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Hepatocellular carcinoma (HCC) is the third leading cause 
of cancer-related death in the world. The multikinase 
inhibitor sorafenib only demonstrated marginal improve-
ment in overall survival for advanced disease prompted 
the search for alternative treatment options. Human mes-
enchymal stem cells (MSCs) have the ability to home to 
tumor cells. However, its functional roles on the tumor 
microenvironment remain controversial. Herein, we 
showed that conditioned media derived from human fetal 
MSC (CM-hfMSCs) expressed high level of the insulin 
growth factor binding proteins IGFBPs and can sequester 
free insulin-like growth factors (IGFs) to inhibit HCC cell 
proliferation. The inhibitory effect of IGFBPs on IGF signal-
ing was further evident from the reduction of activated 
IGF-1R and PI3K/Akt, leading eventually to the induction 
of cell cycle arrest. We also demonstrated that CM-hfMSCs  
could enhance the therapeutic efficacy of sorafenib and 
sunitinib. To the best of our knowledge, this is the first 
report to show that CM-hfMSCs has a tumor-specific, 
antiproliferative effect that is not observed with normal 
human hepatocyte cells and patient-derived matched 
normal tissues. Our results thus suggest that CM-hfMSCs 
can provide a useful tool to design alternative/adjuvant 
treatment strategies for HCC, especially in related func-
tion to potentiate the effects of chemotherapeutic drugs.
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INTRODUCTION
Human hepatocellular carcinoma (HCC) is the fifth and the third 
leading cause of mortality in the world and Singapore respec-
tively.1 Surgical resection and liver transplantation are the two 

curative treatments for HCC, but these are only applicable to a 
small proportion of patients with early tumors. Sorafenib, a mul-
tikinase inhibitor, is the only FDA-approved chemotherapy drug 
for systemic administration for advanced stage HCC.2 However, 
many solid tumors are rather resistant to chemotherapeutic drugs, 
and for those HCC patients who responded to sorafenib, the over-
all survival of HCC patients improved by only ~2 months.1 The 
observed marginal improvement prompted us to seek alternative, 
innovative therapies with greater clinical gains.

Mesenchymal stem cells (MSCs) are adult pluripotent progeni-
tor cells of multiple mesenchymal lineages and have emerged as 
a potential option for regenerative medicine.3 Using a cocktail of 
various growth factors, MSCs can be induced to differentiate into 
hepatocyte-like phenotypes for functional liver replacement.4 In 
the field of cancer therapy, the most attractive feature of MSCs is its 
innate tumor homing properties. The ability of these MSCs to track 
microscopic tumors have significant clinical potential as these cells 
may potentially be employed for tracking or targeting metastasis 
and tumors, which are inaccessible for resection.5 Many research 
strategies have been developed to modify MSCs as an effective 
delivery vehicle for therapeutic genes. In HCC preclinical animal 
models, MSCs have been modified with antiangiogenic agent; pig-
ment epithelium-derived factor,6 proapoptotic gene TRAIL7; cyto-
kine such as interferon-β8; and oncolytic virus.9 The use of MSCs in 
clinical practice is hampered by the inability to monitor the trans-
planted cells in the patients, the lack of standardized clinical proto-
cols and most important of all, its undefined role in tumorigenesis. 
Some reported that MSCs could promote tumor progression while 
others reported that MSCs exhibited an antitumor effect.10 MSCs 
are known to secrete, and respond to, various cytokines, chemo-
kines, and growth factors.11 Thus, the precise effect of MSCs could 
be determined by the recipient cells that constitute the specific 
microenvironment. For example, conditioned media derived from 
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MSC (CM-MSCs) was shown to increase survival, proliferation 
and migration of endothelial cells12; but inhibit cell cycle progres-
sion, migration, and contractibility of corneal fibroblast.13 Systemic 
infusion of MSCs or CM-MSCs has been demonstrated to protect 
against liver fibrosis in rodents14 and ameliorate fulminant liver 
failure in pigs.15 In the context of cancer, studies have reported that 
CM-MSCs derived from human Wharton’s jelly stem cells pro-
moted apoptosis and autophagy of cancer cells.16

We recently showed that MSCs exhibited an antitumor effect 
when cocultured with tumor cells.17 Because MSCs have been 
shown to gain or lose certain cell surface receptors during culture,18 
we therefore hypothesized that the observed antitumor effect was 
mediated by the paracrine secretion of soluble factors from MSCs 
which affected the key signaling cascades via cell surface receptors 
expressed by the HCC tumors. The results showed that CM-MSCs 
secreted high levels of insulin binding proteins (IGFBPs), as well as, 
exerted an inhibitory effect on HCC proliferation. The antitumor 
effect was mediated through dysregulation of the insulin-like growth 
factor (IGF) signaling cascade; specifically, the activation of type-I 
IGF receptor (IGF-1R) on HCC was inhibited which disrupted the 
downstream phosphatidylinositol 3-kinase (PI3K)/Akt signaling 
events. Taken together, the results demonstrated that trophic factors 
secreted by MSCs possess antitumor effect in vitro and in vivo.

RESULTS
Human fetal MSCs exerted a suppressive effect on 
the growth of HCC
To characterize the biological effect of human fetal MSCs (hfM-
SCs) on the proliferation of HCC cells, Huh7-DsRed2 cells were 
cocultured in a 1:1 ratio with either immortalized human fetal 
lung fibroblast cells (MRC5) or hfMSCs (S8 and S27; Figure 1a). 
Cell viability assay showed that hfMSCs significantly inhibited the 
growth of Huh7-DsRed2 cells by ~50% and ~30%, respectively. 
An increase in the TUNEL-positive Huh7-DsRed2 cells in the 
presence of hfMSCs (either S8 or S27) could be detected (Figure 
1b). A slight increase of ~5% was also observed when Huh7-
DsRed2 was coculture with MRC5 but this increase was insignifi-
cant. Further, proliferation of Huh7-DsRed2 cells was inhibited 
when cocultured in hfMSCs as shown by the significant decrease 
in cell proliferation marker Ki-67. The percentage of Ki-67-
positive Huh7-DsRed cells was 49% ± 0.77 in coculture of Huh7-
DsRed2/S27 versus 92.6% ± 1.62 in coculture of Huh7-DsRed2/
MRC5 (Supplementary Figure S1a). To evaluate whether migrat-
ing hfMSCs can suppress HCC growth in vivo, Huh7-DsRed2 
cells were implanted into the livers of immunodeficient NOD/
SCID mice. Tumor formation was confirmed by immunostain-
ing of liver sections for human nuclei, cytokeratin 18 (CK18) and 
Ki-67 (Figure 1c, red circle), and monitored by DsRed2 imag-
ing (Figure 1d). BrdU-labeled-S8 could be detected around and 
within the Huh7-DsRed2 tumor by BrdU staining, thus confirm-
ing that hfMSCs were capable of migrating to HCC (black arrow-
heads, Figure 1c). Compared to Huh7-DsRed2 tumor alone, 
the Huh7-DsRed2 tumor injected with S8 showed significant 
reduction in the DsRed2fluorescence intensity (Figure 1d) that 
correlated well with the reduction in tumor volume (Figure 1e; 
P < 0.05). Collectively, these results demonstrated that hfMSCs 
migrated towards HCC and inhibited tumor growth.

The antitumor effect of hfMSCs was mediated via a 
paracrine signaling mechanism
We postulated that the antitumor effect might be mediated through 
soluble factors secreted by hfMSCs in a paracrine manner. As 
shown in Figure 2a, treatment with CM-S8 decreased the percent-
age of HCC cells by 27% in comparison to control media collected 
concurrently (CM-Ctrl). The inhibitory effect was not observed in 
CM-MRC5. Similar antitumor effect was also observed in CM iso-
lated from other donors (Supplementary Figure S1b) but amni-
otic membrane-derived CM-MSCs failed to suppress HCC growth 
in vitro (Supplementary Figure S1c). More importantly, CM-S8 
did not suppress the proliferation of immortalized normal human 
neonatal hepatocytes NeHepLxHT cells (Figure 2a) and the 
matched histologically normal liver tissues derived from patients 
with primary HCC (z2644 and z2349; Figure 2b). Instead, patient-
derived HCC cells treated with CM-S8 exhibited a significant 
reduction in cell viability compared to CM-MRC5 and CM-Ctrl-
treated cells (Figure 2b). Together, these results demonstrated the 
tumor-specific suppressive effect of hfMSCs.

To show the potential clinical relevance of these results, we 
examined the anti-tumor effect of CM-hfMSCs over a period of 
7 days. The tumor suppressive effect was consistently observed 
whether the CM was replenished every 2 days or unreplenished 
(Figure 2c). Nevertheless, the percentage of tumor cells treated with 
CM-hfMSCs that were replenished every 2 days reduced by an extra 
20%. Treatment with CM-MRC5 also led to the increase in cell pro-
liferation but this did not further increase upon the replenishment of 
CM. We next investigated the effect of CM-hfMSCs on the growth 
of patient-derived orthotopic HCC mouse xenograft. Intratumor 
injections of CM-hfMSCs, CM-MRC5, or CM-Ctrl were given on 
alternate day until day 18. As shown in Figure 2d, the tumor volume 
of mice injected with CM-hfMSCs were significantly reduced com-
pared to those receiving either CM-MRC5 or CM-Ctrl. In contrast, 
tumors treated with CM-MRC5 or CM-Ctrl continued to grow. 
Collectively, these results demonstrated that CM-hfMSCs can con-
fer tumor-specific proliferative inhibitory effect in vitro and in vivo.

CM-hfMSCs enhanced the antitumor effects of 
sorafenib and sunitinib
Currently, Sorafenib is the only FDA-approved drug available for 
treating HCC. Sunitinib, another molecular targeted drug, acts on 
b-RAF and which expression has been shown to correlate with the 
presence of multiple HCC nodules.19 Hence, we asked whether 
CM-hfMSCs was able to complement and potentiate the antitu-
mor properties of sunitinib and sorafenib. Compared to single 
entity therapy, combination therapy of sorafenib or sunitinib with 
CM-S8, and not CM-Ctrl, further decreased the viability of tumor 
cells by ~32 and 19% respectively (Figure 2e). These results dem-
onstrated that CM-hfMSCs can enhance the antitumor efficacy of 
sorafenib and sunitinib.

CM-hfMSCs inhibited HCC cell proliferation through 
induction of cell cycle arrest
We next investigated whether the observed antitumor effect of 
CM-hfMSCs was due to the suppression of tumor growth or the 
induction of apoptosis. We did not observe significant TUNEL-
positive cells or cleavage of procaspase-3 (Supplementary 
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Figure S2a,b respectively). By contrast, the number of cells posi-
tively stained with the proliferation marker, Ki-67, was reduced 
in HCC treated with CM-hfMSCs but not CM-MRC5 com-
pared to CM-Ctrl (Figure 3a). FACS analysis also showed a 

higher proportion of HCC cells in the G1 phase of the cell cycle 
(CM-hfMSCs, 74.3 ± 0.6%) comparing to the CM-Ctrl- and 
CM-MRC5-treated cells (57 ± 1.2% and 52.4 ± 0.7%, respectively; 
Figure 3b). Immunoblot analysis showed a reduction in cyclin D1, 

Figure 1 hfMSCs exhibit tumor homing and tumor suppressive properties in patient-derived orthotopic hepatocellular carcinoma (HCC) 
mouse model. (a) Huh7-DsRed2 cells were cocultured with MRC5, S8, or S27 for 72 hours in complete Dulbecco's modified Eagle's medium. Cell 
viability was performed by scoring the number of red-fluorescence cells in the various coculture systems, Huh7-DsRed2 cells in six random fields at 10× 
magnification in triplicate. (b) TUNEL-positive Huh7-DsRed2 cells were scored in eight random fields of view at 10× magnification in various coculture 
systems. All data shown were normalized to Huh7-DsRed2 alone and expressed as means ± standard error of the mean (SEM). (c) Bromodeoxyuridine 
(BrdU)-labeled S8 was injected subcapsularly at a distance of ~0.5 cm (indicated by red circle) adjacent from the orthotopically implanted Huh7-DsRed2 
tumors as indicated by the blue circle. Photomicrographs showed the expression of BrdU, CK18, human nuclei, and Ki-67. Scale bar = 100 μm. (d) 
Noninvasive DsRed2 bioimaging was used to monitor tumor progression. Representative image from Huh7-DsRed2-bearing mice with or without S8 
were shown. Red fluorescence indicates DsRed2 signal emitted by the tumor cells. (e) Corresponding tumor volumes were measured at the end of the 
experiment at day 21 after the entire liver were harvested. All data shown are means ± SEM, n ≤ 4. *P < 0.05; **P < 0.01. n.s., not significant.
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Figure 2 CM-hfMSCs conferred hepatocellular carcinoma (HCC)-specific growth suppression in vitro and in vivo. (a) The effect of CM-Ctrl, 
CM-MRC5, and CM-S8 on Huh7-DsRed2 cells and immortalized normal human hepatocytes NeHepLxHT was assessed after 48 hours of incuba-
tion by cell counting kit (CCK)-8 assay. Data shown are presented as means ± SEM, n = 4, and normalized to CM-Ctrl-treated cells. (b) The effect 
of CM-Ctrl, CM-MRC5, and CM-S8 on short-term culture of HCC and its matched normal (z2644 and z2349) derived from two local patients was 
evaluated. Data shown are presented as means ± SEM, n = 3, and normalized to CM-Ctrl-treated cells. (c) Long-term effect of CM-hfMSCs on 
Huh7-DsRed2 cells was examined for a period of 7 days. CMs were either replenished every other day or unreplenished. All data are presented as 
means ± standard error of the mean (SEM) and normalized to CM-Ctrl-treated cells at the respective condition, n = 4. (d) Schematic diagram of 
the treatment regimen with CM-S8, CM-MRC5, and CM-Ctrl in mice bearing orthotopic patient-derived HCC tumor line, 26–1004. Intratumoral 
injection of CM was performed on alternate days from day 10 post-tumor implantation until day 18. Tumor volume was monitored until day 
23. Tumors were then harvested at the end of the treatment. Bar chart depicts the mean tumor volumes of mice ± SEM, n = 3. Representative of 
whole liver images from each treatment group were shown. *P < 0.05; with respect to CM-Ctrl-treated cells. The combination effect of sunitinib/
sorafenib and CM-S8 was tested in Huh7-DsRed2 cells. Cells were pretreated with CM-Ctrl, CM-MRC5, and CM-S8 for 48 hours followed by 
incubation in sunitinib or sorafenib-containing media for 24 hours. All data are presented as means ± SEM and normalized to dimethyl sulfoxide 
because this is the vehicle for sorafenib and sunitinib, n = 4; *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant.
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Figure 3 CM-hfMSCs induced cell cycle arrest of hepatocellular carcinoma (HCC) cells. (a) Immunocytochemistry staining of CM-treated-
Huh7-DsRed2 cells against human Ki-67. Photomicrographs showed representative field images of Ki-67-stained cells. Scale bar = 100 μm. Bar 
graph represents percentage of Ki-67-positive cells (scored from 16 random field of view) normalized to CM-Ctrl-treated cells, n = 16. (b) Flow 
cytometry analysis of the cell cycle profile of CM-treated Huh7-DsRed2 cells. Representative diagrams were shown. (c) Immunoblot analysis 
of cell cycle–related proteins from CM-treated-Huh7-DsRed2 cell lysates. Protein loaded was normalized to actin. (d) Ki-67 and (e) cyclin D1 
immunohistochemistry staining of cryosectioned tumor harvested from CM-Ctrl, CM-MRC5, and CM-S8-treated patient-derived tumor 26–1004. 
Photomicrographs showed representative images. Scale bar = 50 μm. Immunopositive cells were quantified (total 10 random field of view) and 
presented in the bar charts. Data are shown as means ± SEM, n = 10; **P < 0.01.
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cyclin E, cyclin A, and cyclin B1 expression with the concomitant 
upregulation of p27Kip1 (Figure 3c). Consistent with the results 
observed in vitro, patient-derived HCC orthotopic tumors treated 
with CM-hfMSCs had a lower Ki-67 index (Figure 3d) and a cor-
responding reduction in cyclin D1-positive cells (Figure 3e) com-
pared to HCC tumors treated with CM-MRC5 or CM-Ctrl. These 
results demonstrated that CM-hfMSCs inhibited the proliferation 
of HCC cells by the induction of cell cycle arrest at the G0/G1 phase.

The tumor suppressive effect of hfMSCs was 
mediated through IGF receptor-1 signaling
IGF signaling plays important roles in HCC tumorigenesis.20 
During hepatocarcinogenesis, alterations in the expression of the 
molecules in the IGF pathways have been reported.21 To determine 
whether the tumor suppressive factors mediated by CM-hfMSCs 
may consist of molecules in the IGF pathways, an IGF-antibody 
array screen was performed. To minimize possible binding of non-
specific factors contained in foetal bovine serum to the array, the 
experiment was done using serum free conditioned media from 
S8; S27 and S33 (Supplementary Figure S3a,b). Similar tumor 
suppressive effect could be detected. Proteins that were differen-
tially expressed in SF-CM-hfMSCs include IGFBP-1, -2, -3, -4, and 
-6; of which IGFBP1-3 were highly secreted by hfMSCs (Figure 
4a). Conversely, no significant difference was observed for IGF-1, 
IGF-2, and insulin when compared to the controls (SF-CM-Ctrl 
and SF-CM-MRC5). Furthermore, HCC treated with CM-hfMSCs 
exhibited significantly reduced expression of phosphorylated 
IGF-1R (p-IGF-1R; Figure 4b). Tovar et al.22 have previously 

demonstrated the significant correlation between p-IGF-1R-related 
expression and the phosphatidylinositol gene signature. Therefore, 
we investigated whether the PI3K pathway was also affected. As 
shown in Figure 4c, HCC treated with CM-hfMSCs gave reduced 
levels of activated PI3K and Akt compared to the controls.

IGF-1R signaling via the PI3K and Akt axis also involves NF-κB 
signaling which upon chronic activation can lead to fibrosis and cir-
rhosis, thus increasing the risk of HCC.23 We examined the effect 
of CM-hfMSCs on NF-κB signaling in HCC cells. In HCC cells 
treated with CM-S8, a reduced level of the activated NF-κB p65 
subunit which correlated with reduced phosphorylation of IκB, 
was observed compared to the controls, suggesting that NF-κB was 
bound to IκB in the inactive form (Figure 4d). The expression level 
of IKK α and IKK β was also downregulated in the CM-S8-treated 
cells. These results therefore suggested that the tumor suppres-
sive effect derived from CM-hfMSCs was modulated by elevated 
IGFBPs expression and the corresponding downregulation of the 
activated IGF-1R/PI3K/Akt and NF-κB signaling cascades.

The tumor suppressive effect of hfMSCs could be 
abolished by targeting knockdown of IGF-1R in HCC
The involvement of IGF-1R signaling in hfMSCs-mediated 
tumor suppression was further confirmed by the knock-
down of IGF-1R in HCC cells. In IGF-1R-RNAi-treated HCC 
cells,  the addition of CM-S8 did not exert an inhibitory effect 
compared to CM-Ctrl (Figure 4e). By contrast, naive cells or 
cells treated with either siCTRL or siIGF-1R consistently exhib-
ited enhanced proliferation in the presence of CM-MRC5 
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(Figure 4e). Similarly, the inhibitory effect of CM-hfMSCs could 
be rescued by increasing the concentration of monoclonal anti-
bodies against IGF-1R (Figure 4f). There was no significant dif-
ference observed in cells treated with CM-Ctrl or CM-MRC5. 
For both the IGF-1R-RNAi knockdown and IGF-1sR antibody 
treatment experiments, naive cells had been included as addi-
tional controls and the results obtained were similar to cells 
transfected with siCTRL (Figure 4e) or IgG (Figure 4f). Taken 
together, these results demonstrated that IGF-1R can be a criti-
cal pathway through which hfMSCs exerted its anti-HCC effect.

CM-hfMSCs suppressed growth of patient-derived 
cancer stem cells (CSC)
Emerging evidence indicates that IGF signaling is a central player 
in the induction and maintenance of epithelial mesenchymal tran-
sition and cell stemness which are processes involved in metastatic 

spread and resistance to cancer treatments.24 In head and neck 
squamous cell carcinoma (HNSCC), patient-derived tumor cells 
expressing high levels of aldehyde dehydrogenase (denoted as 
ALDhigh) have recently been shown to exhibit elevated IGF-1R 
phosphorylation.25 Aldehyde dehydrogenase (ALD) expression has 
been suggested to be a functional marker for HNSCC cancer stem 
cells.26 Thus, we investigated whether the antiproliferative activities 
of CM-hfMSCs could be extended to other cancer cells, particu-
larly cells that display stem-like characteristics through the IGF-1R 
signaling pathway. As shown in Figure 5a, compared to CM-Ctrl, 
CM-hfMSCs treatment reduced the percentage of RPMI2650 
tumor cells by 25%, similar to those observed in HCC tumor cells. 
CM-hfMSCs treatment on the various clones of ALD+ HNSCC 
cells demonstrated that the viability of these cells could similarly 
be reduced by ~20–30% (Figure 5b) with a concomitant decrease 
in the percentage of ALD+ cells (Figure 5c). Further analysis by 

Figure 4 Tumor suppression is mediated through downregulation of insulin-like growth factor (IGF-1) signaling. (a) Protein array analy-
sis detecting members of the IGF proteins family that are present in SF-CMs. Quantification of protein expression detected in SF-CM-Ctrl, 
SF-CM-MRC5, SF-CM-S8, and SF-CM-S27. Values shown are obtained from standard curve generated against the various proteins, n = 3. (b) 
Immunoblot analysis was performed on SF-CMs-treated Huh7-DsRed2 cell lysate using antibodies against P-IGF-1R-β and total IGF-1Rβ. Protein 
loaded was normalized to Hsp70. Immunoblot using antibodies against (c) P-Akt, total Akt, P-PI3K, total PI3K (d) P-NF-κB p65, total NF-κB p65, 
P-IκB-α, total IκB-α, IKK-α, and IKK-β was performed and normalized to actin. (e) Huh7-DsRed2 cells were transfected with Ctrl-RNAi or IGF-1R-
RNAi for 24 hours. After which, the cells were treated with CM-Ctrl, CM-MRC5, or CM-S8 for 48 hours. Percentage of tumor cells was evaluated 
using cell counting kit (CCK-8) assay. Data shown are normalized to Ctrl-RNAi CM-Ctrl-treated cells and presented as means ± standard error of 
the mean (SEM), n = 4. (f) Huh7-DsRed2 cells were pretreated with monoclonal antibody against IGF-1R followed by incubation in CM-S8 and 
CM-MRC5 for 48 hours. Goat IgG and untreated cells served as control. Percentage of tumor cells was determined using CCK-8 assay after 48 
hours incubation. Data shown are normalized to IgG, CM-Ctrl-treated cells and presented as means ± SEM, n = 3; *P < 0.05; **P < 0.01; ***P < 
0.001. n.s., not significant.
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immunoblotting showed a marked reduction of activated IGF-1R 
in SF-CM-hfMSCs-treated cells compared to SF-CM-MRC5-
treated cells (Figure 5d), further confirming the role of IGF-1R 
signaling in CM-hfMSCs-mediated tumor suppression.

DISCUSSION
The IGF system comprises of circulating ligands such as IGF-1, 
IGF-2 and insulin, IGF binding proteins (IGFBP1-6) and their 
ligand binding type-I and type-II receptors.27 The IGFBPs function 
as transport proteins for IGF-1 and IGF-2 from the circulation to 
the peripheral tissues; thus, a reservoir of IGFs in the circulation 
can be maintained. IGFBPs also regulate the binding of IGFs to 
IGF-1 receptor, a transmembrane tyrosine kinase receptor that 
has high affinity for IGF-1 and -2, and is necessary for growth and 
metabolism in fetal development and normal tissues. Allelic losses 
and inactivating mutations of M6P/IGF2R,28 overexpressed levels 
of IGF-2 (ref. 29) and IGF-1R,22,30 and reduced levels of IGFBPs31,32 
have all been reported in HCC.

Previously, we demonstrated that adult human bone mar-
row-derived MSCs could inhibit proliferation of human glioma 

cells through impaired endothelial progenitor cell recruitment 
and downregulation of proangiogenic factors, including platelet 
derived growth factor (PDGF)-BB, interleukin (IL)-1β, and IGF-
1.17 In this study, we focused on characterizing the antitumor effect 
mediated by human fetal bone marrow–derived MSCs (hfMSCs) 
because in comparison to adult MSCs, these cells are more prolif-
erative, easily expandable, and are less exposed to inflammatory 
and infectious microenvironment which will be of clinical rel-
evance.33 Our findings are in agreement with Zhao et al.34 in that 
CM derived from adipose-derived MSCs could inhibit the prolif-
eration of HCC in vitro. We did not observe significant level of cell 
death mediated by CM, similar to report by Giuffrida et al.35 where 
CM derived from human embryonic stem cells exerted a suppres-
sive effect on proliferation but not cell death in ovarian, prostate, 
and breast adenocarcinoma. Having said this, the level of cell death 
seemed to be higher in a direct coculture system consisting of HCC 
and hfMSCs (Figure 1b). In a recent report, MSCs derived from 
Wharton jelly of the umbilical cord was shown to induce apoptosis 
in prostate cancer cells in coculture condition, via activation of JNK 
and downregulation of PI3K/Akt signaling.36 Even though in our 

Figure 5 CM-hfMSCs inhibits aldehyde dehydrogenase-positive head and neck squamous cell carcinoma (HNSCC) cell proliferation which 
corresponded to reduced insulin-like growth factor (IGF)-1R expression levels. (a) The effect of SF-CM-hfMSCs on RPMI2650 HNSCC cells was 
evaluated by cell counting kit (CCK)-8 assay following 48 hours treatment. Data shown are normalized to SF-CM-Ctrl-treated cells and presented as 
means ± standard error of the mean (SEM), n = 3. (b) Different clones of HNSCC-CSC population derived from local head and neck cancer patient 
were subjected to SF-CMs treatment for 48 hours. Huh7-DsRed2 cells were included as positive reference to the activity of the various CMs. The effect 
was evaluated by CCK-8 assay. Data shown are normalized to respective SF-CM-Ctrl-treated cells and presented as means ± SEM, n = 4. (c) ALD-level of 
representative clone 56 was assessed following treatment with SF-CM-MRC5 and SF-CM-S33 by flow cytometry analysis. Data shown are means ± SEM, 
n = 3. (d) Endogenous protein expression of IGF-1R in SF-CMs-treated-HNSCC cells was examined using immunoblot analysis. **P < 0.01; ***P < 0.001.
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studies, most of the suppressive effect of CM-hfMSCs on tumor 
cells is exerted through an inhibition on tumor cell proliferation 
(Figures 3 and 4c,d; Supplementary Figure S1a), the lack of sig-
nificant apoptotic event may be attributed to suboptimal prepara-
tion of CM-hfMSCs. Nevertheless, findings from our studies have 
provided support that the suppressive effect of hfMSCs on tumor 
cell proliferation can occur through direct cell–cell contacts or in 
a paracrine fashion without direct cell contact in vitro and in vivo.

It is also worth noting that there are studies that reported the 
protumorigenic properties of CM-MSCs on HCC. In the study by 
Gong et al.,37 CM-MSCs harvested from the femur bone marrow 
of adult female Sprague-Dawley rats promoted the proliferation of 
HepG-2 cells. In another study, where the MSCs were derived from 
human HCC biopsy tissues, enhancement of Huh7 colony forma-
tion was observed in the presence of CM derived from these MSCs.38 
The observed differences may be attributed to inherent biological 
differences in the source of MSCs, the heterogeneity of MSCs, the 
interaction of MSCs and its secreted factors with the surrounding 
microenvironment and other parameters, such as the dose and time 
of MSCs administration/analysis, as well as the optimal culture con-
dition.39 Mamede et al.40 have demonstrated that the same amount of 
protein extracts derived from the human amniotic membrane exerted 
different extent of anti- or promitogenic effects on different tumor 
cells, suggesting that the effect of hfMSCs may be dependent on the 
type of dominating receptors that are expressed on specific tumor 

cells. We have independently observed that the extent of antiprolif-
erative effect of CM-hfMSCs varied with different donors, suggesting 
that the intrinsic biological differences within the cells also contribute 
to the progression of tumorigenesis. We postulated that this is indeed 
the case since many growth factors are known to activate cell growth, 
motility, and survival pathways through binding to cell surface tyro-
sine kinase-bearing receptors. Interestingly, the results showed that 
the activation of IGF-1R was significantly reduced in HCC treated 
with CM-hfMSCs when compared to controls.

IGF-1R is highly activated in HCC tumors and the activation of 
IGF-1R, but not insulin receptor, is associated with the activation of 
ribosomal protein S6 (RPS6) and an increase in IGF-2 level,22 suggest-
ing that IGF-2 may be responsible for IGF-1R activation. Subsequent 
signaling is transduced mainly through PI3K/Akt/mTOR pathway, 
which mediates cell survival and the RAS/RAF/MAP kinases that 
predominates cell proliferation.41 In our study, the results showed 
that the phosphorylation of IGF-1R was reduced in HCC treated 
with CM-hfMSCs compared to controls (Figures 4b and 5d). The 
expression levels of p85 subunit of PI3K and activated Akt were also 
reduced (Figure 4c) which could affect the activity of a number of 
downstream transcriptional regulators including NF-κβ via modu-
lation of the inhibitor κB protein kinase (IKK) complex (Figure 
4d). Furthermore, the results showed that p27Kip1, which acts as 
a negative regulator of cyclin and cdk activity,42 was significantly 
increased in Huh7 cells treated with CM-fhMSCs (Figure 3c). Cyclin 

Figure 6 Representation of the proposed mechanism of action for CM-hfMSCs on insulin-like growth factor (IGF)-expressing cells. 
Hepatocellular carcinoma (HCC) express high levels of IGF-2. IGFBPs present in CM-hfMSCs sequester IGF-expressed by HCC cells, thereby prevent-
ing IGF from binding to its receptor IGF-1R. Lack of ligand stimulation led to decreased phosphorylation of IGF-1R and downregulation of PI3K/Akt 
pathway. One of the downstream targets of Akt signaling, NF-κB signaling, was also downregulated. Reduced activation of Akt also led to increased 
accumulation of the cdk p27Kip1, resulting in cell cycle arrest.
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D1 proteins, which have been associated with aggressive forms of 
human HCC,43 were downregulated along with various cyclins such 
as cyclin E, cyclin A, cyclin B1 and cell cycle regulator p27, all of which 
with known function in regulating cell proliferation, as illustrated in 
Figure 6. Overall, the repressed NF-κβ pathway through dysregula-
tion of IGF signaling cascade impaired HCC proliferation by disrupt-
ing the cell cycle regulatory mechanisms in the cancer cells.

The role of IGFBPs has been suggested as tumor suppressors, as 
reduced mRNA levels of IGFBP-1,-2; -3, -4, -7 have been detected in 
surgical specimens in human HCC tissues31,32,44,45 respectively. The 
findings of IGFBP-3 downregulation in clinically early HCC speci-
mens and HCC with cirrhosis suggests that the downregulation of 
IGFBP-3 may contribute to initial deregulation of the IGF signal-
ing axis in HCC.22 Downregulation of IGFBP-3 could also be medi-
ated through promoter hypermethylation.46 In our study, all IGFBPs 
available in the cytokine arrays were highly elevated in CM-hfMSCs, 
particularly those from IGFBP-1, -2, and -3 (Figure 4b). IGFBP-7 
was not provided in the array and it is therefore undetermined 
whether IGFBP-7 proteins are also secreted by hfMSCs at high lev-
els. It is interesting to note that high levels of IGFBPs are produced 
by these undifferentiated stem cells. Igfbp-3 gene is identified as one 
of the top three upregulated genes in a study that compares bone 
marrow stromal cells with the mature bone marrow–derived osteo-
blasts.47 The antiproliferative effect of CM-hfMSCs may be a direct 
effect of proteolysis of IGFBP-3 as some of these fragments have 
been reported to inhibit cell proliferation.48 Recently, the C-terminal 
of IGFBP-4 was also demonstrated to inhibit the capillary-like tube 
formation of human brain endothelial cells and possess antitumor 
effects.49 Other possible anti-tumor mechanism of IGFBPs includes 
the binding of IGFBPs to IGF-1, thereby depriving the ligand’s abil-
ity to bind and activate IGF-1R-dependent signaling cascade. IGF-1 
could also downregulate IGF-1R by increasing the receptor ubiq-
uitin degradation.50 The precise mode of action through which the 
high levels of IGFBPs exert their inhibitor effect via IGF-1R will 
require further investigations.

Unlike conventional IGF inhibitors that target the receptor tyro-
sine kinases, CM from MSCs contain a cocktail of various factors 
that confers protection to injured tissues,14 and yet, could induce 
tumor cell death as presented in the current study and by oth-
ers.16,34–36 Furthermore, the antiproliferative effect could be enhanced 
in combination with molecular targeting agents, such as sorafenib 
and sunitinib, to overcome drug resistance. To address the potential 
use of MSCs in cancer therapy will require rigorous studies to delin-
eate the various factors produced under specific disease condition.

In conclusion, the uniqueness of our study is that we have demon-
strated the anti-proliferative activities of CM-hfMSCs using patient-
derived orthotopic HCC mouse model rather than the implantation 
of HCC cells subcutaneously, and with primary fresh cultures derived 
from HCC and its corresponding matched normal tissues as control. 
This observation is of critical importance for future clinical applica-
tion. Furthermore, we showed that human fetal MSCs secreted high 
levels of IGFBPs which sequestered free IGFs, thereby inhibited HCC 
progression. The inhibitory effect of IGFBPs on IGF signaling is evi-
dent from the decreased level of activated IGF-1R and PI3K/Akt, and 
affected HCC proliferation. The results suggested that the adminis-
tration of CM-hfMSCs may provide an alternative/adjuvant treat-
ment for HCC and potentiate the effects of chemotherapeutic drugs.

MATERIALS AND METHODS
Refer to Supplementary Information for detailed information.

Cell culture and ethics. Fetal tissue collection was approved by the Domain 
Specific Review Board of National University Hospital, Singapore in com-
pliance with international guidelines regarding the use of fetal tissue for 
research. Human fetal MSCs (hfMSCs) S8, S27, S33, and S64 were iso-
lated from the fetal femur collected after clinically indicated termina-
tion of pregnancy as previously described.33 In this study, Huh7-DsRed2 
and Huh7 parental cells is denoted as HCC cells. The use of patient-
derived HCC, denoted as primary HCC cells, its adjacent match normal 
liver tissues, and patient-derived HNSCC were approved by SingHealth 
Central Institutional Review Board, Singapore (Refer Supplementary 
Information). Additional information regarding culturing of cells can be 
found under Supplementary Information.

Collection of CM and tumor viability assay. For collection of CM-hfMSCs 
and CM-MRC5, cells were grown in complete DMEM media; CM-Ctrl 
was also incubated in parallel. CM and CM-Ctrl were collected after 48 
hours and centrifuged at 3,000 rpm for 5 minutes at 4 °C to ensure com-
plete removal of cellular debris. CM were then concentrated 30-fold using 
Vivaspin-20 centrifugal concentrators (Sartorium Stedim UK, Epsom, UK).

To determine the effect of CM, HCC cells were incubated with CMs 
for 48 hours and the percentage of viable cells was determined by cell 
counting kit (CCK)-8 assay (Dojindo Laboratories, Kumamoto, Japan) at 
optical density 450 nm using the Victor spectrophotometer (PerkinElmer 
Life Sciences, Waltham, MA).

To check the effect of IGF-receptor knockdown, HCC cells were first 
tranfected with siRNA for 48 hours, followed by treatment with CM-
hfMSCs for additional 48 hours.

For combination treatment with sorafenib or sunitinib, HCC cells were 
first treated with CM-hfMSCs for 48 hours followed by 24 hours incubation 
with either sunitinib (9 μmol/l in dimethyl sulfoxide; Pfizer, New York, NY) 
or sorafenib (10 μmol/l; Bayer Pharmaceuticals, West Haven, CT).

For investigating the effect of IGF-1R neutralization, HCC cells were 
preincubated with 0.1 and 1 μg/ml of neutralization antibody against IGF-
1R (Sigma-Aldrich, Saint Louis, MO) for 3 hours prior to the addition of 
CM-hfMSCs.

Animal work. This study was approved by SingHealth Central Institutional 
Review Board, Singapore and was performed according to the guide-
lines and protocols approved by the Institutional Animal Care and Use 
Committee at the Singapore General Hospital.

To evaluate the antitumor effect of CM-hfMSCs in vivo, CMs 
(3,000 μg/10 μl) was administered on alternate days into orthotopic 
pre-established patient-derived HCC tumors on immunodeficient mice. 
Tumor volumes were recorded every 2 days. At the end of the treatment 
period, livers were harvested and cryopreserved.

Immunohistochemistry. The following antibodies were used: mouse anti-
human Ki-67 (DakoCytomation, Glostrup, Denmark), rabbit anti-human 
cyclin D1 (Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-
human nuclei (Merck Millipore, Billerica, MA), mouse anti-BrdU (Becton 
Dickinson, Franklin Lake, NJ). Refer Supplementary Information for 
detailed information.

Immunoblotting. The following primary antibodies were used: cyclin D1, 
cyclin A, cyclin E, cyclin B1 (Santa Cruz Biotechnology), p27, P-IκB-α, IκB-
α, P-NF-κB p65, NF-κB p65, IKK α, IKK β, P-PI3K p55/p85, PI3K, P-Akt 
(T308), P-Akt (S473), Akt, P-IGF-1Rβ (Y1135/1136), IGF-1Rβ, caspase-3, 
Hsp70 (Cell Signaling Technology), and Actin (NeoMarkers, Fremont, 
CA). Refer Supplementary Information for detailed information.

Cytokine array analysis. RayBio Quantikine Human IGF Signaling 
Array I (RayBiotech, Norcross, GA) that contains antibodies target-
ing to 10 proteins of the IGF family was used. Eighteen micrograms of 
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SF-CMs were used according to manufacturer’s instructions. Signals 
were visualized through Axon GenePix 4000B laser scanner equipped 
with Cy3 wavelength and quantified using Gene Pix data analysis soft-
ware (Molecular Devices, Sunnyvale, CA).

Statistical analysis. Statistical analyses were performed using Graphpad 
Prism 3.0 (Graphpad Software, San Diego, CA). Comparison between 
more than two treatment groups was made using one-way analysis of vari-
ance with the Tukey post hoc test. All reported P values are two-sides, non-
paired and values of < 0.05 are considered as statistically significant.

SUPPLEMENTARY MATERIAL
Figure S1. Tumor suppressive effect was also observed in CM-hfMSCs 
derived from other donors.
Figure S2. CM-hfMSCs did not induce apoptosis of HCC cells.
Figure S3. Tumor suppressive effect was retained in serum free 
CM-hfMSCs.
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