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Cancer-associated fibroblasts promote stem cell-like 
properties of hepatocellular carcinoma cells  
through IL-6/STAT3/Notch signaling
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Abstract: In this study, we investigated the role of cancer-associated fibroblasts (CAFs) in hepatocellular carcinoma 
(HCC) progression. We showed that CAFs secrete high levels of IL-6, which promoted stem cell-like properties in HCC 
cells by activating Notch signaling through STAT3 Tyr705 phosphorylation. These effects were abolished by Notch1 
shRNA knockdown in HCC cells or treatment with an IL-6 neutralizing antibody or the p-STAT3 (Tyr705) inhibitor 
cryptotanshinone. Xenografted liver tumors were larger in nude mice injected with HCC cells and CAFs than in those 
receiving HCC cells alone. Moreover, immunohistochemical analysis of liver tissue specimens from 88 HCC patients 
revealed that high nuclear Notch intracellular domain (nNICD) levels in HCC cells correlated with poor prognosis 
in patients. These findings suggest that IL-6 secreted by CAFs promotes stem cell-like properties in HCC cells by 
enhancing STAT3/Notch signaling.
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Introduction 

Human hepatocellular carcinoma (HCC) is the 
sixth most prevalent cancer and third leading 
cause of cancer deaths worldwide [1]. Cancer 
stem cells (CSCs) are related to poor outcomes 
in HCC patients because they have a high 
potential for tumor initiation and progression 
[2, 3]. Previous studies have indicated that can-
cer cell may re-enter a stem cell state and sub-
sequently acquires a CSC phenotype in the 
tumor microenvironment. This plastic character 
and so-called dedifferentiation of tumor cells 
may play important roles in tumorigenesis [4-7].

Tumor cells reside in a tumor microenvironment 
(TME), which is made up of extracellular matrix 
(ECM), antigenic vascular cells (AVCs), infiltrat-
ing immune cells (IICs), and cancer-associated 
fibroblasts (CAFs) [6]. CAFs are rich in the tumor 
microenvironment of HCC, as most HCC cases 
occur in fibrotic or cirrhotic livers, which are 
always accompanied by an enrichment of myo-
fibroblasts derived from quiescent fibroblasts 
and hepatic stellate cells [8-10]. CAFs secrete a 

variety of cytokines, which promote cancer 
growth and progression [4, 6, 8, 11-16]. CAFs 
enhance migration and EMT of gastric cancer 
cells by secreting IL-6 [14]. They produce TGF-β 
and SDF1, which promote vascular mimicry for-
mation in HCC [16]. CAFs also promote CSCs 
through IGF-II signaling in lung cancer [4] and 
CCL2-Notch signaling in breast cancer [12]. 
Notch signaling promotes self-renewal and pro-
liferation of CSCs in many cancers [17-20]. In a 
previous study, we demonstrated that Notch 
signaling promotes CSC characteristics of 
CD90+ cells in HCC [21]. However, the mecha-
nisms by which CAFs induce stem cell-like char-
acteristics in HCC cells are not well understood. 
Therefore, we investigated the mechanisms by 
which CAFs induce stemness in HCC cells.

Materials and methods

Patient liver tissue specimen and demographic 
information

We obtained paraffin-embedded sections of 
HCC and adjacent liver specimens from 88 HCC 
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patients that underwent curative resection 
between 2013 and 2016 at the Tongji Hospital, 
Huazhong University of Science and Technology 
(HUST, Wuhan, China). Clinical data associated 
with these specimens were recorded without 
patient identification. All human experiments 
were approved by the ethics committee of 
Tongji Hospital. Informed consent was obtained 
from all subjects. The patients were enrolled as 
described previously [22]. Tumor differentiation 
was defined according to the Edmondson grad-
ing system.

Cell culture 

Human HCC cell lines, PLC/PRF/5 was obtained 
from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and MHCC-97H was 
obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). The 
human HCC cell line, HLE, was obtained from 
the Japanese Cancer Research Bank (Tokyo, 
Japan). All cell lines were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; GIBCO, 
Grand Island, NY, USA) supplemented with 10% 
fetal bovine serum (FBS; GIBCO) at 37°C and 
5% CO2.

Isolation and purification of CAFs and peri-
tumor fibroblasts (PTFs)

Human HCC tissues and adjacent normal liver 
tissues were minced into 2-3-mm fragments, 
washed in D-Hanks solution with 2% penicillin/
streptomycin, and plated in a petri dish with 
DMEM containing 15% fetal bovine serum and 
2% penicillin/streptomycin. Fibroblasts were 
allowed to grow out of tumor fragments for 1-2 
weeks at 37°C and 5% CO2. We obtained 95% 
purified fibroblasts after 2-3 passages. These 
cells were tested for the expression of vimen-
tin, fibroblast activation protein (FAP), and 
α-SMA by immunofluorescence and western 
blotting. We used CAFs and PTFs from passag-
es 3-10 for the various experiments. The estab-
lished CAFs were from five patients.

Sphere formation assay

Sphere formation assay is described in the 
Supplementary Materials and Methods se- 
ction.

Immunohistochemistry

Immunohistochemical staining was performed 
on formalin-fixed, paraffin-embedded liver tis-

sue sections by the labelled streptavidin biotin 
peroxidase complex method. Patient sample 
sections were stained with the primary rabbit 
monoclonal anti-activated Notch1 antibody 
(cat# ab8925; Abcam, Cambridge, UK) accord-
ing to the manufacturer’s instructions. The 
intensity of staining was scored on a four-point 
scale as negative (-), weak (+), moderate (++), or 
strong (+++). The percentage of positively 
stained tumor area relative to the entire tumor 
area was scored on a scale of 0 to 4, 0 (0%), 1 
(1-25%), 2 (26-50%), 3 (51-75%), and 4 (76-
100%) [23]. An overall protein expression score 
(range 0-12) was calculated by multiplying the 
staining intensity and positive staining scores 
as described previously [24]. Scores ≤ 4 denot-
ed low expression, whereas scores ≥ 5 denoted 
high expression. All slides were scored by 
pathologists.

Mouse xenograft tumor assay

All experiments with mice were approved by the 
Animal Care and Use Committee of Tongji 
Hospital. We obtained 4-5 week old male NOD/
SCID mice from Beijing Huafukang Bioscience 
and maintained in pathogen-free conditions. 
We resuspended HCC cells with or without 
CAFs in serum-free medium, mixed with matri-
gel in a 1:1 ratio and injected into the liver or 
subcutaneous tissue of NOD/SCID mice. Mice 
were monitored for 8 weeks, and the incidenc-
es of tumor formation and metastasis were 
examined and scored. The different groups of 
mice and the number of mice analyzed per 
group are presented in the supplementary sec-
tion (Table S2).

Lentiviral-based knockdown of Notch signaling

For suppression of Notch in HCC cells, lentiviral 
particles (Genechem, Shanghai, China) expre- 
ssing Notch1-shRNA were used to regulate 
Notch signalling in sorted HCC cells. The siRNA 
sequence specifically targeting Notch1 was as 
follows: 5’-GGAGCATGTGTAACATCAA-3’. We gen- 
erated lentiviral particles (Genechem, Shang- 
hai, China) expressing Notch1-shRNA to sup-
press Notch signaling in HCC cells. Then, HCC 
cells were infected with Lv-Notch1-shRNA at 
different multiplicities of infection (MOIs) for 12 
h in the presence of 5 μg/ml polybrene. Three 
days after infection, the expression of green 
fluorescence protein (GFP) was measured ana-
lyzed by flow cytometry. MOI of 10 resulted in 
more than 90% infection efficiency without 
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damaging cells [21] and was used for the 
experiments.

Quantitative RT-PCR

Quantitative RT-PCR was conducted as previ-
ously described [9, 25]. The assay details and 
primer sequences (Table S3) are presented in 
the Supplementary section.

Western blotting 

Western blot analysis was performed as 
described previously [21]. Primary antibodies 
for Notch1 (cat#3608), Hes1 (cat#11988), 
Nanog (cat#4903), Sox2 (cat#3579), Oct4 
(cat#2750), STAT3 (cat#8768), and p-STAT3 
(cat#9145) were purchased from Cell Signaling 

Figure 1. CAFs promote the stem cell-like properties of HCC cells in vitro. (A-D) CAFs enhanced the sphere-forming 
(A), colony-forming (B), and migration (C) and invasion (D) abilities of MHCC-97H cells and HLE cells. Scale bar, 100 
μm. (E and F) RT-PCR (E) and western blotting (F) of stemness-associated genes (Nanog, Sox2 and Oct4) overex-
pressed in MHCC-97H and HLE cells co-cultured with CAFs. Data are shown as the means ± SD from at least three 
independent experiments. (*P < 0.05, **P < 0.01).



CAFs promote stem cell-like properties in HCC

305	 Am J Cancer Res 2018;8(2):302-316

Technology, Inc. (Danvers, MA, USA). Monocl- 
onal mouse anti-β-actin (cat#ab8226; Abcam) 
was used as an internal control.

Statistical analysis

All statistical analyses were performed with the 
SPSS (v20.0; SPSS, Inc., Chicago, IL, USA) soft-
ware. Student’s t-test was used for two-group 
comparisons. Chi-square (χ2) tests and Fisher’s 
exact tests (for nominal variables) were used 

for analyzing clinical parameters. The data is 
presented as mean ± standard deviation. P < 
0.05 was considered statistically significant.

Results

CAFs promote stem cell-like properties of HCC 
cells 

We showed higher levels of α-SMA, FAP, and 
vimentin in cancer-associated fibroblasts 

Figure 2. CAFs promote the stem cell-like properties of HCC cells in vivo. MHCC-97H cells (A) or PLC/PRF/5 (B) cells 
were subcutaneously injected into NOD/SCID mice alone or with CAFs. MHCC-97H cells (A) or PLC/PRF/5 (B) inject-
ed with CAFs formed a greater number of larger tumors compared to tumor cells injected alone. Paraffin-embedded 
tissues of xenotransplanted tumors were processed for H&E staining. Scale bar, 50 μm. Red arrow indicates the site 
of tumor formation for MHCC-97H cells. 
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Figure 3. IL-6 secreted from CAFs enhances the stem cell-like properties of HCC cells. (A) Cytokine profiles of the CM 
from MHCC-97H cells and MHCC-97H-stimulated CAFs were screened using the RayBio human cytokine antibody ar-
ray. IL-6 was the most significantly secreted cytokine from CAFs. (B) There was dramatically more soluble IL-6 in the 
CM from MHCC-97H-stimulated CAFs compared with that of MHCC-97H cells as assessed by ELISA assay. (C) Nanog, 
Sox2, and Oct4 were overexpressed in MHCC-97H cells treated with IL6. (D-F) IL-6 enhanced the sphere-forming (D), 
colony-forming (E), and migration and invasion (F) abilities of MHCC-97H cells. Scale bar, 100 μm. Data are shown 
as the means ± SD from at least three independent experiments. (*P < 0.05, **P < 0.01).
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(CAFs) than peritumoral fibroblasts (PTFs) by 
western blotting and immunofluorescence 
(Figure S1B and S1C). In addition, the estab-
lished CAFs showed negative expression for the 
endothelial marker CD31 and macrophage 

markers CD68 (Figure S2). These data were 
consistent with previous studies [8, 15, 26].

CSCs are characterized by stem cell-like prop-
erties such as self-renewal, proliferation, meta- 

Figure 4. IL-6-neutralizing antibody inhibited the CAFs-induced 
promotion of stem cell-like properties in HCC cells. (A-C) IL-
6-neutralizing antibody inhibited the effects of CAFs on the 
sphere-forming (A), colony-forming (B), and migration and in-
vasion (C) abilities of MHCC-97H cells. Scale bar, 100 μm. (D)
IL-6-neutralizing antibody abolished CAFs-induced overexpres-
sion of Nanog, Sox2, and Oct4 in MHCC-97H cells. Data are 
shown as means ± SD from at least three independent experi-
ments. (*P < 0.05, **P < 0.01).
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stasis and tumor initiation [2, 21, 27, 28]. 
Therefore, we investigated if CAFs regulate 
stem cell-like properties of HCC cells. To deter-
mine whether CAFs could regulate the self-
renewal of HCC cells, MHCC-97H and HLE cells 
were subjected to a sphere formation assay by 
supplementation with either DMEM or the con-
ditional medium (CM) of CAFs. When compared 
to HCC cells incubated with DMEM, a greater 
number of larger spheres were observed in 
HCC cells incubated with the CM of CAFs (Fig- 
ure 1A). Colony formation assay further showed 
that MHCC-97H and HLE cells co-cultured with 
CAFs were able to produce a greater number of 
larger colonies compared to controls, indicating 
their effect on HCC proliferation (Figure 1B). In 
addition, Matrigel invasion and Transwell migra-
tion assays showed CAFs enhanced the migra-
tion and invasion abilities of MHCC-97H and 
HLE cells, highlighting their role in promoting 
HCC metastasis (Figure 1C and 1D).

We further evaluated the expression of Nanog, 
Sox2 and Oct4, which are associated with 
induction and maintenance of CSCs [2]. We 
observed higher Nanog, Sox2 and Oct4 mRNA 
and protein expression in MHCC-97H and HLE 
cells co-cultured with CAFs than in controls 
(Figure 1E and 1F). These data showed that 
CAFs induced stem cell-like properties in HCC 
cell lines.

Next, we examined if CAFs promoted in vivo 
tumorigenesis by subcutaneously injecting 
MHCC-97H (Figure 2A) or PLC/PRF/5 (Figure 
2B) cells into NOD/SCID mice with or without 
CAFs in a 1:1 ratio. Mice injected with MHCC-
97H and PLC/PRF/5 cells in combination with 
CAFs generated 3- and 5-fold higher mean 
tumor volume than control mice. These data 
were confirmed by H&E staining (Figures 2, S3).

IL-6 secreted by CAFs promotes stem cell-like 
properties in HCC cells 

Cytokines produced by CAFs play important 
roles in modulating HCC progression [8, 11, 12, 
15]. Therefore, we generated cytokine profiles 
of conditional media (CM) from MHCC-97H 
cells and MHCC-97H cells-stimulated CAFs with 
a Human Cytokine Array that screens 82 cyto-
kines. Our data showed that CAFs secreted 
high amounts of IL-6 (Figure 3A). ELISA assay 
also showed that MHCC-97H cells-stimulated 
CAFs secreted high amounts of IL-6 than MHCC-

97H cells alone (8392 pg/ml vs. 96 pg/ml; 
Figure 3B).

A recent study showed that IL-6 from tumor-
associated macrophages (TAMs) promoted 
stem cell-like properties of HCC cells [29]. To 
test this hypothesis, we examined the effect of 
exogenous IL-6 on expression of Nanog, Sox2, 
and Oct4, which are three transcriptional fac-
tors that maintain stemness. Western blot 
analysis demonstrated that IL-6 up-regulated 
Nanog, Sox2, and Oct4 protein levels in MHCC-
97H cells (Figure 3C). Further, IL-6 increased 
sphere and colony formation as well as migra-
tion and invasiveness of MHCC-97H cells 
(Figure 3D-F). Moreover, incubation with IL-6-
neutralizing antibody inhibited up-regulation of 
Nanog, Sox2, and Oct4 in MHCC-97H cells 
(Figure 4D). The IL-6-neutralizing antibody also 
inhibited sphere and colony formation as well 
as migration and invasiveness of MHCC-97H 
cells co-cultured with CAFs (Figure 4A-C). These 
data suggested that IL-6 produced by CAFs 
induced stem cell-like properties in HCC cell 
lines. 

IL-6 promotes stem cell-like properties of HCC 
cells through Notch signaling 

Previous studies have revealed that cytokines 
initiate the embryonic signaling pathways, such 
as Notch, Wnt/β-catenin, and Hedgehog, con-
tributing to CSC self-renewal and proliferation 
[12, 15, 17]. To investigate this hypothesis, we 
examined the activation of the Notch, Wnt/β-
catenin and Hedgehog signaling pathways in 
MHCC-97H cells co-cultured with CAFs. We 
observed that only Notch signaling pathway 
components (Notch1 and Hes1) were the most 
significantly up-regulated proteins in MHCC-
97H cells co-cultured with CAFs. (Figure 5A and 
5B). The similar observation was mimicked by 
treating MHCC-97H cells with IL-6. Moreover, 
IL-6-neutralizing antibody was able to block the 
effect of CAFs on activating Notch pathway in 
MHCC-97H cells (Figure 5C).

To determine the role of Notch1 in HCC progres-
sion, we performed lentivirus-based shRNA 
knockdown of Notch1 (shNOTCH1) in MHCC-
97H cells (Figure 5D). Notch1 knockdown 
MHCC-97H cells co-cultured with CAFs or IL-6 
showed decreased sphere and colony forma-
tion as well as migration and invasiveness than 
their corresponding controls (Figure 5E-G). 
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Figure 5. Notch signaling is required for IL6-induced enhancement of stem cell-like properties in HCC cells in vitro. 
(A) Expression levels of Notch, Hedgehog, and Wnt/β-catenin signaling components in MHCC-97H cells co-cultured 
with CAFs were detected by RT-PCR. (B) According to western blot analysis, Notch signaling was up-regulated in 
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Moreover, knockdown of No- 
tch1 abolished induction of 
Notch signaling components 
(Notch1, NICD, and Hes1) 
and stemness-associated 
genes (Nanog, Sox2, and 
Oct4) in MHCC-97H cells 
when co-cultured with CAFs 
or IL-6 (Figure 5H). Consis- 
tently, Notch pathway inhibit-
ed by RO4929097, a γ-sec- 
retase inhibitor [21], could 
also hinder CAFs induced 
stemness of MHCC-97H cells 
(Figure S4). Hence, CAFs in- 
duced stemness in HCC cells 
by activating Notch signa- 
ling.

Next, we injected Notch1 
knockdown (shNOTCH1) or 
control (shCtl) MHCC-97H 
cells into the livers of NOD/
SCID mice with or without 
CAFs or IL-6. The control MH- 
CC-97H cells formed larger 
liver tumors in the presence 
with IL-6 or CAFs than Notch1 
knockdown MHCC-97H cells 
(Figure 6A and 6B). Collec- 
tively, these results suggest 
that IL-6 secreted from CAFs 
promotes the HCC progres-
sion by inducing Notch sig- 
naling. 

IL-6 induces Notch signaling 
via STAT3 phosphorylation

Stemness of breast cancer 
cells is regulated by the cr- 
osstalk between IL6/STAT3 
and Notch signaling, which is 
mediated by myeloid-derived 
suppressor cells (MDSCs) 
[30]. In this study, we found 
increased phospho-STAT3 
(Tyr705) levels in MHCC-97H 

MHCC-97H cells and HLE cells co-cultured with CAFs. (C) IL-6-neutralizing antibody abolished CAFs-induced overex-
pression of Notch signaling components (Notch1, NICD, and Hes1) in MHCC-97H cells. (D) Knockdown of Notch1 
by shNOTCH1. (E and G) IL6- or CAFs-induced sphere-forming (E), colony-forming (F), and migration and invasion 
(G) abilities of MHCC-97H cells were reduced when Notch signaling was blocked by shNOTCH1. Scale bar, 100 μm. 
(H) Knockdown of Notch1 abolished IL6- or CAFs-induced overexpression of Notch signaling components (Notch1, 
NICD, and Hes1) and stemness-associated genes (Nanog, Sox2, and Oct4) in MHCC-97H cells. Data are shown as 
means ± SD from at least three independent experiments. (*P < 0.05, **P < 0.01).

Figure 6. Notch signaling is required for IL6-induced enhancement of stem 
cell-like properties of HCC cells in vivo. Luciferase-labelled MHCC-97H cells 
transfected with lentiviral plasmid containing Notch1-shRNA (shNOTCH1) (A) 
or vector control (shCtl) (B) were injected into the livers of NOD/SCID mice ei-
ther alone, with CAFs, or with IL-6. In the shCtl group, MHCC-97H cells treated 
with IL-6 or CAFs formed a greater number of larger tumors, and this effect 
was abolished upon Notch1 knockdown. Red arrow indicates the site of tumor 
formation for MHCC-97H cells in the livers of NOD/SCID mice. Paraffin-em-
bedded tissues of xenotransplanted tumors were processed for H&E staining. 
Scale bar, 50 μm.
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cells treated with IL-6 or CAFs (Figure 7A-C). 
This suggested that STAT3 phosphorylation 
may mediate activation of Notch signaling in 
HCC cells. We tested this hypothesis by treating 
MHCC-97H cells with IL-6 in the presence or 
absence of Cryptotanshinone, an inhibitor of 
STAT3 Tyr705 phosphorylation [31]. Crypto- 
tanshinone decreased phospho-STAT3 levels 
and expression of Notch signaling-associated 
components (Notch1, NICD, and Hes1) in 
MHCC-97H cells treated with IL-6 (Figure 7D). 

Furthermore, inhibition of STAT3 phosphoryla-
tion decreased sphere and colony formation as 
well as migration and invasion of MHCC-97H 
cells treated with IL-6 (Figure 7E-G). Crypto- 
tanshinone also reduced liver tumor growth in 
NOD/SCID mice injected with MHCC-97H cells 
and IL-6 (Figure 7H). Consistently, STAT3 phos-
phorylation inhibited by Stattic, an inhibitor of 
STAT3 Tyr705 phosphorylation [32], could also 
hinder IL6 induced stemness and activation of 
Notch signaling in MHCC-97H cells (Figure S5). 

Figure 7. IL-6 induces the activation of Notch signaling via STAT3 Tyr705 phosphorylation. (A, B) Phospho-STAT3 
(Tyr705) was elevated in MHCC-97H cells treated with CAFs (A) or IL-6 (B). (C) IL-6-neutralizing antibody abolished 
CAFs-induced overexpression of Phospho-STAT3 (Tyr705) in MHCC-97H cells. (D) Cryptotanshinone suppressed the 
expression of phospho-STAT3 and Notch signaling components (Notch1, NICD, and Hes1) in MHCC-97H cells treat-
ed with IL-6. (E, G) IL-6-induced sphere-forming (E), colony-forming (F), and migration and invasion (G) abilities of 
MHCC-97H cells decreased when STAT3 Tyr705 phosphorylation was inhibited by cryptotanshinone. Scale bar, 100 
μm. (H) MHCC-97H cells treated with IL-6 in the presence or absence of cryptotanshinone were injected into the liv-
ers of NOD/SCID mice. Inhibition of STAT3 Tyr705 phosphorylation abolished the effect of IL-6. Paraffin-embedded 
tissues of xenotransplanted tumours were processed for H&E staining. Scale bar, 50 μm. Red arrow indicates the 
site of tumor formation of MHCC-97H cells in the livers of NOD/SCID mice. Data are shown as means ± SD from at 
least three independent experiments. (*P < 0.05, **P < 0.01).

Figure 8. NICD and α-SMA expression levels are up-regulated in HCC tissues. A. NICD was expressed in the nuclei 
and cytoplasm of tumor cells, and α-SMA was expressed in the cytoplasm of CAFs. The expression levels of nuclear 
NICD and α-SMA in tumors were markedly higher than those in adjacent non-tumor tissues. Magnifications of all 
images are ×40 (left) and ×400 (right). B. Analysis of expression levels of NICD and α-SMA in tumor and adjacent 
non-tumor tissues by paired t-test.
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These data suggest that STAT3 Tyr705 phos-
phorylation may mediate IL-6 and Notch sig- 
naling. 

High nuclear NICD expression in HCC cells cor-
relates with poor prognosis in HCC patients

We retrospectively evaluated the expression of 
α-SMA and NICD in 88 matched human HCC 
and adjacent normal liver tissue specimens. 
Immunohistochemical staining showed that the 
activated fibroblast marker, α-SMA was cyto-
plasmic and overexpressed in tumor tissues. 
NICD was expressed in both the cytoplasm and 
the nuclei of tumor and peri-tumor tissues. 
When accounting for cytoplasmic NICD (cNICD) 
and nuclear NICD (nNICD), respectively, we 
observed only nNICD but not cNICD was overex-
pressed in tumor tissues compared to those in 
adjacent non-tumor tissues (Figure 8A and 8B). 

NICD in tumor cells correlated with poor prog-
nosis of HCC patients. Therefore, we postulate 
that CAFs promote HCC progression by modu-
lating IL-6/STAT3/Notch signaling.

It has been well recognized that HCC is driven 
and maintained by CSCs that display stem cell-
like properties [2, 33]. Recent studies marked 
the tumor cell plasticity with a phenomenon 
whereby a non-CSC spontaneously dedifferen-
tiates into a CSC in the tumor microenviron-
ment [4, 5, 30]. CAFs represent one of the 
major cell types found in a tumor microenviron-
ment and are associated with several malig-
nancies [6]. Most HCC cases are related to liver 
cirrhosis, which is accompanied by enrichment 
of activated fibroblasts due to chronic inflam-
mation that eventually transform into CAFs [9, 
10]. Therefore, CAFs are probably involved in 
dedifferentiation of HCC cells. Previous studies 

Table 1. The correlation between the expression of nNICD and 
clinical-pathological features in HCC patients

Clinical-Pathological Variables High nNICD
N=15

Low nNICD
N=73 p Value

Venous Infiltration - -
    Absence 6 66
    Presence 9 7 P<0.001**
Serum AFP Level
    Low (≤ 400 ng/ml) 6 39
    High (> 400 ng/ml) 9 34 P=0.343
Age
    Young (≤ median, 50) 10 43
    Old (> median, 50) 5 30 P=0.576
Differentiation Status
    Well differentiated 2 17
    Moderately to poorly differentiated 13 56 P=0.508
Tumor Size
    Small (≤ 5 cm) 4 18
    Large (> 5 cm) 11 55 P=1
HBV Association
    Negative 0 16
    Positive 15 57 P=0.063
Lymph node metastasis
    Absence 9 68
    Presence 6 5 P=0.003**
Sex
    Male 15 63
    Female 0 10 P=0.2
*P < 0.05, Signiicant difference, **P < 0.01, Signiicant difference (χ2 test and 
Fisher’s exact test).

There was a strong correla-
tion between the high α-SMA 
expression in CAFs and high 
expression of nNICD in HCC 
cells (Table S1). High expres-
sion of nNICD in HCC tissues 
strongly correlated with ve- 
nous infiltration (P < 0.0001) 
and lymph node metastasis 
(P=0.003; Table 1). Hence, 
high nNICD expression indi-
cated poor prognosis in HCC 
patients.

Discussion

Although previous studies 
have shown that CAFs pro-
mote HCC progression by 
enhancing tumor cell prolif-
eration and invasion, the 
underlying mechanisms are 
not known. In this study, we 
found that CAFs induce ex- 
pression of stemness-asso-
ciated transcription factors 
such as Nanog, Sox2 and 
Oct4 in HCC cell lines. CAFs 
modulated stem cell-like pr- 
operties of HCC cells by se- 
creting IL-6, which activated 
Notch signaling via STAT3 
phosphorylation. Moreover, 
high nuclear expression of 
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have shown that CAF promote stemness by 
secreting cytokines such as IGF-II in lung can-
cer [4] and CCL2 in breast cancer [12]. 
Moreover, CAFs regulate tumor-initiating cell 
plasticity in HCC through HGF [8]. In this study, 
we demonstrate that IL-6 was the most signifi-
cantly secreted cytokine by CAFs related to 
HCC.

IL-6 plays an important role in tumor develop-
ment as well as the conversion of non-CSC into 
CSC [29, 34, 35]. We demonstrated that the 
stem cell-like properties of HCC cells were 
dependent on IL-6 produced by CAFs (Figures 
3, 4). The IL-6/Notch signaling cascade regu-
lated the stem cell-like properties of HCC cells 
and these effects were inhibited by the IL-6 
neutralizing antibody or shRNA knockdown of 
Notch1 (Figures 4, 5). 

Notch signaling plays critical roles in the devel-
opment of cancer and self-renewal of CSC [17, 
36-38]. In particular, Notch signaling regulates 
the stem cell-like properties of HCC cells [21, 
39]. However, the consequence of the interac-
tion between IL-6 and Notch signaling in HCC is 
not documented. In a recent study, crosstalk 
between MDSCs and CSCs via IL-6/STAT3 and 
Notch signaling was essential for breast cancer 
progression [30]. STAT3 signaling plays a criti-
cal role in the progress of HCC [11, 29]. IL-6/
STAT3 signaling regulates CSC characteristics 
in colorectal [40], and gastric [41] cancers. 
Therefore, we investigated if STAT3 activation 
linked IL-6 and Notch signaling in HCC cells. We 
found that IL-6 released by CAFs induced phos-
phorylation of STAT3, which activated Notch 
signaling. By using cryptotanshinone to block 
STAT3 Tyr705 phosphorylation, we found that 
STAT3 Tyr705 phosphorylation may mediate 
IL-6 and Notch signaling. (Figure 7). Overall, 
these data suggest that the IL-6/STAT3/Notch 
signaling cascade may play a critical role in pro-
moting the stem cell-like characteristics of HCC 
cells. 

Our study demonstrates that IL-6 enhances 
stem cell-like properties of HCC cells. This is 
supported by experiments with anti-IL6 anti-
body that partially blocks these effects. 
However, the role of other cytokines secreted 
by CAFs cannot be ruled out. Previous studies 
have shown that CAFs play important roles in 
the development of HCC through HGF [8], CCL2, 

CCL5, CCL7, CXCL16 [15], TGF-β, SDF1 [16], 
and exosomes [42]. Since CAFs secrete a large 
number of cytokines that modulate HCC pro-
gression, further studies are needed to clarify 
the role of other CAFs-related cytokines in the 
regulation of stem cell-like characteristics of 
HCC cells. Our data also demonstrates that 
Tyr705 phosphorylation of STAT3 may activate 
Notch signaling. Interestingly, Notch4/STAT3 
crosstalk is important for EMT in breast cancer 
[43]. In addition, a recent study indicates that 
CAF-mediated maintenance of the liver CSC 
state, and the enhanced liver CSC tumorigenic-
ity were abolished after knockdown of Notch3 
[44]. We propose to further investigate the role 
of STAT3 activation and Notch signaling in HCC 
progression.

In summary, our results show that CAFs 
enhance stem cell-like characteristics of HCC 
cells via the IL-6/STAT3/Notch signaling cas-
cade. This study also highlights the therapeutic 
potential of targeting IL-6/STAT3/Notch signal-
ing cascade and CAFs in HCC.
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Supplementary materials and methods 

Sphere formation assay

To assay sphere formation efficiency, a single-cell suspension of HCC cells was created in serum-free 
DMEM/F12 medium (cat# 12400-024; GIBCO) with 20 ng/ml human recombinant epidermal growth 
factor (EGF; cat# PHG0311; GIBCO), 10 ng/ml human recombinant basic fibroblast growth factor (bFGF; 
cat# PHG0266; GIBCO), 100 IU/ml penicillin, 100 μg/ml streptomycin, 2% B27 supplement (cat# 
17504-044; GIBCO), 1% N-2 supplement (cat# 17502-048; GIBCO), and 1% methyl cellulose (cat# 
M0262; Sigma-Aldrich, St. Louis, MO, USA) to prevent cell aggregation. Cells were subsequently seeded 
in ultra-low adherence 24-well plates (Corning, NY, USA; 200 viable cells per well) at a density of 104 
cells/ml. Spheres containing over 100 cells were counted.

Quantitative RT-PCR

Total RNA was isolated from cancer cells according to the standard TRIzol (Takara, Tokyo, Japan) meth-
od. cDNA synthesis was performed using PrimeScript RT Master Mix (Takara) according to the manufac-
turer’s instructions. Quantitative PCR was performed with SYBR Premix Ex Taq (cat# DRR081A; Takara) 
using an ABI StepOne Real-time Detection System. PCR reaction conditions for all assays were 94°C for 
30 s followed by 40 cycles of 94°C for 5 s, 60°C for 30 s, and 72°C for 30 s. β-actin mRNA was used as 
an internal control. RT-PCR primers are presented in Table S3.

Invasion assay 

Cell invasion was detected using Transwell chambers (8-μm pore size; Millipore, Billerica, MA, USA) with 
a Matrigel (BD Biosciences, San Jose, CA, USA) matrix. In brief, 3×104 cells were seeded on the upper 
chamber with serum-free DMEM. DMEM medium with 10% FBS was added to the lower chamber. After 
24 h, HCC cells that invaded through the Matrigel-coated Transwell inserts were fixed in 95% ethanol 
and stained with a 4 g/l crystal violet solution. Photographs of three randomly selected fields of fixed 
cells were captured, and cells were counted. Each experiment was repeated three times.

Colony formation assay

Cells were seeded at a density of 3,000 cells per well in 6-well plates and allowed to grow for 10 days. 
Next, the colonies were fixed in 4% methanol and stained with a 4 g/l crystal violet solution. Colonies 
containing over 50 cells were counted.

Collection of CM

CAFs or HCC cells were seeded on 6-well plates at 1×105 cells per well. Culture medium was removed 
72 h after cell seeding. Cells were washed twice with PBS, and 1 ml of serum-free medium was added 
per well. After 24 h of incubation at 37°C and 5% CO2 atmosphere, the CM was collected and passed 
through a 0.2-mm membrane syringe filter to remove any cells and cell debris.

Human cytokine antibody array

The profiles of cytokine secreted by CAFs and MHCC-97H were detected with the culture supernatants 
of CAFs and MHCC-97H using a Human cytokine Array (RayBiotech AAH-CYT-5, Norcross, GA) according 
to the manufacturer’s instructions. The cytokines with significant differences in expression were 
screened out.
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Figure S1. Characteristics of CAFs isolated from HCC patients. (A) Representative morphologies of CAFs and PTFs 
derived from HCC patients. Scale bar, 100 μm. (B and C) Expression levels of α-SMA, FAP, and vimentin in isolated 
fibroblasts were determined by western blot (B) and immunofluorescent staining (C). Scale bar, 100 μm. CAFs ex-
pressed higher levels of α-SMA, FAP, and vimentin than PTFs.
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Figure S2. As assessed by immunofluorescent staining, the established CAFs showed negative expression for the 
endothelial marker CD31 and macrophage markers CD68. Scale bar, 100 μm. 

Figure S3. Detection of tumorigenesis of CAFs. CAFs (4×105) were injected into nude mice subcutaneously, and no 
tumors were detected in the mice after 35 days. 
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Figure S4. RO4929097 inhibited the CAFs-induced promotion of stem cell-like properties in HCC cells. RO4929097 
suppressed the expression of Notch signaling-associated components (NICD, and Hes1) in MHCC-97H cells co-
cultured with CAFs. (A) CAFs-induced migration, invasion (B) sphere-forming (C) and colony-forming (D), abilities of 
MHCC-97H cells decreased when Notch signaling was inhibited by RO4929097. Scale bar, 100μm. Data are shown 
as means ± SD from at least three independent experiments. (*P < 0.05, **P < 0.01).

Figure S5. Stattic suppressed the expression of phospho-STAT3 and Notch signaling components (Notch1, NICD, 
and Hes1) in MHCC-97H cells treated with IL-6. (A) IL-6-induced migration, invasion (B) sphere-forming (C) and 
colony-forming (D), abilities of MHCC-97H cells decreased when STAT3 Tyr705 phosphorylation was inhibited by 
Stattic. Scale bar, 100μm. Data are shown as means ± SD from at least three independent experiments. (*P < 
0.05, **P < 0.01).
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Table S1. The correlation between α-SMA expression and 
nNICD expression in HCC patients

Variables High α-SMA
N=37

Low α-SMA
N=51 p Value

Expression of nNICD
    Low 27 46
    High 10 5 P=0.034*
*P < 0.05, Signiicant difference, **P < 0.01, Signiicant difference (χ2 test 
and Fisher’s exact test).

Table S2. Tumor engraftment rates of HCC cells
Tumor engraftment rates of HCC cells which were injected into the 
subcutaneous tissue of NOD/SCID mice

Cell type Cell numbers
 injected

Tumor  
incidence

Latency 
(days)1

CAFs 4×105 0/3 -
CAFs 2×105 0/3 -
CAFs 1×105 0/3 -
MHCC-97H cells 1×105 3/3 14
MHCC-97H cells 5×104 3/3 15
MHCC-97H cells 1×104 1/3 18
MHCC-97H cells 1×105 3/3 11
+CAFs (1:1)
    MHCC-97H cells 5×104 3/3 12
+CAFs (1:1)
    MHCC-97H cells 1×104 3/3 15
+CAFs (1:1)
    PLC/PRF/5 cells 1×105 2/3 15
    PLC/PRF/5 cells 5×104 1/3 17
    PLC/PRF/5 cells 1×104 0/3 -
    PLC/PRF/5 cells 1×105 3/3 12
+CAFs (1:1)
    PLC/PRF/5 cells 5×104 3/3 14
+CAFs (1:1)
    PLC/PRF/5 cells 1×104 1/3 21
+CAFs (1:1)
1, Approximate No. of days from tumor cell injection to the first appearance 
of tumors.

Tumor engraftment rates of HCC cells which were injected into the 
liver of NOD/SCID mice

Cell type Cell numbers 
injected

Tumor 
incidence

shCtl-MHCC-97H cells 2×105 1/3
shCtl-MHCC-97H cells 1×105 0/3
shCtl-MHCC-97H cells 5×104 0/3
shCtl-MHCC-97H 2×105 3/3
Cells + CAFs (1:1)
    shCtl-MHCC-97H 1×105 3/3
Cells + CAFs (1:1)
    shCtl-MHCC-97H 5×104 2/3
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Cells + CAFs (1:1)
    shCtl-MHCC-97H 2×105 3/3
Cells + IL6
    shCtl-MHCC-97H 1×105 3/3
Cells + IL6
    shCtl-MHCC-97H 5×104 2/3
Cells + IL6
    shNOTCH1-MHCC-97H cells 2×105 1/3
    shNOTCH1-MHCC-97H cells 1×105 0/3
    shNOTCH1-MHCC-97H cells 5×104 0/3
shNOTCH1-MHCC-97H cells + CAFs (1:1) 2×105 3/3
shNOTCH1-MHCC-97H cells + CAFs (1:1) 1×105 0/3
shNOTCH1-MHCC-97H cells + CAFs (1:1) 5×104 0/3
shNOTCH1-MHCC-97H cells + IL6 2×105 1/3
shNOTCH1-MHCC-97H cells + IL6 1×105 0/3
shNOTCH1-MHCC-97H cells + IL6 5×104 0/3
MHCC-97H cells + IL6 2×105 3/3
MHCC-97H cells + IL6 1×105 2/3
MHCC-97H cells + IL6 5×104 2/3
MHCC-97H cells + IL6 + cryptotanshinone 2×105 0/3
MHCC-97H cells + IL6 + cryptotanshinone 1×105 0/3
MHCC-97H cells + IL6 + cryptotanshinone 5×104 0/3

Table S3. Sequences of primer
Gene Sequences
Notch1 5’-CCGCAGTTGTGCTCCTGAA-3’

5’-ACCTTGGCGGTCTCGTAGCT-3’
Hes1 5’-GCTAAGGTGTTTGGAGGCT-3’

5’-CCGCTGTTGCTGGTGTA-3’
Nanog 5’-GTCCCAAAGGCAAACAACCC-3’

5’-GCTGGGTGGAAGAGAACACA-3’
Sox2 5’-GCCCTGCAGTACAACTCCAT-3’

5’-GACTTGACCACCGAACCCAT-3’
Oct4 5’-CTTGAATCCCGAATGGAAAGGG-3’

5’-GACTTGACCACCGAACCCAT-3’
Fzd7 5’-GTGCCAACGGCCTGATGTA-3’

5’-AGGTGAGAACGGTAAAGAGCG-3’
Gli1 5’-TGTGGGGACAGAAGTCAAGT-3’

5’-GCCAATGGAGAGATGACCGT-3’
Smo 5’-CTGTCCTGCGTCATCATCTTT-3’

5’-CCACAGCAAGGATTGCCAC-3’
β-actin 5’-GTTGCGTTACACCCTTTCTTG-3’

5’-GACTGCTGTCACCTTCACCGT-3’
c-MYC 5’-GGCTCCTGGCAAAAGGTCA-3’

5’-CTGCGTAGTTGTGCTGATGT-3’


