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Abstract
Hepatocellular carcinoma (HCC) is the third leading cause of the cancer-related death 
in the world. Human amniotic mesenchymal stem cells (hAMSCs) have been charac-
terized with a pluripotency, low immunogenicity and no tumorigenicity. Especially, 
the immunosuppressive and anti-inflammatory effects of hAMSCs make them suit-
able for treating HCC. Here, we reported that hAMSCs administrated by intravenous 
injection significantly inhibited HCC through suppressing cell proliferation and in-
ducing cell apoptosis in tumour-bearing mice with Hepg2 cells. Cell tracking experi-
ments with GFP-labelled hAMSCs showed that the stem cells possessed the ability 
of migrating to the tumorigenic sites for suppressing tumour growth. Importantly, 
both hAMSCs and the conditional media (hAMSC-CM) have the similar antitumour 
effects in vitro, suggesting that hAMSCs-derived cytokines might be involved in their 
antitumour effects. Antibody array assay showed that hAMSCs highly expressed 
dickkopf-3 (DKK-3), dickkopf-1 (DKK-1) and insulin-like growth factor-binding pro-
tein 3 (IGFBP-3). Furthermore, the antitumour effects of hAMSCs were further 
confirmed by applications of the antibodies or the specific siRNAs of DKK-3, DKK-1 
and IGFBP-3 in vitro. Mechanically, hAMSCs-derived DKK-3, DKK-1 and IGFBP-3 
markedly inhibited cell proliferation and promoted apoptosis of Hepg2 cells through 
suppressing the Wnt/β-catenin signalling pathway and IGF-1R-mediated PI3K/AKT 
signalling pathway, respectively. Taken together, our study demonstrated that hAM-
SCs possess significant antitumour effects in vivo and in vitro and might provide a 
novel strategy for HCC treatment clinically.
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1  | INTRODUC TION

Hepatocellular carcinoma (HCC), which accounts for 80%-90% of 
primary liver cancer, is the third leading cause of cancer-related 
death worldwide.1 In recent years, although the level of screening, 
diagnosis and treatment of liver cancer has increased, the incidence 
and mortality of liver cancer have been increasing.2 Furthermore, 
intrahepatic metastasis of primary liver cancer can lead to tumour 
recurrence, making the treatment of liver cancer very difficult. 
Therefore, it is urgent to develop new methods to control the growth 
and metastasis of liver cancer clinically.

Mesenchymal stem cells (MSCs) are a multi-potential cell that 
can differentiate into osteocytes, chondrocytes and adipocytes. 
MSCs also have the abilities of self-renew and have low tumori-
genicity.3 MSCs exhibit relatively low immunogenicity and do not 
stimulate lymphocyte proliferation, thus avoiding immune rejec-
tion.4 These characteristics of MSCs make them very suitable for 
cell therapy. The most attractive feature of MSCs is that it can 
specifically migrate to the tumour site, which indicates its appli-
cation in tumour therapy. To control tumour growth, MSCs can 
be genetically engineered to express therapeutic genes,5-7 loaded 
with drugs8 or be infected with oncolytic viruses.9,10 Numerous 
studies shown that MSCs can directly and/or indirectly affect the 
development of multiple types of cancer.11,12 They are recruited 
to tumorigenic sites and secrete factors, which have been proved 
to have antitumour and/or protumour effects.13 MSC-conditioned 
medium (CM) contains a variety of secretion factors and growth 
factors, which can promote or inhibit the proliferation, migration 
or apoptosis of tumour cells and play an important role in regulat-
ing the occurrence and development of tumours. Due to differ-
ent secreted factors, MSCs and MSC-CM from different sources 
often have different or even opposite effects in the development 
of tumours. Emerging evidence demonstrates that MSCs and 
MSC-CM have been efficiently applied to treat various types of 
cancers.14,15 In recent years, human amniotic mesenchymal stem 
cells (hAMSCs) have been considered to be the stem cell with the 
most application prospect clinically. However, it has not been fully 
understood how hAMSCs affect HCC cell properties in vivo and in 
vitro, for example proliferation, apoptosis, migration and invasion.

Recently, we have systemically investigated the morphology, 
phenotype, pluripotency, tumorigenicity and growth potency of 
hAMSCs.4 Here, we established Hepg2 or Hepg2/hAMSCs co-in-
jected xenografted BALB/c nude mouse models, and therapeutic 
effects of hAMSCs in Hepg2 xenografted model mouse were eval-
uated. We observed that hAMSCs or hAMSCs-CM had the similar 
antitumour effects in vivo and in vitro by inducing cell cycle arrest 
and promoting cell apoptosis, suggesting that the secreted cyto-
kines from hAMSCs might be involved in their antitumour effects. 
Antibody array assay showed that hAMSCs highly expressed DKK-
3, DKK-1 and IGFBP-3, which inhibited liver cancer growth through 
suppressing Wnt/β-catenin and IGF-1R signalling pathways. Taken 
together, we demonstrated that hAMSCs-derived trophic factors 
possess anti-HCC effect in vitro and in vivo, suggesting that hAMSCs 

may provide a novel therapeutic strategy for the treatment of liver 
cancer.

2  | MATERIAL S AND METHODS

2.1 | Isolation, culture and expansion of hAMSCS

After obtaining the oral consent of the donor, fresh amniotic mem-
brane tissue was collected from the department of the obstetrics 
and gynaecology, the first affiliated hospital, Nanchang University. 
hAMSCs were prepared as previously described.4,16

2.2 | Lentiviral infection

The lentiviral GFP expression vector pHBLV-IRES-ZsGreen-PGK-
puro was purchased from Hanbio (Shanghai, China). hAMSCs 
at passage 2-3 were infected with virus supernatant (multiplic-
ity of infection 60) containing polyamine (6 mg/mL) for 24 hours. 
Subsequently, puromycin (3 mg/mL; Sigma-Aldrich) was used to 
select GFP-positive cells. The percentage of GFP-labelled hAMSCs 
was determined by immunofluorescence every day. Once the per-
centage of GFP-labelled hAMSCs was higher than 95%, puromycin 
was removed from the culture medium.

2.3 | Flow cytometry analysis, adipogenic and 
osteogenic differentiation

The surface molecular markers and differentiation potential of cul-
tured hAMSCs and GFP-labelled hAMSCs were determined by flow 
cytometry analysis and adipogenic and osteogenic differentiation 
as previously described.4 The antibodies used for flow cytometry 
analysis are listed in Table S1.

2.4 | Animal models

8-week-old NOD-SCID male mice and BALB/c nude mice were ob-
tained from Changsha SLAC Laboratory Animal Company (Changsha, 
China, http://www.hnsja.com/). All animal experiments were per-
formed according to institutional guidelines and approved by the 
Animal Care and Use Committee of Nanchang University.

2.5 | Hepg2 cell xenograft model and fluorescent 
imaging in vivo

The human hepatocarcinoma cell line Hepg2 was obtained from 
ATCC (Manassas, VA) and maintained in H-DMEM (Thermo Fisher) 
containing 100 U/mL penicillin, 100 μg/mL streptomycin and 10% 
FBS. Cells were incubated in a 5% CO2-humidified incubator at 37°C. 

http://www.hnsja.com/
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Hepg2 cells (5 × 106) were injected subcutaneously into the dor-
sal region of BALB/c nude mice. 1.5 × 106 GFP-labelled hAMSCs in 
300 μL 1 × PBS or 300 μL 1 × PBS alone as a control was intrave-
nously injected after 6, 12 and 18 days of Hepg2 transplantation. 
The longest size (a) and the shortest size of (b) tumour were meas-
ured with vernier calliper (Mitutoyo Co., Tokyo, Japan) every day 
for 24 days. The tumour volume calculation formula is V= (1/2)ab2. 
Eighteen days after cell injection, the mice were anaesthetized first, 
and the mice were visualized with whole-body fluorescent imaging 
system (LB983; Berthold, Germany). Then, the mice were killed, and 
the tissues of tumour, heart, liver, brain, kidney, spleen, lung and 
pancreas were isolated and visualized with whole-body fluorescent 
imaging system.

2.6 | Histopathology and TUNEL assay

Tumour tissues were processed for paraffin by slicing into 5-μm-
thick section. Immunohistochemistry was performed on tumour sec-
tions to detect PCNA (1:1000, mouse monoclonal antibody, Abcam, 
Nanchang, China). Apoptosis assay was performed on tumour tissue 
sections by TUNEL assay kit (Millipore, USA) according to the manu-
facturer's instruction.

2.7 | Production of CM and experiment of co-
culture in vitro

hAMSC-CM was prepared as previously described.4 Briefly, hAM-
SCs were grown in normal culture medium, once the cells reached 
to 80% confluency, the medium was changed with H-DMEM con-
taining 100 U/mL penicillin and 100 μg/mL streptomycin. CM was 
collected after 48 hours and centrifuged at 1500 rpm for 5 minutes 
to ensure complete removal of cellular debris. CM was then con-
centrated 10-fold by using an Amicon® Ultra 3K device (Millipore, 
Sigma, USA).

The in vitro experiment was divided into three groups. Control 
group: 1.5 × 105 Hepg2 cells were cultured in 3 mL of H-DMEM con-
taining 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin 
in 6-well dish. hAMSC group: a co-culture transwell chamber (2.4 cm 
diameter, 0.4 μm pore size; Corning) was used to evaluate the effect 
of hAMSCs on proliferation and apoptosis of Hepg2 cells in vitro. 
Hepg2 cells were seeded into lower chamber with 2 mL of H-DMEM 
containing 10% FBS, 100 U/mL penicillin and 100 μg/mL strepto-
mycin. 1.5 × 105 hAMSCs were resuspended in 1 mL of the same 
medium and seeded in upper compartment. hAMSC-CM group: 
Hepg2 cells were cultured with 3 mL H-DMEM supplemented with 
10% hAMSC-CM (10×), 10% FBS, 100 U/mL penicillin and 100 μg/
mL streptomycin in 6-well dish. Samples were collected after culture 
of 24 and 48 hours, respectively.

To neutralize DKK-1, DKK-3 and IGFBP-3, hAMSC-CM was in-
cubated with rabbit anti-DKK-1(1:100, mouse monoclonal antibody, 
Santa Cruz, Nanchang, China), anti-DKK-3 (1:70, rabbit monoclonal 

antibody, Abcam) and anti-IGFBP-3 (1:200, rabbit monoclonal an-
tibody, CST, Nanchang, China) antibodies at 4◦C for 24 hours and 
subsequently used to treat Hepg2 cells for 48 hours. The normal 
rabbit IgG was used as negative control.

2.8 | Tumour cell proliferation analysis

Cell proliferation of different groups was determined using a CCK-8 
kit (Dojindo Laboratories, Kumamoto, Japan), according to the man-
ufacturer's instructions from 24 to 48 hours after cells were plated. 
Absorbance values were measured at a wavelength of 450 nm using 
a microplate spectrophotometer (Bio-Rad).

2.9 | Western blot analysis and immunofluorescence

Western blot analysis and immunofluorescence were preformed as 
previously described4; the primary antibodies are listed in Table S1, in-
cluding anti-GAPDH (1:10 000, rabbit monoclonal, Abcam), anti-PCNA 
(1:1000, mouse monoclonal, Abcam), anti-Ki67 (1:1000, mouse mon-
oclonal, Abcam), anti-cyclin E1 (1:1000, rabbit monoclonal, Abcam), 
anti-cyclin D1 (1:10 000, rabbit monoclonal, Abcam), anti-cyclin A2 
(1:2000, rabbit monoclonal, Abcam), anti-cyclin B1 (1:2000, rabbit 
monoclonal, Abcam), anti-cleaved-PARP (1:10 000, rabbit monoclonal, 
Abcam), anti-cleaved-caspase-3 (1:1000, rabbit polyclonal, CST), anti-
IGFBP3 (1:1000, rabbit monoclonal, CST), anti-DKK-1(1:1000, mouse 
monoclonal, Santa Cruz), anti-DKK-3 (1:1000, rabbit monoclonal, 
Abcam), anti-P-Gsk3β (1:1000, rabbit polyclonal, Abcam), anti-Gsk3β 
(1:1000, mouse monoclonal, Abcam), anti-β-catenin (1:5000, rabbit 
monoclonal, Abcam), anti-AKT (1:1000, mouse monoclonal, Abcam), 
anti-P-AKT (1:1000, mouse monoclonal, Abcam), anti-PI3K (1:1000, 
rabbit polyclonal, Abcam), P-PI3K (1:1000, rabbit polyclonal, CST), 
anti-IGF-1R (1:1000, rabbit monoclonal, CST), anti-P-IGF-1R (1:1000, 
rabbit monoclonal, CST), anti-N-cadherin (1:5000, rabbit monoclonal, 
Abcam), anti-Bcl-2 (1:1000, mouse monoclonal, Abcam) and anti-Bax 
(1:1000, mouse monoclonal, Abcam).

2.10 | Antibody protein array

Human cytokine arrays (QAH-CAA-440-1, RayBiotech, Norcross, 
USA) were used to measure the expression of 440 cytokines in se-
rum-free culture supernatants at 48 hours from hAMSCs, according 
to the manufacturer's instructions.

2.11 | Small interfering RAN (siRNA)-mediated 
silencing of DKK-3, DKK-1 and IGFBP-3 expression

The siRNA targeting DKK-3, DKK-1 and IGFBP-3 were purchased from 
Ribo-Bio (Guangzhou, China). hAMSCs were transfected with siDKK-3, 
siDKK-1 or siIGFBP-3 at a final concentration of 50 nM using riboFECTTM 
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CP Reagent (RayBiotech, Guangzhou, China) according to the manufac-
ture's instructions. hAMSCs transfected with only transfection reagent 
(without siRNA) (hAMSC-siMOCK) were used as controls.

2.12 | Statistical analysis

All data are presented as mean ± standard deviation (SD). Data were 
analysed by Student's t test or one-way analysis of variance (ANOVA). 
Differences between values were considered significant at P < .05.

3  | RESULTS

3.1 | Identification and characterization of hAMSCs 
and GFP-labelled hAMSCs

The GFP-labelled hAMSCs (GFP-hAMSCs) were prepared by lenti-
viral infection for cell tracking. As shown in Figure 1A, more than 
95% of infected hAMSCs were GFP-positive after puromycin selec-
tion. Compared with hAMSCs, the morphology of GFP-hAMSCs did 
not change significantly; it was spindle-shaped and fibroblast-like 
and grew in adherent monolayer. In the medium containing bFGF, 
hAMSCs and GFP-hAMSCs proliferated rapidly with an average 
doubling time of two days (Figure 1A). Flow cytometry showed that 
both hAMSCs and GFP-hAMSCs expressed MSCs marker proteins 
CD105, CD73, CD90, CD29 and HLA-ABC, a major histocompatibil-
ity protein, but did not express CD34 and CD45, the hematopoietic 
stem cell marker proteins. hAMSCs and GFP-hAMSCs also nega-
tive for major histocompatibility proteins HLA-DR and HLA-ABC 
co-stimulate molecules CD80, CD86 and CD40 (Figure 1B). In vitro, 
both hAMSCs and GFP-hAMSCs can be induced to differentiate 
into osteoblasts and adipocytes under osteogenic and adipogenic 
differentiation conditions (Figure 1C). The above results show that 
hAMSCs and GFP-hAMSCs both express specific molecular mark-
ers of MSCs and have low immunogenicity and multi-differentiation 
potential, the transfection of GFP does not affect the characteris-
tics and proliferation ability of hAMSCs. In addition, our previous 
research results show that hAMSCs had no tumorigenicity in vitro 
and in vivo. All these advantages make hAMSCs and GFP-hAMSCs 
have great clinical application potential.

3.2 | hAMSCs inhibit tumour growth in vivo

A mouse tumour model was generated by injecting Hepg2 cells into 
the dorsal region of BALB/c nude mice. After 6 days of the initial 

injection of Hepg2 cells, the xenograft tumours were reached to a 
volume of ~ 60 mm3. The GFP-hAMSCs (1.5 × 106 cells in 300 μL 
1 × PBS) or PBS (300 μL) was intravenously injected at day 6, day 
12 and day 18 after Hepg2 cell inoculation, and the tumour sizes 
were measured every day for 24 days (Figure 2A). The results from 
the whole-body fluorescent imaging showed that hAMSCs were 
migrated to the tumorigenic site at day 24 (Figure 2B). As shown 
in Figure 2C-E, the tumour volumes were significantly reduced in 
hAMSC group (mean volume, 386.67 ± 44.97 mm3) compared with 
PBS group (mean volume, 630.84 ± 57.15 mm3) at day 24 after the 
tumour introduction, and the mean size of the tumours in hAMSC 
group was reduced by ~ 39% after administration of hAMSCs for 
18 days compared with control mice. To further confirm the inhibi-
tory effect of hAMSCs on Hepg2 cells in vivo, we then injected Hepg2 
cells alone (5 × 106; n = 5) or cell mixture of Hepg2 cells (5 × 106) and 
hAMSCs (5 × 106) (n = 5) into BALB/c nude mice. We observed that 
there was no tumour or very small tumour formation in the mice 
co-injected with Hepg2 plus hAMSCs (mean volume, 45 ± 40 mm3) 
over a time period of 24 days compared with the animals implanted 
with Hepg2 cells alone (mean volume, 609 ± 168.76 mm3) (Figure 2 
F-G). In addition, the tumour volumes were significantly reduced in 
Hepg2/hAMSCs co-injection group compared with hAMSC intrave-
nous injection group at days 6, 12, 18 and 24 after the tumour intro-
duction (Figure 2H). TUNEL assay and immunohistochemistry assay 
showed that intravenous-injected hAMSCs significantly increased 
TUNEL-positive cells and decreased PCNA-positive cells in tumour 
tissues compared with the PBS groups (Figure 2I). These results in-
dicated that the hAMSCs injected intravenously were able to effi-
ciently home to the tumorigenic sites and in turn markedly inhibited 
the tumours growth through suppressing proliferation and promot-
ing apoptosis of the tumour cells.

3.3 | hAMSCs or hAMSC-CM inhibited 
proliferation and promoted apoptosis of Hepg2 cells 
via a paracrine manner in vitro

Next, to determine whether the antitumour effects were directly 
mediated by hAMSCs, the secreted cytokines from hAMSCs (hAM-
SCs-CM) were used for evaluating the antitumour effects with HCC 
cell lines in vitro, in which Hepg2 cells were co-cultured in 1:1 ratio 
with hAMSCs or treated with 10% hAMSC-CM (10 ×). The results 
showed that Hepg2 cells lost their cobblestone-like morphology 
and became thinner and longer in both hAMSCs and hAMSC-CM 
groups after 24 and 48 hours of treatment (Figure 3A). The numbers 
of Hepg2 cells were sharply decreased in hAMSC and hAMSC-CM 
groups compared with the control group (Figure 3B). CCK8 assay 

F I G U R E  1   Characterization of cell morphology and markers of hAMSCs and GFP-labelled hAMSCs. A, Representative images of cultured 
hAMSCs and GFP-labelled hAMSCs. B, Detection of surface markers in hAMSCs, GFP-labelled hAMSCs (red) and in isotype controls (black) 
by flow cytometry. hAMSCs and GFP-labelled hAMSCs were positive for CD29, CD90, CD73, CD105, HLA-ABC, but negative for CD34, 
CD45, HLA-DR, CD80, CD86 and CD40. C, Adipogenic differentiation of hAMSCs and GFP-labelled hAMSCs was demonstrated by staining 
with oil red O, and osteogenic differentiation was demonstrated by Alizarin Red staining
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further confirmed that the Hepg2 cells were significantly inhib-
ited by hAMSCs and hAMSC-CM compared to the control at 24 
and 48 hours; however, there was no obvious difference between 
the hAMSC group and hAMSC-CM group (Figure 3C). Western 

blot analysis revealed that the expressions of Ki67 and PCNA (two 
proliferation-related proteins) of Hepg2 cells were significantly de-
creased in hAMSC and hAMSC-CM groups compared with control 
group (Figure 3D). Compared to control group, hAMSCs co-culture 
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and hAMSC-CM treatment decreased the expression of PCNA by 
55.5 ± 8.5% and 59.5 ± 6.3%, respectively, as well as 57 ± 3% and 
67 ± 2% for Ki67 (Figure 3E). Western blot analysis also showed 
that the expressions of cyclin B1 and cyclin A2 were significantly 
decreased in Hepg2 cells in both hAMSCs and hAMSC-CM groups 
compared with control group. By contrast, there were no significant 
differences for the expressions of cyclin D1 and cyclin E1 in HEPG2 
cells between control, hAMSCs and hAMSC-CM (Figure 3F,G). The 
above results showed that hAMSCs and hAMSCs-CM inhibited the 
proliferation of Hepg2 by the induction of cell cycle arrest at the S 
and G2 phase.

After 48 hours of treatment, we evaluate the influence of hAM-
SCs and hAMSC-CM on the apoptosis of Hepg2 cells by flow cy-
tometry analysis. We found that when compared with the control 
group, hAMSCs and hAMSC-CM treatment significantly increased 
the apoptosis rates of Hepg2 cells (Figure 4A). The apoptotic rates 
of these Hepg2 cells were 6 ± 1.63% for control, 25 ± 4.08% for 
hAMSCs and 18 ± 2.45% for hAMSCs-CM, respectively (Figure 4B). 
Additionally, the immunofluorescence assay and Western blotting 
analysis showed that both cleaved-PARP and cleaved caspase-3 lev-
els in Hepg2 cells were increased in hAMSC and hAMSC-CM groups 
compared with control group (Figure 4C–F). These data indicated 
that hAMSCs and hAMSC-CM promote apoptosis in Hepg2 cells. 
Taken together, these results demonstrated that the antitumour ef-
fects of hAMSCs were dependent on inhibiting cell proliferation and 
promoting cellular apoptosis in a paracrine manner.

3.4 | DKK-3 and DKK-1 derived from hAMSCs 
inhibited Hepg2 cell proliferation through blocking 
canonical Wnt/β-catenin signalling pathway

The hAMSCs and hAMSC-CM have a similar antitumour effect, sug-
gesting that the secreted cytokines from hAMSCs were responsi-
ble for the antitumour effect. To elucidate the possible mechanism 
of the antitumour effects of hAMSCs, the antibody array assay 
was performed to examine the cytokine levels in the supernatants 
of hAMSCs. Among 440 cytokines evaluated, the 20 factors with 
the highest expression amount are shown in Table 1. Interestingly, 
we found that IGFBP-3, DKK-3 and DKK-1 were highly secreted by 
hAMSCs; the concentrations were 45 401.20 pg/mL, 37 200.47 pg/
mL and 11 930.42 pg/mL, respectively (Figure 5A and Table 1). The 

concentrations of around 200 cytokines were more than 20 pg/mL 
and the detail information is shown in Table S2. DKK-3 and DKK-1 
are Wnt antagonists, which can inhibit the Wnt/β-catenin signalling 
pathway. IGFBP-3 is a member of the family of six insulin-like growth 
factor-binding proteins (IGFBPs) with the most abundant IGFBP in 
human serum, which controls the bioavailability and bioactivity of 
IGF. IGF-1R has the ability to activation of PI3K/AKT pathway by 
triggering receptor and intracellular targets phosphorylation.17 Both 
Wnt/β-catenin and IGF signalling pathways play important roles in 
HCC tumorigenesis.18,19 These results indicated that hAMSCs inhibit 
the proliferation and promote the apoptosis of Hepg2 cells via in-
hibiting the Wnt/β-catenin and IGF signalling pathways. Consistent 
with the finding in antibody arrays, the Western blot analysis further 
confirmed that DKK-3, DKK-1 and IGFBP-3 were highly expressed in 
hAMSCs, but not in Hepg2 cells (Figure 5B,C). In Hepg2 cells treated 
with hAMSCs and hAMSC-CM, the accumulation of β-catenin and 
the expression of P-GSK3β (S9) were decreased compared with the 
controls (Figure 5C,F). Furthermore, the expressions of P-IGF-1R, 
P-PI3K and P-AKT were down-regulated in the hAMSCs and 
hAMSC-CM-treated Hepg2 cells (Figure 5E,G), suggesting that both 
Wnt/β-catenin and IGF signalling pathways were inhibited when the 
Hepg2 cells treated with hAMSCs or hAMSC-CM.

To further determine the specificity of the hAMSC-secreted 
DKK-3, DKK-1 and IGFBP-3 on the inhibition of Hepg2 cells, the 
antibodies of rabbit anti-human DKK-3, anti-human DKK-1 and 
anti-human IGFBP3 were used in vitro. The results showed that 
the hAMSC-CM pre-treated with the antibodies against DKK-3 
and DKK-1 partially lost the ability of down-regulating the expres-
sion of β-catenin and its target protein PCNA, Ki67, N-cadherin, 
cyclin A2 and cyclin B1. The expressions of β-catenin and PCNA 
in Hepg2 cells were significantly inhibited by β-catenin inhibitor 
ICG001 (Figure 6A,B). In contrast, the expressions of PCNA, Ki67, 
cyclin A2, cyclin B1, cyclin D1 and cyclin E1 in Hepg2 cells were 
not inhibited after the IGFBP-3 activity was neutralized by the 
antibody against IGFBP-3 (Figure 6C,D). Thus, the data demon-
strated that the hAMSC-CM-mediated the suppressed cell prolif-
eration in Hepg2 cells was almost abolished by DKK-1 and DKK-3 
neutralization, indicating that the secreted DKK-1 and DKK-3 
from hAMSCs contributed to the inhibition of Hepg2 cells. To 
further confirm the functions of DKK-3, DKK-1 and IGFBP-3, the 
siRNAs targeting DKK-3, DKK-1 and IGFBP-3 mRNA were used 
to down-regulate the expressions of DKK-3, DKK-1 and IGFBP-3 

F I G U R E  2   hAMSCs exhibit tumour-homing and tumour-suppressive properties in HCC mouse model. A, Experimental schematic of 
Hepg2-induced hepatocellular carcinoma in the BALB/c nude mice model. The experiments were conducted in two groups including the PBS 
group and GFP-labelled hAMSC group. B, Monitoring of hAMSCs tracking to tumour lesions in HCC mouse model on day 24 after Hepg2 
transplantation by whole-body fluorescent imaging assay. The results showed that GFP-positive cells were detected around tumour site and 
in the tumour tissues. C and D, Gross observation of subcutaneous xenografts of Hepg2/PBS and Hepg2/hAMSCs intravenous-injected 
nude mice. The red circles represent the tumour location. E, The average volume of hAMSC-injected tumours was significantly smaller than 
that of PBS-injected tumours at day 18 and day 24 (n = 5). F, Gross observation of subcutaneous xenografts of Hepg2 alone and Hepg2/
hAMSCs co-injected nude mice. The red circles represent the tumour location. G, The average volume of Hepg2/hAMSCs subcutaneous co-
injected tumours was significantly smaller than that of Hepg2 alone injected tumours at day 6, 12, 18 and 24 (n = 5). H, The average volume 
of Hepg2/hAMSCs subcutaneous co-injected tumours was significantly smaller than that of hAMSCs intravenous-injected tumours at 
days 6, 12, 18 and 24. I, Proliferation and apopsis of Hepg2 cells were tested by immunohistochemistry using antibodies against PCNA and 
TUNEL staining in PBS and hAMSCs intravenous-injected tumour tissues. Results are shown as mean ± SD
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in hAMSCs. As shown in Figure 6E-G, the expressions of DKK-
3, DKK-1 and IGFBP-3 proteins were reduced by 95%, 85% and 
91%, respectively, and the DKK-3 or DKK-1 siRNA-transfected 
hAMSCs partially lost the ability of suppressing the expressions 

of β-catenin and PCNA in Hepg2 cells (Figure 6H,I). In contrast, 
the IGFBP-3 siRNA-transfected hAMSCs have the similar ability 
of decreasing the expression of PCNA in Hepg2 cells compared 
with hAMSC-siMOCK (Figure 6J,K). Taken together, these results 

F I G U R E  3   Effect of hAMSCs and hAMSC-CM on cell proliferation in Hepg2 cells. A, Representative images of Hepg2 cells observed 
under a light microscope after cultured with normal medium (control), hAMSCs or hAMSC-CM for 0, 24 and 48 hours. B, Number of Hepg2 
cells at 0, 24 and 48 hours post-treated of normal medium, hAMSCs and hAMSC-CM were tested by cell counting assay. C, CCK-8 assay for 
cell proliferation of Hepg2 cells in the control, hAMSCs and hAMSC-CM group at different time-points. D, Western blot analysis of Ki67 and 
PCNA in Hepg2 cells treated with normal medium, hAMSCs and hAMSC-CM for 48 h. E, Quantitative analyses of PCNA and Ki67 protein 
levels in Hepg2 cells as shown in (D). F, Expression of cyclin B1, cyclin A2, cyclin D1, cyclin E1 examined by Western blot in Hepg2 cells in 
different groups. G, Quantitative analyses for relative protein level of Hepg2 cells as shown in (F). Results are shown as mean ± SD
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demonstrated that DKK-3 and DKK-1 derived from hAMSCs in-
hibit Hepg2 cell proliferation through blocking canonical Wnt sig-
nalling pathway.

3.5 | hAMSC-derived DKK-3, DKK-1 and IGFBP3 
inhibited apoptosis of Hepg2 cells through blocking 
Wnt/β-catenin and IGF-1R/PI3K/AKT pathways

DKK-3,20,21 DKK-122 and IGFBP-323,24 are potent inducers of apop-
tosis in cancer cells. Next, the effects of the hAMSC-secreted DKK-3, 

DKK-1 and IGFBP-3 on the apoptosis of Hepg2 cells were examined. 
Western blot analysis revealed that the hAMSC-CM pre-treated 
with the antibodies of DKK-3, DKK-1 or IGFBP-3 significantly up-
regulated the expression of Bcl-2 and down-regulated the expres-
sion of Bax compared with hAMSC-CM control group (Figure 7A,C).

DKK-3-, DKK-1- and IGFBP-3-mediated Hepg2 cell apoptosis 
were further confirmed by the knockdown of DKK-3, DKK-1 and 
IGFBP-3 using specific siRNAs in hAMSCs. The expression of Bax 
was decreased and Bcl-2 expression was increased in Hepg2 cells 
when the DKK-3, DKK-1 and IGFBP-3 were knockdown by siR-
NAs compared with hAMSC-siMOCK group (Figure 7B,D,E,F). The 

F I G U R E  4   Effect of hAMSCs and hAMSC-CM on cell apoptosis in Hepg2 cells. A, Hepg2 cells were treated with normal medium (control), 
hAMSCs and hAMSC-CM. The apoptosis of cells was assessed by FACS after 48 h of treatment. B, Quantitative analysis of the percentage 
of apoptotic cells and living cells as shown in A (n = 3). C, Effect of hAMSCs and hAMSC-CM on cleaved-PARP and cleaved caspase-3 was 
detected in immunofluorescence assay. D, Quantitative analysis of the percentage of cleaved-PARP positive and cleaved caspase-3-positive 
cells as shown in (C). E, The expression levels of cleaved-PARP and cleaved caspase-3 in Hepg2 cells of different groups were analysed by 
immunoblotting assay. F, Quantitative analysis of the expression of cleaved-PARP and cleaved caspase-3 in Hepg2 cells as in (E). Results are 
shown as mean ± SD
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hAMSCs with the knockdown of the IGFBP-3 lost the ability to 
suppress IGF-1R, PI3K and AKT activation compared with hAMSCs 
(Figure 7E,F). These results indicated that DKK-3 and DKK-1 derived 
from hAMSCs inhibit Hepg2 cell proliferation and promote their 
apoptosis through inhibiting canonical Wnt/β-catenin signalling, and 
IGFBP-3 inhibits Hepg2 cell survival through blocking IGF-1R/PI3K/
AKT signalling pathway (Figure 7G).

4  | DISCUSSION

MSCs are pluripotent progenitor cells with the advantages of multi-
lineage differentiation, low immunogenicity and no tumorigenic-
ity.3 Numerous studies have shown that the function and activity 
of MSCs were declined with age.25 It has been reported that human 
amniotic membrane contains MSCs-like cells. We and others have 
investigated the potential therapeutic efficacy of hAMSCs in dis-
eases.4,26 hAMSCs have low immunogenicity, no tumorigenicity, 
and out of ethical debate compared to embryonic stem cells and 
induced pluripotent stem cells. Compared with mesenchymal stem 
cells from other sources, hAMSCs also have the following advan-
tages: (a) easy to be obtained and abundant sources: the amniotic 
membrane could be obtained after foetal birth and will not be 
harmful to the donors, and about 2-3 × 108 hAMSCs can be iso-
lated from each membrane. (b) The procedure of obtaining hAM-
SCs was non-invasive, safe and out of ethical debate; (c) strong 
proliferation ability, easy to be expanded, multiplying one genera-
tion in 24-36 hours.26 Even after expansion to 250 population dou-
blings, hAMSCs retained long telomeres and a normal karyotype.26 
(d) Low tissue antigenicity, high histocompatibility: hAMSCs have 
low expressions of the major histocompatibility class I antigen 
(HLA-ABC) and no expression of the major histocompatibility 
class II antigen (HLA-DR)27; meanwhile, it does not express HLA-
ABC co-stimulatory molecules such as CD80, CD86 and CD40.28 
Transplantation of hAMSCs into human beings to treat lysosomal 
diseases showed no obvious rejection in 50 cases of treatment.26 

(e) High differentiation potential: hAMSCs express embryonic stem 
cell surface markers Oct4, SSEA-4 and Nanog4,29 and can give rise 
to adipogenic, osteogenic, myogenic, endothelial, neurogenic and 
hepatic lineages, inclusive of all embryonic germ layers, indicating 
that hAMSCs have stronger multi-lineage differentiation poten-
tials.26,30 In this study, we reported that hAMSCs were multi-potent 
MSCs and showed a long fusiform morphology. hAMSCs met the 
criteria for MSCs identification by The Association of International 
Cell Therapy, such as more than 95% of hAMSCs were positive for 
MSC markers and negative for hematopoietic stem cell markers. 
In addition, we also observed that there were no expressions of 
HLA-DR and the co-stimulatory molecules of HLA-AB although 
there was a low expression of HLA-ABC in hAMSCs, suggesting 
that the cells have a weak immunogenicity and potential immune 
tolerance for transplantation.

It has been reported that hAMSCs possess significant ther-
apeutic effects in multiple disease models, including skin injury,31 
premature ovarian insufficiency,32 acute liver injury,33 lung injury,34 
T1 diabetes,35 chronic kidney disease36 and so on. MSCs also have 
shown tremendous potential in anticancer applications because 
of their innate ability to migrate the tumorigenic sites.37 However, 
there was no study yet to reveal the function of hAMSCs on HCC. 
In addition, hAMSCs have strong proliferation ability and can be ex-
panded to 250 generation; it is easy to obtain enough number of 
stem cells for clinical applications. We also observed that hAMSCs 
have no tumorigenicity both in vivo and in vitro, suggesting that the 
cells might be safe for cancer therapy. Therefore, we choose hAM-
SCs as the therapeutic cells for cancer therapy especially for HCC 
therapy. To elucidate the homing and therapeutic potential of hAM-
SCs on HCC in mice, hAMSCs labelled with GFP were injected into 
the mice with HCC model via the tail vein. Whole-body fluorescent 
imaging analysis showed that injected hAMSCs were homed to the 
sites of tumorigenesis, and some of the hAMSCs were migrated into 
tumour tissues, indicating that hAMSCs have the ability to home to 
the tumour sites in vivo. The tumour-homing ability of hAMSCs pro-
vides the promising potential to use them as vehicles to transport 

Protein ID
Concentration 
(pg/mL) Protein ID

Concentration 
(pg/mL)

1 PAI-1 47 508.89 2 TSP-1 46 888.6

3 IGFBP-3 45 401.2 4 VEGF R1 44 504.73

5 DKK-3 37 200.47 6 ANGPTL4 28 309.84

7 G-CSF 23 869.68 8 Periostin 22 592.24

9 Nidogen-1 19 445.92 10 Thrombospondin-2 19 240.46

11 NCAM-1 16 793.46 12 CHI3L1 12 115.05

13 DKK-1 11 930.42 14 TIMP-1 11 697.54

15 Albumin 11 391.94 16 TIMP-2 9685.848

17 GROa 9143.29 18 bIG-H3 9048.115

19 B2M 8007.654 20 AMICA 7198.752

The boldface items in the table represent the cytokines secreted by hAMSCs that may involve in 
their anti-tumor effect.

TA B L E  1   Twenty factors with the 
highest expression amount that are 
presented in hAMSC-CM
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therapeutic agents to the site of tumour. Next, we further demon-
strated that the hAMSCs significantly inhibited the growth of tu-
mour in mice and the possible mechanisms of the antitumour effects 
might be involved in their inhibiting the proliferation and promoting 
the apoptosis of Hepg2 cells.

It has been reported that CM derived from bone morrow 
MSCs,18 adipose MSCs38 and human ESCs39 significantly inhibited 
the proliferation of HCC, ovarian cancer and prostate cancer, indi-
cating that the antitumour effect of MSCs was mediated via a para-
crine signalling mechanism. Consistent with the results above, we 

F I G U R E  5   hAMSC-derived DKK-3, DKK-1 and IGFBP-3 reduced activation of Wnt/β-catenin and IGF-1R/PI3K/AKT signalling pathway 
of Hepg2 cells. A, Representative array images are shown (n = 4). DKK-3, DKK-1 and IGFBP-3 are highlighted with red boxes. B, Western 
blot analysis of DKK-3, DKK-1 and IGFBP-3 protein levels in hAMSCs and Hepg2 cells. C, Quantitative analysis of the expression of IGFBP-3, 
DKK-1 and DKK-3 in hAMSCs and Hepg2 cells as in (B). D, Hepg2 cells were treated with normal medium (control), hAMSCs and hAMSC-
CM. Western blot analysis of protein levels of β-catenin, GSK3β and P-GSK3β in Hepg2 cells of each treatment group. E, Western blot 
analysis of protein levels of IGF-1R, P- IGF-1R, PI3K, P- PI3K, AKT and P-AKT in Hepg2 cells of control, hAMSCs and hAMSC-CM group. F, 
Quantitative analysis of the expression of β-catenin and P-GSK3β in Hepg2 cells of different groups as in (D). G, Quantitative analysis of the 
expression of P- IGF-1R, P-PI3K and P-AKT in Hepg2 cells of different groups as in (E)
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demonstrated that hAMSCs remarkably inhibited the proliferation 
and increased the apoptosis of Hepg2 cells in a paracrine manner. As 
far as we know, this is the first time to report that hAMSCs or their 
deriving cytokines have the ability to inhibit Hepg2 cells prolifera-
tion and induce their apoptosis in vivo and in vitro.

To further explore the antitumour mechanisms of the cytokine-se-
creted by hAMSCs, an antibody array was used to determine the po-
tential molecules from hAMSC-CM. Fortunately, we identified three 
key proteins of DKK-3, DKK-1 and IGFBP-3 that were involved in the 
antitumour effects of hAMSCs. DKK-3 and DKK-1 are Wnt antago-
nists, which can inhibit the activation of canonical Wnt/β-catenin 
signalling pathway.40 Wnt signalling plays an important role in regu-
lating cell proliferation, migration and survival.41 It has been reported 
that Wnt signalling is activated in HCC, in which the activation of the 
signalling pathway contributes to the rapid and uncontrolled prolifer-
ation of tumour cells42 and promotes the epithelial-to-mesenchymal 
transition (EMT) which is involved in the metastatic and drug-resistant 
phenotypes of cancer.43 However, activation of canonical Wnt path-
way can lead to an accumulation of β-catenin, which in turn induces 
cell cycle progression and promotes cell proliferation. In fact, some re-
searchers have reported that approximately 95% HCC cases showed 
deregulation of the Wnt signalling cascade,44 20%-90% of HCC cases 
exhibit β-catenin activation45, and simultaneous mutation of β-catenin 
leads to 100% incidence of HCC in mice.46

IGFBP3 (IGF binding protein 3), as a member of the most abun-
dant serum family of IGFBPs, is a main mediator for IGF signalling.47 
The IGF signalling pathway is activated by binding of IGF-1/IGF-2 
to IGF-1R in the plasma membrane,48 which triggers a rapid auto-
phosphorylation of the receptor, followed by phosphorylation of 
intracellular targets, ultimately leading to activation of PI3K/AKT 
pathway. The activation of IGF-1R regulates several cellular pro-
cesses including motility, proliferation and inhibition of apoptosis.17 
In the serum and the extracellular fluids, IGF-1 and IGF-2 are usu-
ally bound to IGFBPs which regulate the IGF-1/IGF-1R interaction 
through controlling the bioavailability of IGFs.48 The IGFBP3 levels 
were very low or undetectable in human HCC samples compared 
with non-neoplastic liver tissue which are 4- to 100-fold higher than 
in HCC49 and IGFBP-1 and IGFBP-2 were also decreased in hepa-
toblastoma.50 It has been reported that the alterations in the ex-
pression of the molecules in the Wnt/β-catenin and IGF pathways 

have been observed during hepatocarcinogenesis.17,40 In the present 
study, we shown that hAMSCs and hAMSC-CM markedly reduced 
the phosphorylation of PI3K, AKT, GSK3β and β-catenin in Hepg2 
cells, indicating that hAMSCs induced the inhibition of the prolif-
eration and the enhancement of the apoptosis of HCC cells were 
involved in the inhibitions of the Wnt/β-catenin and IGF-1R/PI3K/
AKT signalling, respectively.

Some studies reported that MSCs inhibited tumour growth 
through their secreted DKK-351 and DKK-152 which resulted in 
the down-regulations of the expressions of the cell cycle genes 
through inhibiting Wnt/β-catenin signalling. Takata et al found 
that DKK-3 induced an apoptosis in ovarian cancer cells. Yulyana 
et al observed that the conditioned media derived from MSCs 
expressed high level of IGFBPs could sequester free insulin-like 
growth factors to inhibit HCC cell proliferation.18 Lu et al also 
found that overexpression of IGFBP3 inhibits survival in lung can-
cer cells through blocking IGF1 signalling.53 All of these results 
demonstrated that Wnt/β-catenin and IGF1 signalling have the 
ability to inhibit proliferation and induce apoptosis in cancer cells. 
Therefore, we tried to identify the exact role of Wnt/β-catenin 
and IGF-1R/PI3K/AKT signalling in hAMSCs induced the inhibi-
tion of proliferation and promotion of apoptosis in Hepg2 cells. 
We first used the antibody against DKK-3, DKK-1 and IGFBP-3 
to neutralize DKK-3, DKK-1 and IGFBP-3 in the hAMSC-CM. We 
found that hAMSC-CM pre-treated with DKK-3 and DKK-1 an-
tibodies significantly inhibited the expressions of β-catenin and 
PCNA in Hepg2 cells. In contrast, hAMSC-CM pre-treated with 
IGFBP-3 antibody also decreased PCNA expression in Hepg2 cells 
compared with non-treated hAMSC-CM. These results indicated 
that hAMSCs inhibit Hepg2 cell proliferation through DKK-3 and 
DKK-1-mediated the reduction of the activities of Wnt/β-catenin 
signalling. Meanwhile, Western blot assay showed that the apop-
tosis mediated by hAMSC-CM was reduced by the DKK-3, DKK-1 
and IGFBP-3 antibody neutralization, respectively, indicating that 
hAMSCs induce Hepg2 apoptosis through blocking both Wnt/β-
catenin and IGF-1R/PI3K/AKT signalling. Next, the expression 
levels of DKK-3, DKK-1 and IGFBP-3 in hAMSCs were down-reg-
ulated by transfection with siRNA targeting DKK-3, DKK-1 or 
IGFBP-3 mRNA to further confirm the role of DKK-3, DKK-1 and 
IGFBP-3 in Hepg2 cells.

F I G U R E  6   hAMSC-derived DKK-3 and DKK-1 inhibit the proliferation of Hepg2 cells through blocking Wnt/β-catenin signalling pathway. 
hAMSC-CM was pre-treated with monoclonal antibody against DKK-1, DKK-3 and IGFBP-3 for 24 hours. After which, the Hepg2 cells were 
treated with normal culture medium, ICG001 (20 μM), CM, CM + DKK-3 antibody, CM + DKK-1 antibody and CM + IGFBP-3 antibody for 
48 h. A, The expression of PCNA, Ki67, β-catenin, N-cadherin, cyclin A2, cyclin B1, cyclin D1 and cyclin E1 in Hepg2 cells in each group was 
analysed by Western blot. B, Quantitative analysis of the expression of PCNA, Ki67, β-catenin, N-cadherin, cyclin A2, cyclin B1, cyclin D1 
and cyclin E1 in Hepg2 cells of different groups as in (A). C, The expression of PCNA, KI67, cyclin A2, cyclin B1, cyclin D1 and cyclin E1 in 
Hepg2 cells in control (normal medium), CM, CM + IGFBP-3 antibody group were analysed by Western blot. D, Quantitative analysis of the 
expression of PCNA, KI67, cyclin A2, cyclin B1, cyclin D1 and cyclin E1 in Hepg2 cells of different groups as in C. The RNAi efficiency of 
DKK-3 (E), DKK-1 (F) and IGFBP-3 (G) in hAMSCs was assayed by Western blot before co-culture with Hepg2 cells. H, Western blot analysis 
showed that the accumulation of β-catenin and the expression of PCNA were increased in hAMSC-siDKK3 group and hAMSC-siDKK1 group 
when compared with hAMSC-siMOCK group. I, Quantitative analysis of the expression of PCNA and β-catenin in Hepg2 cells of different 
groups as in (H). J, Western blot analysis showed that the expression of PCNA was no significant difference observed in Hepg2 cells co-
cultured with hAMSC-siMOCK and hAMSC-siIGFBP-3. K, Quantitative analysis of the expression of PCNA in Hepg2 cells of different groups 
as in J. Results are shown as mean ± SD



10538  |     LIU et aL.



     |  10539LIU et aL.

5  | CONCLUSIONS

In our study, we demonstrated that hAMSCs inhibit proliferation 
and promote apoptosis of Hepg2 cells through blocking both Wnt/β-
catenin and IGF-1R/PI3K/AKT signalling pathways, suggesting that 
administration of hAMSCs and hAMSC-CM may be a novel strategy 
for treatment of HCC clinically.
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