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Introduction
Hepatocellular carcinoma (HCC) is a common primary 
malignancy and a leading cause of cancer-related deaths 
worldwide[1].  Currently, surgical resection, liver transplanta-

tion, and chemotherapy are the standard therapies for HCC.  
However, surgical resections are not suitable for numerous 
HCC patients with advanced stage tumors, and the available 
chemotherapeutic drugs show limited efficacies in HCC ther-
apy[2–4].  Therefore, there is a need to explore more effective 
anti-HCC drugs and therapeutic approaches.

Studies have shown that cancer stem cells (CSC) exist in 
multiple cancer types, including HCC[5–9].  They are believed 
to drive tumor growth and recurrence through continuous 
self-renewal and differentiation.  Currently available chemo-
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Abstract
Matrine is an alkaloid extracted from a Chinese herb Sophora flavescens Ait, which has shown chemopreventive potential against 
various cancers.  In this study, we evaluated the anticancer efficacy of a novel derivative of matrine, (6aS, 10S, 11aR, 11bR, 11cS)-
10-methylamino-dodecahydro-3a,7a-diazabenzo (de) anthracene-8-thione (MASM), against human hepatocellular carcinoma (HCC) 
cells and their corresponding sphere cells in vitro and in vivo.  Human HCC cell lines (Hep3B and Huh7) were treated with MASM.  
Cell proliferation was assessed using CCK8 and colony assays; cell apoptosis and cell cycle distributions were examined with flow 
cytometry.  The expression of cell markers and signaling molecules was detected using Western blot and qRT-PCR analyses.  A sphere 
culture technique was used to enrich cancer stem cells (CSC) in Hep3B and Huh7 cells.  The in vivo antitumor efficacy of MASM was 
evaluated in Huh7 cell xenograft model in BALB/c nude mice, which were administered MASM (10 mg·kg-1·d-1, ig) for 3 weeks.  After 
the treatment was completed, tumor were excised and weighed.  A portion of tumor tissue was enzymatically dissociated to obtain a 
single cell suspension for the spheroid formation assays.  MASM (2, 10, 20 μmol/L) dose-dependently inhibited the proliferation of 
HCC cells, and induced apoptosis, which correlated with a reduction in Bcl-2 expression and an increase in PARP cleavage.  MASM also 
induced cell cycle arrest in G0/G1 phase, which was accompanied by increased p27 and decreased Cyclin D1 expression.  Interestingly, 
MASM (2, 10, and 20 μmol/L) drastically reduced the EpCAM+/CD133+ cell numbers, suppressed the sphere formation, inhibited the 
expression of stem cell marker genes and promoted the expression of mature hepatocyte markers in the Hep3B and Huh7 spheroids.  
Additionally, MASM dose-dependently suppressed the PI3K/AKT/mTOR and AKT/GSK3β/β-catenin signaling pathways in Hep3B and 
Huh7 cells.  In Huh7 xenograft bearing nude mice, MASM administration significantly inhibited Huh7 xenograft tumor growth and 
markedly reduced the number of surviving cancer stem-like cells in the tumors.  MASM administration also reduced the expression of 
stem cell markers while increasing the expression of mature hepatocyte markers in the tumor tissues.  The novel derivative of matrine, 
MASM, markedly suppresses HCC tumor growth through multiple mechanisms, and it may be a promising candidate drug for the 
treatment of hepatocellular carcinoma.
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therapeutic drugs primarily inhibit the growth of differenti-
ated tumor cells with little or no impact on CSC.  Thus, the 
development of novel drugs that target both CSCs and dif-
ferentiated cancer cells may improve treatments for malignant 
tumors.

Matrine, oxymatrine, sophocarpine and other sophora alka-
loids are the main extractable alkaloid components in Sophora 
flavescens Ait, a Chinese herb.  They exhibit various biological 
activities that comprise anti-cancer, anti-inflammation, anti-
virus, anti-fibrosis, anti-arrhythmia, and immunosuppressive 
effects[10–15].  However, the clinical potential of the sophora 
alkaloids remains limited because of their relatively low 
activities and short half-lives[12, 15, 16].  To improve their thera-
peutic efficacies, we have designed and synthesized multiple 
matrine derivatives by transforming sophocarpine into thio-
sophocarpine using Lawesson’s reagent and subsequently 
introducing various amino groups to the keto beta position 
using the Michael addition reaction.  One derivative [(6aS, 10S, 
11aR,11bR, 11cS)-10-methylamino-dodecahydro-3a,7a-diaza-
benzo (de) anthracene-8-thione] MASM (Figure 1A) exhibits 
a higher anti-inflammatory activity toward macrophages 
compared with matrine and sophocarpine[17].  MASM exerts in 
vitro activities within a concentration range of 1–20 μmol/L, 
which is markedly lower than the concentration range for the 
sophora alkaloids (100–200 μmol/L).  Our previous study 
indicates that MASM can inhibit lipopolysaccharides (LPS)-
induced maturation of murine bone marrow-derived dendritic 
cells[18].  Additionally, we have demonstrated that MASM 
potently suppresses hepatic stellate cell activation and ame-
liorates experimental hepatic fibrosis that is associated with 
the inhibition of AKT signaling pathways[19].  However, the 
MASM effects on liver cancer cells remain unknown.  This 
study aims to investigate MASM effects on human HCC cell 
lines (Hep3B and Huh7) and its in vivo anti-tumor activity, 
corresponding sphere cells and underlying mechanisms.  

Materials and methods
Chemicals and antibodies
MASM maleate (>98% purity) was synthesized in our labora-
tory and dissolved in saline.  CHIR99021 (CHIR) was pur-
chased from Selleck (Houston, TX, USA).  Recombinant human 
basic fibroblast growth factor (FGF), recombinant human 
epidermal growth factor (EGF), and DMEM/F-12 were pur-
chased from PeproTech (Rocky Hill, NJ, USA).  B27 (×50), and 
Insulin-Transferrin-Selenium (ITS, ×100) were purchased from 
Gibco BRL.  L-glutamine (×100) was purchased from Invitro-
gen (Carlsbad, CA, USA).  The anti-CD133 (AC133)-phycoer-
ythrin (PE) and anti-CD326 (EpCAM)-allophycocyanin (APC) 
antibodies and isotype-matched mouse anti-IgG1-PE and 
anti-IgG1-APC were purchased from MiltenyiBiotec (North 
Rhine-Westphalia, Germany).  Antibodies against phospho-
PI3K (Tyr458), AKT, phospho-AKT (Ser473), phospho-AKT 
(Thr308), mTOR, phospho-mTOR (Ser2448), phospho-P70S6K 
(Thr389), β-catenin, GSK-3β, phospho-GSK-3β (Ser9), and epi-
thelial cell adhesion molecule (EpCAM) were purchased from 
Cell Signaling Technology (Beverly, MA, USA).  Antibodies 

against Cyclin D1 and glyceraldehyde phosphate dehydroge-
nase (GAPDH) were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA).  The IRDye680-conjugated anti-
rabbit and anti-mouse secondary antibodies were purchased 
from Rockland (Gilbertsville, PA, USA).  

Cell culture
The Hep3B and Huh7 human hepatoma cell lines and the LO2 
normal hepatocyte line were provided by the Shanghai Cell 
Bank (Shanghai Institute for Biological Science, Chinese Acad-
emy of Science, Shanghai, China).  All cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS, Gibco, Invitrogen), 100 
U/mL penicillin, and 50 mg/mL streptomycin at 37 °C in a 
humidified 5% CO2 incubator.

Cell proliferation and colony formation assay
Hep3B or Huh7 cells (2×103 cells/well) were seeded into 
96-well plates and treated with MASM (0–20 μmol/L) for 
24, 48, and 72 h.  Cell proliferation was assessed using a Cell 
Counting Kit-8 (CCK8, Dojindo Laboratories, Tokyo, Japan).  
The proliferation inhibition rates were calculated using 
the following equation: Inhibition (%)=[(ODcontrol–ODdrug)/
ODcontrol]×100.  HCC cells (1×103 cells/well) were treated with 
or without MASM in 6-well plates and allowed to grow for 
17 to 21 days.  Colonies were stained with Coomassie brilliant 
blue.

Apoptosis analysis 
HCC cells were treated with MASM for 24 h.  Apoptosis was 
detected using a Hoechst 33258 fluorescence staining kit (Bey-
otime Institute of Biotechnology, Haimen, China) according 
to the manufacturer’s protocol.  Morphologic changes to the 
apoptotic cells were recorded with a fluorescence microscope 
(Olympus, Tokyo, Japan).  The MASM effect on cell apoptosis 
was also assessed using the Annexin-V/propidium iodide 
double-labeled flow cytometry kit (KeyGen, Nanjing, China).  
Cells were analyzed by flow cytometry with a FACSCalibur 
flow cytometer (BD Biosciences, San Jose, CA, USA).

Cell cycle analysis
HCC cells were treated with MASM for 24 h.  The cell cycle 
distributions were determined by propidium iodide (PI) stain-
ing and followed by flow cytometric analysis according to the 
instructions provided in the cell cycle detection kit (Shanghai 
R&S Biotech Co, Ltd, Shanghai, China).

Tumor sphere formation assay and flow cytometric analysis
Sphere cultures were performed as previously described[9] 
with minor modifications.  Briefly, primary sphere cells were 
obtained by culturing HCC cells in sphere-forming condi-
tioned Dulbecco’s modified Eagle’s medium/Ham’s F12 
medium (DMEM/F12, HyClone, Logan, UT) supplemented 
with FGF (20 ng/mL), EGF (20 ng/mL), B27 (1×), ITS (1×), 
and L-glutamine (1×) in 96-well ultra-low attachment plates 
(Corning, Lowell, MA).  The primary sphere cells (1×103 cells/
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well) were incubated with or without MASM for 7 d.  The sec-
ond and third passages of the cells were grown for 7 d in the 
absence of MASM.  The number of spheres (>30 μm in diam-
eter) was counted, and spheres were photographed under a 
phase contrast microscope.

To examine MASM effects on the subpopulation of cells 
that expressed EpCAM and CD133, cells were incubated with 
anti-AC133-PE and anti-EpCAM-APC antibodies and ana-
lyzed by flow cytometry.  Isotype-matched mouse anti-IgG1-
PE and anti-IgG1-APC were used as controls.

Quantitative real-time RT-PCR (qRT-PCR)
Quantitative real-time RT-PCR analysis was performed as 
previously described[18].  Total cellular RNA was isolated with 
the RNAfast200 kit (Fastagen Biotech Company).  cDNA was 
synthesized from 1 μg of total RNA using the PrimeScript RT 
reagent Kit (Takara, Dalian, China), and the PCR amplifica-
tion was performed in triplicate on a StepOnePlusTM real-
time PCR system (Applied Biosystems, USA) using the SYBR 
Premix Ex TaqTM PCR Kit (Takara, Dalian, China).  The primer 
sequences of the detected genes follow: 

EpCAM (F: 5′-GCTCTGAGCGAGTGAGAACCT-3′, R: 
5′-GA CCA GGATCCAGATCCAGTTG-5′), CD133 (F: 5′-ACA-
TGA AAAGACCTGGGGG-3′, R: 5′-GATCTGGTGTCCC A -
GCATG-3′), Sox2 (F: 5′-GCGAACCATCTCTGTGGT CT-3′, 
R:  5 ′ -GGAAAGTTGGGATCGAACAA-3′) ,  Oct3/4 (F: 
5′-CG A CCATCTGCCGCTTTGAG-3′, R: 5′-CCCCCTGT C C-
CCCATTCCTA-3′), cytochrome P450(CYP)1A3 (F: 5′-CTG-
G C CTCTGCCATCTTCTG-3′, R: 5′-TTAGCCTCCTTG C-
TCACATGC-3′), glucose-6-phosphatase (G-6-P) (F: 5′-GG C-
TCCATGACTGTGGGATC-3′, R: 5′-TTCAGCTGCA C A G C-
C CAGAA-3′), albumin (ALB) (F: 5′-AGCCTAA GGCA G CT-
T G ACTT-3′, R: 5′-CTCGATGAACTTCGGGATGA-3′) and 
β-actin (F: 5′-ACCCACACTGTGCCCATCTATG-3′, R: 5′- 
A  G A GTACTTGCGCTCAGGAGGA-3′).

Western blot
Western blot analyses were performed as previously 
described[18].  Briefly, a total protein sample of approximately 
20 μg was resolved by SDS-PAGE gel electrophoresis and 
transferred to a PVDF membrane.  The proteins were probed 
with the indicated primary antibodies followed by an incuba-
tion with an IRDye 800CW anti-mouse or anti-rabbit second-
ary antibody (LI-COR Biotechnology, Nebraska).  Detection 
was performed using an Odyssey infrared imaging system 
(LI-COR Biotechnology, Nebraska).  The band intensities were 
quantified by densitometry.

In vivo xenograft model assay
BALB/c nude mice were subcutaneously (sc) injected with 
2×106 Huh7 cells to establish the HCC xenograft model.  Drug 
treatments were initiated 24 h after the cell injections.  Ani-
mals were administered saline or MASM (10 mg/kg, orally 
by daily gavage) for 3 weeks.  The tumor sizes were measured 
and calculated using the following formula: 1/2×LW2, where 
L denotes the longest surface length (mm) and W denotes the 

width (mm).  Each tumor tissue was excised and weighed 
when the experiment was completed.  A portion of each tumor 
tissue was enzymatically dissociated to obtain a single cell sus-
pension for the spheroid formation assays, and the remaining 
tumor tissue was used for the RT-PCR analysis.

The Animal Care and Use Committee of the Second Military 
Medical University approved all animal tests and experimen-
tal protocols, which were performed in accordance with the 
care and use of laboratory animals.

Statistical analysis
The results are expressed as the mean±SD.  Statistical analyses 
were performed using the one-way analysis of variance or the 
two-tailed Student’s t test.  P<0.05 was considered as the mini-
mum level of significance.

Results
MASM inhibits hepatoma cell proliferation and colony formation 
The MASM treatment inhibited Hep3B and Huh7 cell prolif-
eration in a concentration- and time-dependent manner (Fig-
ure 1B and 1C).  MASM also markedly reduced the number of 
colonies in the clonogenic assays (Figure 1D and 1E).  Notably, 
the LO2 immortalized human hepatocyte cell line and rat 
primary hepatocytes were not affected by MASM at the con-
centrations that were tested (data not shown), indicating that 
HCC cells are more sensitive to MASM than normal cells.  

MASM induces hepatoma cell apoptosis
The Hoechst 33258 stains of the MASM-treated Hep3B and 
Huh7 cells revealed a condensed or fragmented chromatin 
staining pattern with brilliant blue fluorescent dots in the 
hepatoma cell nuclei compared with a uniformly blue staining 
pattern in the control cells (Figure 2A).  The Annexin V-FITC 
and PI staining results showed an increase in apoptotic cells 
as the MASM concentration increased (Figure 2B).  The analy-
sis of the apoptosis regulators demonstrated a concentration-
dependent reduction in the Bcl-2 protein levels by MASM 
with an accompanying increase in cleaved Poly (ADPribose) 
polymerase (PARP) expression (Figure 2C).  

MASM induces cell cycle arrest in hepatoma cells
The 24-h MASM treatments (10 and 20 μmol/L) significantly 
increased the proportions of Hep3B and Huh7 cells in G0/G1 
(Figure 3A and 3B).  The analysis of the cell cycle regulatory 
proteins revealed that MASM noticeably decreased Cyclin D1 
and CDK2 expression in Hep3B and Huh7 cells, which was 
accompanied by increased p27 expression (Figure 3C).

MASM inhibits hepatic cancer stem-like cells
To investigate whether MASM suppressed HCC CSCs, we 
enriched the hepatic CSC populations in the Hep3B and 
Huh7 cell lines using the sphere culture technique.  The flow 
cytometric analysis demonstrated that the EpCAM+/CD133+ 
cells accounted for 97.0% and 94.1% of the Hep3B and Huh7 
sphere cells, respectively.  MASM (10 and 20 μmol/L) potently 
reduced the fraction of EpCAM+/CD133+ cells (Figure 4A).  The 
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MASM treatment clearly reduced the numbers and sizes of the 
primary Hep3B and Huh7 spheres (Figure 4B and 4C).  More-
over, the number of spherical colonies significantly decreased 
when MASM-treated primary spheres were cultured for the 
subsequent two passages in the absence of drug (Figure 4D).  
The real-time PCR results showed that the MASM treatment 
drastically suppressed the expression of stem cell marker 
genes, including CD133, EpCAM, Sox2 and Oct3/4, and con-
comitantly up-regulated the expression of mature hepatocyte 

markers (ALB, CYP1A3 and G-6-P) (Figure 4E).

MASM suppresses the PI3K/AKT and GSK3β/β-catenin pathways 
in hepatoma cells
MASM markedly reduced phosphorylation of PI3K P110а (the 
catalytic subunit of PI3K) at Tyr458 in Hep3B and Huh7 cells.  
The degrees of AKT phosphorylation at Ser473 and Thr308 
were concomitantly decreased while no significant change 
was observed in the total AKT levels.  Moreover, MASM 

Figure 1.  The effect of MASM on Hep3B and Huh7 cell proliferation and colony formation.  (A) Chemical structure of MASM.  (B, C) MASM inhibited 
Hep3B (B) and Huh7 (C) cell proliferation as determined by the CCK-8 assay.  (D, E) MASM suppressed colony formation by human hepatoma cells.  
n=3.  *P<0.05 vs control.
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Figure 2.  MASM induces Hep3B and Huh7 cell apoptosis.  (A) Hoechst 33258 staining of Hep3B and Huh7 cells, which were treated with MASM for 24 h, 
was visualized by fluorescence microscopy.  Arrows indicate the apoptotic cells.  (B) Hepatoma cells were treated with MASM for 24 h and labeled with 
AnnexinV and PI, followed by flow cytometric analysis.  The results represent three independent experiments.  The quantitative apoptotic cell data are 
shown.  n=3.  Mean±SD. *P<0.05 vs control.  (C) Western blot analysis of hepatoma cells treated with MASM for 24 h.  The indicated antibodies were 
used.  The band intensities were quantified.  The results were normalized to the GAPDH loading control.  n=3.  Mean±SD. *P<0.05 vs control.
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Figure 3.  MASM induces cell cycle arrest in Hep3B and Huh7 cells.  (A) Cells were treated with MASM for 24 h, stained with propidium iodide and 
subjected to flow cytometric analysis.  The results represent three independent experiments.  (B) Quantitative data for the cell cycle distributions.  n=3.  
Mean±SD. *P<0.05 vs control.  (C) The cell cycle-associated protein levels in hepatoma cells treated with MASM for 24 h.  A representative Western blot 
of three independent experiments is shown.  The band intensities were quantified.  The results were normalized to the GAPDH loading control.  n=3.  
Mean±SD. *P<0.05 vs control.
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Figure 4.  The effect of MASM on hepatic cancer stem-like cells.  (A) MASM reduced the proportion of EpCAM+/CD133+ cells in the spheres treated with 
MASM for 72 h.  (B) MASM suppressed primary Hep3B and Huh7 sphere formation. n=3. Mean±SD. *P<0.05 versus control.  (C) MASM reduced the 
sizes of Hep3B and Huh7 primary spheres (magnification, ×400).  (D) MASM-treated primary spheres exhibited reduced self-renewal capacities.  In the 
absence of MASM, MASM-treated primary spheres formed fewer spheres in the subsequent two passages compared with the control-treated primary 
spheres. n=3. Mean±SD. *P<0.05 vs control.  (E) MASM decreased the expression of stem cell markers (CD133, EpCAM, Sox2, and Oct3/4) and 
increased the expression of mature hepatocyte markers (ALB, CYP1A3, and G-6-P) in two sphere types as determined by quantitative PCR.  The mRNA 
levels were normalized to β-actin and are relative to the control.  n=3.  Mean±SD. *P<0.05 vs control.
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reduced phosphorylation of an AKT downstream signaling 
molecule, mTOR(Ser2448) as well as the mTOR substrate, 
P70S6K(Thr389) (Figure 5).

MASM markedly reduced the β-catenin and Cyclin D1 
protein levels in Hep3B and Huh7 cells (Figure 6A and 
6C).  Because β-catenin is phosphorylated at Ser33/Ser37/
Thr41 by GSK3β for its degradation[20], we also examined 
whether MASM affected phosphorylation of GSK3β (Ser9) 
and β-catenin (Ser33/Ser37/Thr41).  As shown in Figure 6A, 
MASM markedly reduced GSK3β (Ser9) phosphorylation with 
no evident impact on total GSK3β expression.  Accordingly, 
MASM treatment increased phosphorylation of β-catenin 
(Ser33/Ser37/Thr41) and decreased β-catenin protein lev-
els, while phosphorylation of β-catenin (Ser675) remained 
unchanged (Figure 6B).  Conversely, CHIR[21] (a GSK3β inhibi-

tor) increased phosphorylation of GSK3β (Ser9) and sup-
pressed phosphorylation of β-catenin (Ser33/Ser37/Thr41) but 
not of β-catenin (Ser675); β-catenin protein levels increased.  
When co-treated with CHIR, the effects of MASM on GSK3β 
phosphorylation, β-catenin phosphorylation (Ser33/Ser37/
Thr41), and β-catenin accumulation were attenuated (Figure 
6B and 6D).  Because GSK3β phosphorylation at Ser9 results 
in its inhibition and subsequently stabilizes β-catenin, these 
results suggest that MASM-induced β-catenin degradation is 
mediated through activation of GSK3β[22, 23].  

MASM inhibits HCC xenograft tumor growth and reduces CSCs in 
vivo
MASM significantly inhibited the growth and weights of 
the Huh7 xenografts in nude mice (Figure 7A and 7B).  No 

Figure 5.  MASM inhibits the PI3K/AKT/mTOR pathway in hepatoma cells.  Hep3B and Huh7 cells were treated with the indicated MASM concentrations 
for 24 h.  Western blotting was performed to determine the PI3K/AKT/mTOR signaling-related protein levels.  The band intensities were quantified.  The 
results were normalized to the GAPDH loading control.  n=3.  Mean±SD. *P<0.05 vs control.
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Figure 6.  MASM suppresses the GSK3β/β-catenin pathway in hepatoma cells.  Hep3B and Huh7 cells were treated with MASM and/or GSK3β inhibitor 
CHIR for 4 d.  (A, C) Concentration-dependent reduction of GSK3β (Ser9) phosphorylation and decrease in β-catenin and Cyclin D1 protein levels by 
MASM. n=3. Mean±SD. *P<0.05 vs control. (B, D) CHIR partially reversed the effects of MASM on phosphorylated GSK3β (Ser9), phosphorylated 
β-catenin (Ser33/37/Thr41), and β-catenin in Hep3B and Huh7 cells. n=3.  Mean±SD. *P<0.05 vs control.  #P<0.05 vs MASM.
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remarkable weight loss was observed in the MASM-treated 
mice (Figure 7C).  Moreover, MASM markedly reduced the 
number of tumor sphere-forming cells in the xenograft tumors 
as determined by in vitro tumor sphere formation assays (Fig-
ure 7D).  Accordingly, the EpCAM, CD133, Sox2, and Oct3/4 
mRNA levels were significantly decreased in the MASM-
treated tumors, which exhibited accompanying increases in 
ALB, CYP1A3, and G-6-P expression (Figure 7E).  

Discussion
Matrine has been shown to exert potential activities against 
various cancers, including hepatocellular carcinoma, gastric 
cancer, breast cancer, lung cancer, leukemia, colon carcinoma 
and gallbladder carcinoma, by inhibiting cancer cell prolif-
eration, accelerating apoptosis, inducing cell cycle arrest and 
suppressing metastasis[24–30].  However, these in vitro activi-
ties require concentrations as high as 100–200 μmol/L.  This 

Figure 7.  MASM inhibits Huh-7 xenograft tumor growth in nude mice.  (A) Time course of tumor volumes. (B) Images and tumor weights of excised 
tumors. (C) Body weights of mice. (D) Spheroid colony formation of cancer cells isolated from dissociated Huh7 tumors.  (E) mRNA levels of stemness 
and liver-specific genes in tumor tissues.  n=5. Mean±SD. *P<0.05 vs control.
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prompted us to modify matrine to achieve a new matrine 
derivative (MASM) with a markedly improved pharmacologi-
cal activity.  Our in vitro experiments have shown that MASM 
significantly inhibits LPS-induced murine macrophage acti-
vation, dendritic cell maturation, and rat hepatic stellate cell 
activation within the 1–20 μmol/L concentration range, which 
is approximately 10 times lower than that for matrine[17–19].  
Moreover, the in vivo anti-inflammatory and anti-fibrotic 
effects of MASM at 1–10 mg/kg were comparable to those of 
matrine at 30–100 mg/kg when the drugs were orally admin-
istered by gavage to mice, and there were no apparent side 
effects or toxicities (Our unpublished data).  In this study, 
we evaluated MASM effects on the Hep3B and Huh7 human 
HCC cell lines and their corresponding sphere cells in vitro as 
well as on a Huh7 cell xenograft model in BALB/c nude mice 
in vivo.

Our in vitro data showed that MASM significantly inhibited 
Hep3B and Huh7 cellular proliferation and colony forma-
tion.  Importantly, immortalized human hepatocytes were 
not affected by any of the MASM concentrations tested here, 
which is consistent with our previous reports that show an 
absence of MASM effects on rat primary hepatocyte prolifera-
tion or rat primary hepatic stellate cell apoptosis[19].  These 
data suggest a specificity of MASM for hepatoma cells.  

Chemotherapeutic agents utilize two important mechanisms 
for reducing cancer cell numbers—apoptosis induction and 
cell cycle arrest.  In this study, MASM significantly induced 
hepatoma cell apoptosis as assessed by Hoechst 33258 stain-
ing and FACS analysis.  This apoptotic effect correlated with 
a decreased expression of the Bcl-2 anti-apoptotic protein and 
an increased expression of cleaved PARP, which contributes 
to the onset of apoptosis[31, 32].  MASM also induced growth 
arrest of hepatoma cells at G0/G1, with the following expres-
sion changes to key cell-cycle regulatory proteins associated 
with G0/G1 arrest: an increase in p27 and a decrease in Cyclin 
D1.  Cyclin D1 expression correlates with cancer cell prolifera-
tion, whereas increases to p27 are associated with inhibited 
proliferation[33].  Thus, the antiproliferative effect of MASM on 
hepatoma cells is associated with cell apoptosis and cell cycle 
arrest.  

Recent reports describe the use of the sphere culture tech-
nique and flow cytometry to successfully enrich and charac-
terize hepatic CSCs in HCC cell lines and tissues[7-9].  In this 
study, we enriched populations of hepatic cancer stem-like 
cells by using a sphere culture technique.  Consistent with 
previous studies[9], Hep3B and Huh7 cells easily formed spher-
oid colonies after being cultured with serum-free media, and 
Hep3B and Huh7 sphere cells exhibited self-renewal capaci-
ties and expressed CSC membrane biomarkers (EpCAM and 
CD133).  Using the two sphere cell types as models, we found 
that the MASM treatment noticeably decreased the positive 
EpCAM/CD133 cell fraction as assessed by FACS analysis, 
which appeared to be associated with a suppressed self-
renewal capability of these cancer stem-like cells and with 
the promotion of cancer stem-like cell differentiation into 
hepatocytes.  We found that both the numbers and sizes of the 

spheres were markedly reduced after the MASM treatment.  
Furthermore, the number of sphere-forming cells in the subse-
quent two passages, which were cultured without MASM, was 
also clearly reduced.  Additionally, the expression of stem cell 
markers was reduced while the expression of mature hepato-
cyte markers was increased in the MASM-treated Hep3B and 
Huh7 spheroids.  Importantly, the MASM in vitro activity on 
hepatic cancer stem-like cells was substantiated by our in vivo 
experiments.  MASM (10 mg/kg) administration for 21 d sig-
nificantly inhibited Huh7 xenograft tumor growth and mark-
edly reduced the number of surviving cancer stem-like cells 
in the tumors as determined by sphere culture.  Moreover, a 
reduced expression of stem cell markers that was accompa-
nied by an increased expression of mature hepatocyte mark-
ers was observed in tumor tissues from the MASM-treated 
animals.  Notably, we did not use the side populations of the 
cells or the sorted cancer stem cells when we investigated the 
MASM effects on the hepatic CSCs or when we assessed the 
ability of MASM-treated residual cancer stem cells to initiate 
tumors upon secondary implantation in NOD/SCID mice[34].  
Although these results are preliminary, this study suggests 
that the MASM inhibitory effect on hepatic CSCs may contrib-
ute to its antitumor activity.

The PI3K/AKT pathway has a critical regulatory role in the 
signal transduction activity associated with cell proliferation, 
apoptosis, differentiation and survival[35, 36].  PI3K/AKT signal-
ing deregulation is implicated in the initiation and progression 
of multiple human malignancies[37].  Recently, an AKT inhibi-
tor has been demonstrated to potently reduce the number of 
brain cancer stem cells.  The decline was associated with a 
preferential induction of apoptosis and a suppression of neu-
rosphere formation[38].  We have previously found that MASM 
targets the AKT signaling pathway and inhibits hepatic stel-
late cell activation and dendritic cell maturation[18, 19].  In agree-
ment with these studies, we showed that MASM suppressed 
the PI3K/AKT pathway in HCC cells, which was evidenced 
by reduced phosphorylation of AKT, its upstream factor (PI3K 
p110) as well as two downstream signaling molecules, mTOR 
and p70S6K.  Therefore, the downregulation of the PI3K/AKT 
pathway might have contributed to the inhibitory effect of 
MASM on HCC cells and hepatic CSCs.  We also found that 
MASM inhibited the Wnt/β-catenin self-renewal pathway, 
which plays an important role in stem cells and cancer[39, 40].  
MASM reduced phosphorylation of GSK3β(Ser9), which 
resulted in increasing phosphorylation of β-catenin (Ser33/
Ser37/Thr41) and ultimately decreasing β-catenin as well as 
its target gene, Cyclin D1.  Moreover, a specific GSK3β inhibi-
tor (CHIR) reversed MASM-induced β-catenin phosphoryla-
tion (Ser33/Ser37/Thr41) and degradation.  These results 
suggest that MASM suppresses the PI3K/AKT pathway and 
subsequent GSK3β activation, β-catenin phosphorylation and 
degradation to ultimately inhibit hepatic CSC self-renewal.  
Further studies are needed to clarify the exact role of such 
downregulation in the inhibition of HCC CSCs by MASM.

In conclusion, we have shown that MASM is an effective 
inhibitor of HCC tumor growth with low toxicity.  Further-
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more, this study demonstrates that MASM suppresses hepa-
toma cell proliferation, induces cell apoptosis and growth 
arrest, inhibits hepatic CSCs and suppresses the AKT/mTOR/
p70S6K and AKT/GSK3β/β-catenin signaling pathways, 
offering possible mechanisms for its antitumor activity.  Our 
study provides a foundation for further preclinical and clinical 
evaluations of MASM as a hepatocellular carcinoma therapeu-
tic.
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