gov/8985016
https://doi.org/10.3390/ijms18122589
https://pubmed.ncbi.nlm.nih.gov/29194365
https://doi.org/10.1016/j.bbadis.2014.10.005
https://pubmed.ncbi.nlm.nih.gov/25315298
https://doi.org/10.1111/nyas.12796
https://pubmed.ncbi.nlm.nih.gov/26099829
https://doi.org/10.1016/j.phrs.2016.02.006
https://pubmed.ncbi.nlm.nih.gov/26875639
https://doi.org/10.3389/fphar.2018.01534
https://pubmed.ncbi.nlm.nih.gov/30687096
https://doi.org/10.1002/med.21565
https://pubmed.ncbi.nlm.nih.gov/30741437
https://doi.org/10.1111/j.1349-7006.2000.tb00943.x
https://pubmed.ncbi.nlm.nih.gov/10760687
https://doi.org/10.1200/JCO.2004.02.141
https://pubmed.ncbi.nlm.nih.gov/15254063
https://doi.org/10.1038/nrc839
https://pubmed.ncbi.nlm.nih.gov/12094235
https://doi.org/10.1186/s13046-016-0487-8
https://pubmed.ncbi.nlm.nih.gov/28126034
https://doi.org/10.1016/j.bbamcr.2014.11.004
https://pubmed.ncbi.nlm.nih.gov/25447541
https://doi.org/10.1016/j.cell.2007.06.009
https://pubmed.ncbi.nlm.nih.gov/17604717


 

www.aging-us.com 11730 AGING 

25. Tzivion G, Dobson M, Ramakrishnan G. FoxO 
transcription factors; regulation by AKT and 14-3-3 
proteins. Biochim Biophys Acta. 2011; 1813:1938–45. 

 https://doi.org/10.1016/j.bbamcr.2011.06.002 
 PMID:21708191 

26. Du K, Montminy M. CREB is a regulatory target for the 
protein kinase akt/PKB. J Biol Chem. 1998; 
273:32377–79. 

 https://doi.org/10.1074/jbc.273.49.32377 
 PMID:9829964 

27. Wu K, Ning Z, Zhou J, Wang B, Fan J, Zhu J, Gao Y, 
Wang X, Hsieh JT, He D. 2'-hydroxyflavanone inhibits 
prostate tumor growth through inactivation of 
AKT/STAT3 signaling and induction of cell apoptosis. 
Oncol Rep. 2014; 32:131–38. 

 https://doi.org/10.3892/or.2014.3218 
 PMID:24859932 

28. Wei D, Zhang G, Zhu Z, Zheng Y, Yan F, Pan C, Wang Z, 
Li X, Wang F, Meng P, Zheng W, Yan Z, Zhai D, et al. 
Nobiletin inhibits cell viability via the 
SRC/AKT/STAT3/YY1AP1 pathway in human renal 
carcinoma cells. Front Pharmacol. 2019; 10:690. 

 https://doi.org/10.3389/fphar.2019.00690 
 PMID:31354472 

29. Li Y, Guo G, Song J, Cai Z, Yang J, Chen Z, Wang Y, 
Huang Y, Gao Q. B7-H3 promotes the migration and 
invasion of human bladder cancer cells via the 
PI3K/akt/STAT3 signaling pathway. J Cancer. 2017; 
8:816–24. 

 https://doi.org/10.7150/jca.17759 
 PMID:28382144 

30. Ferrara N. Vascular endothelial growth factor: basic 
science and clinical progress. Endocr Rev. 2004; 
25:581–611. 

 https://doi.org/10.1210/er.2003-0027 
 PMID:15294883 

31. Hanahan D, Folkman J. Patterns and emerging 
mechanisms of the angiogenic switch during 
tumorigenesis. Cell. 1996; 86:353–64. 

 https://doi.org/10.1016/s0092-8674(00)80108-7 
 PMID:8756718 

32. Zhou Y, Li Y, Xu S, Lu J, Zhu Z, Chen S, Tan Y, He P, Xu J, 
Proud CG, Xie J, Shen K. Eukaryotic elongation factor 2 
kinase promotes angiogenesis in hepatocellular 
carcinoma via PI3K/akt and STAT3. Int J Cancer. 2020; 
146:1383–95. 

 https://doi.org/10.1002/ijc.32560 
 PMID:31286509 

33. Levy MA, Claxton DF. Therapeutic inhibition of BCL-2 
and related family members. Expert Opin Investig 
Drugs. 2017; 26:293–301. 

 https://doi.org/10.1080/13543784.2017.1290078 
 PMID:28161988 

34. Brown VA, Patel KR, Viskaduraki M, Crowell JA, Perloff 
M, Booth TD, Vasilinin G, Sen A, Schinas AM, Piccirilli G, 
Brown K, Steward WP, Gescher AJ, Brenner DE.  
Repeat dose study of the cancer chemopreventive 
agent resveratrol in healthy volunteers: safety, 
pharmacokinetics, and effect on the insulin-like growth 
factor axis. Cancer Res. 2010; 70:9003–11. 

 https://doi.org/10.1158/0008-5472.CAN-10-2364 
 PMID:20935227 

  

https://doi.org/10.1016/j.bbamcr.2011.06.002
https://pubmed.ncbi.nlm.nih.gov/21708191
https://doi.org/10.1074/jbc.273.49.32377
https://pubmed.ncbi.nlm.nih.gov/9829964
https://doi.org/10.3892/or.2014.3218
https://pubmed.ncbi.nlm.nih.gov/24859932
https://doi.org/10.3389/fphar.2019.00690
https://pubmed.ncbi.nlm.nih.gov/31354472
https://doi.org/10.7150/jca.17759
https://pubmed.ncbi.nlm.nih.gov/28382144
https://doi.org/10.1210/er.2003-0027
https://pubmed.ncbi.nlm.nih.gov/15294883
https://doi.org/10.1016/s0092-8674(00)80108-7
https://pubmed.ncbi.nlm.nih.gov/8756718
https://doi.org/10.1002/ijc.32560
https://pubmed.ncbi.nlm.nih.gov/31286509
https://doi.org/10.1080/13543784.2017.1290078
https://pubmed.ncbi.nlm.nih.gov/28161988
https://doi.org/10.1158/0008-5472.CAN-10-2364
https://pubmed.ncbi.nlm.nih.gov/20935227


 

www.aging-us.com 11731 AGING 

SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 
 

 

 

 

 

 
 

Supplementary Figure 1. The expression of PTEN mRNA were demonstrated. (A) HepG2 cells were treated with the indicated dose 
of resveratrol for 24h and then analysed the transcription level of PTEN. (B) HepG2 cells were infected with indicated concentrations of siRNA 
for 48 h. Then the mRNA MARCH1 expression significantly decreased, while mRNA PTEN expression increased. 
 


