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Promotion of apoptosis and suppression of proliferation in tumor cells are popular
strategies for developing anticancer drugs. Sinomenine (SIN), a plant-derived alkaloid,
displays antitumor activity. However, the mechanism of action of SIN against
hepatocellular carcinoma (HCC) is unclear. Herein, several molecular technologies,
such as Western Blotting, qRT-PCR, flow cytometry, and gene knockdown were
applied to explore the role and mechanism of action of SIN in the treatment of HCC. It
was found that SIN arrests HCC cell cycle at G0/G1 phase, induces apoptosis, and
suppresses proliferation of HCC cells via down-regulating the expression of membrane-
associated RING-CH finger protein 1 (MARCH1). Moreover, SIN induces cell death and
growth inhibition through AMPK/STAT3 signaling pathway. MARCH1 expression was
silenced by siRNA to explore its involvement in the regulation of AMPK/STAT3 signaling
pathway. Silencing MARCH1 caused down-regulation of phosphorylation of AMPK,
STAT3 and decreased cell viability and function. Our results suggested that SIN
inhibits proliferation and promotes apoptosis of HCC cells by MARCH1-mediated
AMPK/STAT3 signaling pathway. This study provides new support for SIN as a clinical
anticancer drug and illustrates that targeting MARCH1 could be a novel treatment strategy
in developing anticancer therapeutics.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is a common malignancy worldwide. According to GLOBOCAN
2018, about 841,080 new cases of HCC are diagnosed globally and 781,631 deaths occur annually.
Approximately 50% of HCC cases and deaths are reported in China (Bray et al., 2018). The current
management, such as transarterial chemoembolization (TACE), systemic treatment, and targeted
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therapy are primary choices for patients with intermediate or
advanced stage HCC (Marrero, 2006; Zhu, 2012). Advanced HCC
is commonly treated with therapeutic agents, include sorafenib,
adriamycin, and 5-fluorouracil; however, multi-drug resistance
often develops and limits the success of treatment, resulting in
poor prognoses (Grem, 2000; Shen et al., 2013; Kalyan et al.,
2015). Thus, it is needed to understand the molecular
mechanisms and develop novel therapeutic strategies in HCC
treatment.

Natural products represent a considerable source of diverse
bioactive chemicals. For example, more than 4,000 alkaloids
represent a large and important group of natural products that
display potent and highly varied biological activities. Extracts and
compounds, particularly alkaloids, isolated from different parts of
plants, have been used medically for centuries. Sinomenine (SIN)
is an alkaloid with anti-rheumatic, anti-inflammatory,
neuroprotective, and analgesic properties. SIN is used
extensively for the treatment of rheumatoid arthritis and
neuralgia in China (Qian et al., 2007; Zhu et al., 2016; Liu
et al., 2018). Some experimental studies indicate that SIN is
useful for the treatment of gastric carcinoma, lung cancer and
breast cancer through regulating PI3K/AKT/Wnt, JAK/STAT3,
JNK, and MEK/ERK signaling pathways (Jiang et al., 2016; Gao
et al., 2019; Liu et al., 2019). SIN hydrochloride inhibits
proliferation, induces apoptosis and causes cell cycle arrest in
human HCC cells (Hong et al., 2013; Lu et al., 2013); however, the
underlying mechanism of action of SIN in anti-HCC remains to
be elucidated.

Membrane-associated RING-CH finger protein1 (MARCH1)
is a member of the MARCH family of membrane-bound E3
ubiquitin ligases. MARCH1 induces the ubiquitination ofMHC II
in B cells to reduce MHC II surface expression and prevent
antigen presentation (Matsuki et al., 2007). Further, loss of
MARCH1 in B cells and dendritic cells (DCs) leads to increase
MHC I surface expression and results in ineffective antigen
presentation (Wilson et al., 2018). Previously, MARCH1
played an important role in immune system. Recent years,
increasing attentions have been paid on the research of
MARCH1 in progression and development of cancer. Meng Y
et al. reported that silencing MARCH1 suppresses ovarian cancer
through downregulating NF-κB and Wnt/β-catenin signaling
pathways (Meng et al., 2016). Our Lab found that MARCH1
was over-expressed in HCC cells and tissues, and promoted the
proliferation of HCC cells. MARCH1 downregulation induced by
siRNA or drugs could inhibit the progression of HCC by down-
regulating PI3K-AKT-β-catenin and PTEN/AKT signaling
pathways (Xie et al., 2019a; Xie et al., 2019b; Dai et al., 2020).
However, the molecular mechanism of SIN in inhibiting
MARCH1 expression and its downstream signaling molecules
is unclear.

AMPK/STAT3 signaling pathways are closely related to tumor
biological functions, such as proliferation, and apoptosis (Lin
et al., 2011; Jeon et al., 2012; De Veirman et al., 2019). It is
reported that STAT3 signaling pathway participates in regulation
of SIN against lung cancer and osteosarcoma cells (Jiang et al.,
2016; Xie et al., 2016). However, whether SIN inhibits HCC by
regulating the STAT3 signaling pathway has not been reported. In

addition, AMPK signaling pathway has not been studied in anti-
cancer of SIN. Therefore, we explored the role of SIN on AMPK/
STAT3 signaling pathway in Hep3B and HepG2 cells.
Furthermore, we assessed the involvement MARCH1 in
regulating AMPK/STAT3 pathways by silencing MARCH1 in
Hep3B and HepG2 cells. Our study demonstrated that SIN
inhibits proliferation of HCC cells and promotes apoptosis by
inhibiting MARCH1 expression and AMPK/STAT3 signaling
pathway.

MATERIALS AND METHODS

Cell Culture
Human liver cancer cell lines, HepG2 and Hep3B, were obtained
from the Chinese Academy of Science (Shanghai, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with high glucose (Hyclone, Logan, UT, United States), 10% fetal
bovine serum (Gibco, Waltham, MA, United States), 100 units/
ml penicillin and 100 μg/ml streptomycin (Solarbio, Beijing,
China), and incubated at 37°C in a humified atmosphere with
5% CO2.

Reagents and Antibodies
Sinomenine was purchased from Solarbio Life Sciences
(#SS8560,Solarbio, Beijing, China), dissolved in DMSO and
placed away from light at −20°C. Anti-MARCH1 antibody
(#bs-9335R) was obtained from Bioss (Beijing, China). Anti-p-
STAT3 (#ab32143), p-AMPK (#ab92701) and AMPK (#ab32047)
antibodies were purchased from Abcam (Cambridge,
United Kingdom). Anti-Bcl-2 (#12789-1-AP), CyclinB1
(#55004-1-AP), CyclinD1 (#26939-1-AP), Mcl-1 (#16225-1-
AP), Bax (#50599-2-Ig), STAT3 (#10253-2-AP), GAPDH
(#10494-1-AP) and Peroxidase-conjugated Affinipure Goat
anti-Rabbit IgG (H + L) (#SA00001-2) antibodies were
purchased from the Proteintech Group (Chicago, IL,
United States).

Transfection of SiRNA
SiRNA sequences of MARCH1 were designed and synthesized by
Genepharma (Shanghai, China). The sequence is: MARCH1
siRNA-1: sense: 5′-CAGGAGGUCUUGUCUUCAUTT-3′;
antisense: 5′-AUGAAGACAAGACCUCCUGTT-3′. MARCH1
siRNA-2: sense: 5′-GGUAGUGCCUGUACCACAATT-3′;
antisense: 5′-UUGUGGUACAGGCACUACCTT-3′. Non-
target siRNA: sense: 5-UUCUCCGAACGUGUCACGUTT-3′;
antisense: 5′-ACGUGACACGUUCGGAGAATT-3′. All
siRNAs were dissolved in DEPC-treated water. The
transfection was performed according to the manufacturer’s
instructions. Cells were seeded in 6-well culture dishes to
reach about 50% confluence. Then, 50 nM siRNA or 5 μl
Lipofectamine 2,000 (Invitrogen, Carlsbad, CA, United States)
were added into 100 μl serum-free DMEM/High glucose medium
and allowed to incubate at room temperature for 5 min.
Lipofectamine 2,000 complex was mixed with the siRNA
complex and allowed to stand at room temperature for
20 min. Finally, the mixture was added into each well and
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incubated in 37°C incubator for 5 h. Medium with penicillin-
streptomycin was replaced with the transfection medium, and
incubation was continued for 48 h.

Western Blot
Cells were lysed in pre-cooled RIPA lysis buffer (#P0013B,
Beyotime, Shanghai, China) containing proteasome and
phosphatase inhibitors, then, incubated on ice for 40 min and
centrifuged for 20 min at the speed of 12,000 rpm to acquire cell
lysates. BCA Protein Assay Kit (#PC0020, Solarbio, Beijing,
China) was used for protein quantification. Protein samples
were boiled in SDS-PAGE sample loading buffer for 8 min at
99°C, and at least 20 μg proteins were separated in SDS-PAGE
gels (#P1200, Solarbio, Beijing, China). After electrophoresis, the
gels were transferred to PVDF membrane (#ISEQ00010,
Immobilon®-PSQ PVDF 0.2 μm, Ireland). Membranes were
then blocked at room temperature for 2.5 h in 5% skim milk
prepared in tris buffered saline and Tween 20 (TBST, PH 7.4).
Next, membranes were incubated with primary antibodies
overnight at 4°C. Membranes were washed four times in
TBST, and then incubated with secondary antibodies for
40 min at 37°C. Finally, membranes were again washed four
times in TBST, and protein bands visualize with
chemiluminescent reagent (#PWB-001S, Novland, Shanghai,
China). Images were obtained by ChemiDocTM XRS+ (BIO-
RAD, Hercules, CA, United States). Photoshop CS6 was used to
quantify protein bands.

CCK-8 Assay
Cells were inoculated into 96-well plates at 5,000 cells per well and
incubated for 24 h at 37°C. Cells were then treated with SIN for
24 h. CCK-8 reagent (Biosharp, Beijing, China) was added to each
well and reacted with cells for 1 h at 37°C following the
manufacturer’s instructions. Light absorbance at 450 nm was
measured by a microplate reader (SpectraMax M2, Molecular
Devices, Shanghai, China).

Colony Formation Assay
Cells were inoculated into 6-well plates at 8,000 cells each well.
After 24 h incubation at 37°C, SIN was added, and incubation
continued for 36 h. Subsequently, cells were incubated in
complete medium without SIN for 10 days. Cells were fixed
with methanol for 20 min and washed with phosphate buffer
solution (PBS). Clones were stained with 0.1% crystal violet
solution (#G1064, Solarbio, Beijing, China), washed by PBS,
and dried. Finally, the number of clones was counted by
Photoshop CS6 and colony-formation efficiency was calculated.

Cell Proliferation Assay
Cell proliferation was evaluated by EdU assay using a
commercially available kit (#C10310-1, Ribobio, Guangzhou,
China). Cells were seeded in 96-well plates at 5,000 cells per
well, and incubated for 24 h at 37°C before treating with SIN.
After 24 h of drug treatment, cells were incubated with 50 μM
EdU medium for 2 h. Cells were then immobilized with 4%
polyoxymethylene for 30 min, treated with 2 mg/ml glycine for
5 min, and permeated by 0.5% TritonX-100 for 10 min. Cells were

incubated in Apollo 567 for 30 min at room temperature in the
dark and permeated by 0.5% TritonX-100 for 20 min. At last, cells
were incubated with Hoechst 33,342 for 30 min at room
temperature in the dark. PBS was used for washing between
each step. Images were collected by a fluorescence microscope
(Olympus TL4 photomicroscope, Japan).

Cell Cycle Assay
A flow cytometer (Becton Dickinson FACSCantoTM II, Franklin
Lakes, NJ, United States) was used to determine the phase of cell
cycle arrest in cells treated with SIN. Cells were prepared
following instructions included in the cell cycle detection kit
(#CA002, SAB, Maryland, United States). Briefly, cells were
detached from 6-well plates and fixed in pre-cooled 75%
ethanol overnight at 4°C. Then, cells were collected and
resuspended in PBS. Cells were treated with RNase for 30 min
at 37°C, and stained with propidium iodide for 30 min at 4°C.
Fluorescent intensity was measured within 1 h after staining.

qRT-PCR
Total RNA was extracted from Hep3B and HepG2 cells using the
TRIZOL reagents. The primer of humanGAPDHandMARCH1were
purchased from Takara. GAPDH sequences: F: 5′-GCACCGTCA
AGGCTGAGAAC-3′; R: 5′-TGGTGAAGACGCCAGTGGA-3’.
MARCH1 sequences: F:5′-CTGCTGTGAGCTCTGCAAGTATGA-
3′; R: 5′-TACGTGGAATGTGACAGAGCAGAA-3′. A reverse
transcription kit (#RR047A, Takara) was used for reversed
transcription into cDNA. Real-Time PCR used Tli RNaseH Plus
(#RR820A, Takara). GAPDH and MARCH1 were amplified and
measured by QuantStudio 3. PCR products were quantified using
the 2−ΔΔct method.

Statistical Analysis
Data analysis was carried out using the GraphPad Prism 7
(GraphPad Software Inc, San Diego, United States). All
experimental data are presented as the means ± SD from at
least three independent experiments. Differences between the
groups were assessed using Student’s t-test and ANOVA. p < 0.05
was considered significant.

RESULTS

SIN Suppresses Expression of MARCH1 in
HCC Cells
The Hep3B and HepG2 cells were treated with different
concentrations of SIN for 24 h and its antitumor effect was
evaluated. We found that the expression of MARCH1 was
down-regulated in both Hep3B and HepG2 cells following SIN
treatment in a dose-dependent manner, as measured by Western
Blotting (Figure 1A). Microscopically, the number of cells
decreased, some cell bodies shrank and cytoplasm condensed,
and some cells became round and bright after exposure to SIN
(Figure 1B). We performed qPCR to evaluate the mRNA
expression of MARCH1. Interestingly, the mRNA level of
MARCH1 was slightly increased in HepG2 cells (Figure 1C).
HepG2 cells were then treated with SINwith or withoutMG132, a
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proteasome inhibitor, to explore the reason of MARCH1 protein
down-regulation. Low protein expression of MARCH1 caused by
SIN was rescued by MG132 treatment (Figure 1D). These results
suggested that SIN reduces the expression of MARCH1 by
proteasome-mediated protein degradation.

Low Expression of MARCH1 Attenuates
Phosphorylation of AMPK and STAT3
We used Western Blotting to measure expression of AMPK/
STAT3 signaling molecules. SIN treatment decreases the
expression of p-AMPK and p-STAT3 in Hep3B and HepG2
cells (Figure 2A). Expression of these proteins were
normalized using GAPDH as a reference, and statistical
analysis on these signaling molecules in Hep3B and HepG2
are provided in Figure 2B. SiRNA was used to knockdown
MARCH1 in these cells to confirm its involvement in
inhibiting AMPK/STAT3 signaling pathway. The results
showed that phosphorylation of AMPK and STAT3 decreases

after MARCH1 knockdown in Hep3B and HepG2 cells
(Figure 2C). These results demonstrated that SIN down-
regulates phosphorylation of AMPK and STAT3 through
down-regulating expression of MARCH1. To solidify this
conclusion, the p-AMPK and p-STAT3 expression were
detected when HepG2 cells were treated with SIN combined
with or without MG132. The results showed that p-AMPK
expression was partly rescued when MARCH1 was rescued by
MG132. But the rescue effect of MG132 to p-STAT3 was not
obvious. (Figure 2D and Supplementary Material).

Sinomenine Induces HCC Cell Apoptosis
AMPK/STAT3 signaling pathway is involved in regulating tumor
cell proliferation, apoptosis, and cell cycle. CCK-8 and colony-
formation assays were used to evaluate whether SIN affects these
biological behaviors of these HCC cells. It was found that SIN
intervention suppresses the growth of Hep3B and HepG2 cells in
a time and dose-dependent manner (Figure 3A). In addition,
cells treated with different concentrations of SIN for 36 h were

FIGURE 1 | SIN downregulated MARCH1 expression in HCC cells. (A) Western Blotting on the protein expression of MARCH1 in Hep3B and HepG2 cells treated
with SIN. (B) The morphology of Hep3B and HepG2 cells treated with different concentrations of SIN for 24 h, the number of cells counted and analyzed. 0 mM as
control. (C) qRT-PCR on the mRNA expression of MARCH1 in HepG2 cells treated with SIN. (D) Western Blotting on the protein expression of MARCH1 HepG2 cells
treated withMG132 (0.5μΜ) and with or without SIN (2 mM). All data aremeans ± SD of results from three experiments. * represents p < 0.05, ** represents p < 0.01.
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cultured for 10 days after treatment of SIN. The number and the
size of colonies declined in a dose-dependent manner in SIN
treated cells (Figure 3B). Moreover, the expression of apoptosis-
related proteins was examined by Western Blotting. The result
showed that the expression of pro-apoptotic protein, Bax, was
elevated and anti-apoptotic molecules including, Mcl-1 and Bcl-2
were down-regulated in Hep3B and HepG2 cells. This result is in
consistent with the previous study (Lu et al., 2013). (Figure 3C).

Sinomenine Causes HCC Cell Cycle Arrest
Flow cytometric analysis was performed to pinpoint the phase of cell
cycle arrest following SIN treatment. HepG2 andHep3B cells exposed
to different concentrations of SIN showed G0/G1 phase arrest
(Figure 4A). Furthermore, we found that the expression of cell

cycle-related proteins, CyclinD1, CyclinB1, and Bcl-2 were down-
regulated in both Hep3B and HepG2 cells (Figure 4B). These results
indicated that SIN might induce cells cycle arrest by down-regulating
the expression of these cell cycle associated proteins.

Sinomenine Suppresses HCC Cell
Proliferation by Inhibiting MARCH1
The EdU assay was implemented to assess whether SIN inhibits HCC
cell proliferation. Nuclei were stained with EdU and Hoechst reagents.
The result showed that the number of EdU positive cells were reduced
compared to untreated control cells. (Figures 5A,B). To evaluate
whether MARCH1 participates in the inhibition of SIN on HCC
cell proliferation, MARCH1 was knocked down using siRNA in

FIGURE 2 | SIN decreased phosphorylation of AMPK and STAT3 via inhibiting MARCH1. (A) The expression of MARCH1 and AMPK/STAT3 signaling molecules
detected by Western Blotting in Hep3B and HepG2 cells treated with SIN for 24 h. (B) The protein expression of MARCH1, p-AMPK and p-STAT3 quantified by
measuring the gray band value using photoshop CS6. GAPDH was used for normalization. 0 mM as control. (C) The protein expression of AMPK, p-AMPK, STAT3 and
p-STAT3 after MARCH1 knockdown in Hep3B and HepG2 cells. (D) p-AMPK and p-STAT3 expression were detected when HepG2 cells were treated with SIN
and MG132. All data are means ± SD of results from three experiments. * represents p < 0.05, ** represents p < 0.01.
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HepG2 cells. The result showed that the surviving HepG2 cells were
significantly reduced in knockdown cells compared to control cells
(Figure 5C). Furthermore, MARCH1 knockdown down-regulated the
protein expression of CyclinD1 and Bcl-2 (Figure 5D). These results
revealed that SIN suppresses cell proliferation and promotes apoptosis
of HCC cells by inhibitingMARCH1. All results in this study indicated
that the effect of SIN in inhibiting proliferation and inducing apoptosis
in HCC cells is based on inhibition of MARCH1, resulting in down-
regulating AMPK/STAT3 signaling pathway and downstream
molecules, CyclinD1, CyclinB1, Mcl-1, Bax, and Bcl-2 (Figure 5E).

DISCUSSION

In the present study, we revealed that SIN, one of the alkaloid
natural products, possesses potential anti-cancer effect. We found

that SIN induces cell apoptosis and arrests the proliferation of
HCC cells. These activities are partly dependent on down-
regulation of MARCH1 expression. Interestingly, SIN down-
regulated the MARCH1 protein expression but increased
MARCH1 transcription in HepG2 cells. MG132, as a
proteasome inhibitor Dai et al. (2020), rescues MARCH1
protein expression in HepG2 cells after SIN treatment.
Therefore, SIN-induced MARCH1 down-regulation through
proteasomal degradation. Moreover, treatment of Hep3B and
HepG2 cells with SIN or siRNA of MARCH1 impaired the
phosphorylation of AMPK and STAT3.

SIN is a common plant-derived alkaloid, and some
experimental studies recognize its anticancer activities. SIN
inhibits proliferation, invasion, and migration and promotes
apoptosis in cancer cells by modulating signaling pathways
and microRNAs, such as PI3K/AKT/Wnt signaling pathway,

FIGURE 3 | SIN induced HCC cells apoptosis. (A) CCK-8 assay on the viability of Hep3B and HepG2 cells treated with SIN for 24, 48, and 72 h. 0 mM as control.
(B) The Hep3B and HepG2 cells was treated with SIN (Hep3B: 0, 2, 4 mM; HepG2: 0, 1, 2 mM) for 36 h, and then incubated in fresh medium without SIN for 10 days.
The colonies were fixed and stained. 0 mM as control. (C) The apoptosis-related signaling molecules Mcl-1, Bax and Bcl-2 tested in Hep3B and HepG2 cells. All data are
means ± SD of results from three experiments. ** represents p < 0.01; ## indicates p < 0.01.
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SHh pathway, and miR-23a (Song et al., 2018; Liu et al., 2019; Xu
et al., 2019). We uncover that SIN induces HCC cell apoptosis
and inhibits proliferation via the AMPK pathway. AMP-activated
protein kinase (AMPK) is known as a sensor of the energy status
of cells. It regulates the whole-body as well as cellular energy
balance by monitoring the levels of AMP, ADP and ATP (Hardie
et al., 2012; Hardie, 2015; Ross et al., 2016). AMPK inhibits cancer
cell growth and tumorigenesis via regulating mitochondria-
mediated metabolism and the LKB1-AMPK pathway. Loss of
AMPK signaling works with oncogenic Myc to enhance
tumorigenesis (Shackelford and Shaw, 2009; Faubert et al.,
2013; Jiang et al., 2019). AMPK is a tumor suppressor; it is
pivotal in cell survival during metabolic stress that can often
occur under pathological conditions, such as tumor. In these
situations, AMPK promotes cell survival in both normal and
tumor cells (Chhipa et al., 2018). Many reports indicate that
AMPK activation promotes survival of tumor cells via NADPH,
AMPK–CREB1, and AMPK-mTOR-Akt/ERK signaling
pathways (Jeon et al., 2012; Gao et al., 2016; Chhipa et al.,
2018). However, the role of AMPK in SIN anticancer
treatment is not reported. This study is the first one to show
that SIN reduces the activity of p-AMPK in HCC cells. We also
observe that SIN decreases expression of Bcl-2 in Hep3B and

HepG2 cells. Notably, activation of AMPK-induced tumor cell
survival is associated with Bcl-2. Kim De Veirman indicated that
AMPK phosphorylation induces myeloid-derived suppressor
cells that promote multiple myeloma progression. These cells
cause immuno-suppression and induction of angiogenesis that
are associated with an increase in anti-apoptotic factors Mcl-1
and Bcl-2 (De Veirman et al., 2019). Also, Bcl-2 is linked to
AMPK-mediated protection against apoptosis of cardiomyocytes
(Accordi et al., 2013). Thus, these studies support our findings
that SIN promotes apoptosis and inhibits proliferation in HCC
cells by inhibiting the AMPK-Bcl-2 pathway.

Furthermore, STAT3 signaling also participates in the
anticancer activity of SIN. STAT3 signaling is crucial for the
signal transduction cascade, in which cancer cells sense and adapt
to a variety of environmental stimuli. STAT3 is also important to
cell activities, such as proliferation, apoptosis and is a prominent
target for cancer therapy (Corvinus et al., 2005; Chai et al., 2016;
Huynh et al., 2019). Many studies show that inactivation of
STAT3 pathway inhibits tumor cell proliferation, angiogenesis
and metastasis (Chen et al., 2012; Chai et al., 2016). Previous
experimental studies showed that SIN exerts its anticancer effect
in prostate cell carcinoma and human osteosarcoma cells via
inactivating JAK/STAT and CXCR-4-STAT3 signaling pathways

FIGURE 4 | SIN Causes HCC Cell Cycle Arrest. (A) Flow cytometric analysis on cell cycle of Hep3B and HepG2 cells treated with or without SIN, and data are
presented in tables and statistical graphs. (B) Cell cycle-related proteins including MARCH1, CyclinD1, CyclinB1 and Bcl-2 measured by Western Blotting. 0 mM as
control.
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FIGURE 5 |SIN suppressed the proliferation of HCC cells by inhibiting MARCH1. (A) The EdU assay. The Hep3B and HepG2 cells were treated with SIN (Hep3B: 0,
2, 4 mM HepG2: 0, 1, 2 mM) for 24 h. The number of proliferative nuclei were counted. Bar, 20 μm. 0 mM as control. (B) The statistical graphs of different concentration
of SIN on HCC cells inhibition. (C) The morphology of cells after silencing MARCH1 in HepG2 cells. (D) The expression of CyclinD1 and Bcl-2 detected after MARCH1
knockdown using siRNA in Hep3B and HepG2 cells. (E) The schemm shows that SIN regulates MARCH1-mediated AMPK/STAT3 signaling to affect cell
proliferation and apoptosis. All data are means ± SD of results from three experiments. ** represents p < 0.01.
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(Xie et al., 2016; Xu et al., 2019). In this study, we demonstrated
that SIN down-regulated the activity of p-STAT3 in Hep3B and
HepG2 cells. Moreover, STAT3 signaling pathway positively
regulates CyclinD1, Survivin, Bcl-2, Bcl-XL, and Mcl-1 to
facilitate cancer cell cycle progression (Epling-Burnette et al.,
2001; Lin et al., 2011). Thus, SIN exerts anti-apoptotic and
proliferative function in HCC cells by regulating CyclinD1 and
Bcl-2 through STAT3 signaling pathway. Also, the reduction of
CyclinD1 and CyclinB1 in HCC cells treated with SIN is in
agreement with a previous study, in which CyclinD1 and
CyclinB1 down-regulation promoted cells exit from G2/M and
enter into G0/G1 phase (Wang et al., 2018).

Silencing MARCH1 was achieved by transfection of siRNA-
MARCH1 sequences into Hep3B and HepG2 cells. Western
Blotting analysis on the expression of AMPK/STAT3 signaling
related proteins showed that phosphorylation of AMPK and
STAT3, and the expression of CyclinD1 and Bcl-2 in HCC
cells were significantly down-regulated by MARCH1
knockdown. Thus, SIN down-regulates phosphorylation of
AMPK and STAT3 through down-regulating expression of
MARCH1 to inhibit HCC cells proliferation. In addition,
p-AMPK expression was partly incresesd when down-
regulation of MARCH1 induced by SIN was rescued by
MG132. This partially confirms the above conclusion. But
p-STAT3 expression was not significant change. This
suggested that STAT3 signaling pathway may be regulated by
more than just MARCH1. There may be another molecule
mechanism to regulate STAT3 signaling pathway when HCC
cells were treated with SIN, and the underlying molecular
mechanisms need to be further explored.

Taken together, this study suggests that SIN treatment
decreases MARCH1 expression, resulting in inhibiting
AMPK/STAT3 signaling pathway, therefore inhibiting
proliferation and enhancing apoptosis in HCC cells. This
study provides a rationale for using SIN for the treatment
of HCC and supports the application of SIN as a clinical
anticancer drug.
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