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ABSTRACT
Aim: In this study, we explored the ability of TAMs to affect the malignant phenotype of human hepatoma 
Huh-7 cells through the Gli2/IGF-II/ERK1/2 pathway.
Methods: The TAMs were characterized by flow cytometry and ELISA assays. Huh-7 cells were treated with 
conditioned medium of TAMs (TAMs-CM), and the proliferation, migration and invasion abilities were 
measured by CCK-8, Transwell and scratch assays. The levels of TGF-β1, Gli2, IGF-II and related proteins in 
the ERK1/2 pathway and the epithelial-mesenchymal transition (EMT) process were examined by RT-qPCR 
and western blot. Huh-7 cells were injected subcutaneously into nude mice with TAMs to explore the role 
of TAMs in tumor growth.
Results: The expression levels of TGF-β1, Gli2 and IGF-II and the cell proliferation, migration and invasion 
abilities were elevated in Huh-7 cells treated with TAMs-CM. TGF-β1 was upregulated in the conditioned 
medium and was found to be involved in the promotion of migration, invasion and the EMT of Huh-7 cells. 
The activation of TGF-β1 signaling increased the expression of Gli2. Knockdown of Gli2 decreased the 
expression of IGF-II and also reversed the promotional effect of the conditioned medium on migration, 
invasion and the EMT of Huh-7 cells. TGF-β1/Gli2/IGF-II signaling was shown to promote the malignant 
phenotype of Huh-7 cells by activating the ERK1/2 signaling pathway. Further, TGF-β1 knockdown 
attenuated the influence of TAMs on tumor growth in mouse model.
Conclusion: The TGF-β1 secreted by TAMs promotes the migration, invasion and EMT of human hepa
toma Huh-7 cells through the Gli2/IGF-II/ERK1/2 pathway.
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Introduction

Liver cancer is a common cause of cancer-related death and 
leads to 700,000 deaths globally every year. 1 . Hepatocellular 
carcinoma (HCC) is the predominant form of liver cancer, 
accounting for more than 90% of cases and is the leading 
cause of death in patients with cirrhosis.2 The underlying risk 
factors for HCC include chronic viral hepatitis, alcohol abuse 
and metabolic diseases.2,3 Although there are curative 
approaches for HCC treatment at the early stage, there are 
limited effective therapies for most patients diagnosed at the 
intermediate or advanced stages owing to the aggressive malig
nancy of HCC.4 Therefore, it is urgent to better understand the 
molecular mechanisms of HCC malignancy to identify more 
definitive therapeutic targets for HCC treatment.

The hedgehog (Hh)-glioma-associated oncogene (Gli) sig
naling pathway is implicated in embryo patterning, cell pro
liferation, survival and growth, and the dysregulation of this 
pathway has been associated with tumourigenesis and tumor 
development.5 Gli2 expression is activated by the Hh signaling 
pathway; however, it can also be stimulated by non-canonical 
pathways, including that of TGF-β.6 Gli2 acts as a transcription 

factor,7 and the expression of Gli2 was recently reported to be 
elevated in various cancers.6,8 Gli2 has also been shown to be 
upregulated in HCC cell lines and tissues, and its high expres
sion is associated with poor prognosis in HCC patients.9 

However, the mechanism of how Gli2 regulates HCC develop
ment has not been fully clarified.

Macrophages are a major immune cell component of the 
tumor microenvironment.10 Tumor-associated macrophages 
(TAMs) play a vital role in the balance between the immune 
response and tumor growth.11 Cancer stem cells (CSCs) are 
reportedly activated by TAMs in HCC and have been asso
ciated with the poor outcomes of HCC patients.11 TGF-β1, 
secreted by TAMs, has been found to mediate the promotion 
of CSC activation.12 TGF-β signaling has been reported to be 
a pivotal factor that stimulates various surrounding cells and 
participates in the invasion and migration of HCC cells.13 Gli2 
is suggested to be a target gene of the TGF-β signaling pathway 
in human melanoma cells.14 However, the role of TGF-β1 
secreted by TAMs in the tumor microenvironment in the 
expression of Gli2 and the role of the TGF-β1/Gli2 axis in 
modulating HCC progression remain uncertain.
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Insulin-like growth factor II (IGF-II) regulates cell survival, 
growth and proliferation and is upregulated in various 
cancers.15,16 Upregulated IGF-II has been found in the tumors 
and blood of HCC patients and has been suggested as 
a diagnostic biomarker of HCC.17 IGF-II is regulated at the 
transcriptional level.15,18 The expression of IGF-II is reportedly 
induced by the Hh signaling pathway. However, whether Gli2 
is involved in the regulation of IGF-II in HCC remains unclear.

Here, we hypothesized that Gli2 regulates IGF-II expression 
and that this process is modulated by TAMs through the 
secretion of TGF-β1, thus influencing the malignancy of 
human hepatoma Huh-7 cells. To test this hypothesis, human 
hepatoma cells (Huh-7) were cultured in conditioned medium 
(CM) from TAMs, and the expression levels of TGF-β1, Gli2 
and IGF-II and the proliferation, migration, invasion and 
epithelial-mesenchymal transition (EMT) process of Huh-7 
cells were found to be elevated. We also identified that the 
TGF-β1 presented in TAMs-CM positively regulated the 
expression of Gli2 and IGF-II and promoted the migration, 
invasion and EMT process of Huh-7 cells. In addition, extra
cellular-regulated protein kinases 1/2 (ERK1/2) was found to 
mediate the promotion of IGF-II in malignant phenotype of 
Huh-7 cells. TGF-β1 was necessary for the ability of TAMs to 
promote tumor growth in the mouse model. Our study is the 
first to identify that TGF-β1 secreted by TAMs can enhance the 
progression of HCC by stimulating the Gli2/IGF-II/ERK1/2 
axis. These findings provide potential therapeutic targets for 
HCC treatment.

Materials and methods

Cell culture, differentiation and treatment

The human monocytic cell line THP-1 was purchased from 
American Type Culture Collection (ATCC, Manassas, VA, 
USA) and cultured in Roswell Park Memorial Institute med
ium (RPMI-1640, Gibco, Grand Island, NY, USA) containing 
10% fetal bovine serum (FBS, Gibco, Grand Island, NY, 
USA), 100 U/mL penicillin and 100 μg/mL streptomycin 
(Beyotime, Shanghai, China). The human hepatocellular car
cinoma cell line Huh-7 was purchased from the Chinese 
Academy of Sciences (Shanghai, China) and cultured in 
Dulbecco’s modified Eagle medium (DMEM, Gibco, Grand 
Island, NY, USA) containing 10% FBS, 100 U/mL penicillin 
and 100 μg/mL streptomycin. The cells were cultured in 
a humidified incubator at 37°C with 5% CO2. Mycoplasma 
detection was tested using a Mycoplasma Stain Assay Kit 
(C0296, Beyotime, Shanghai, China). The cells were fixed 
with fixation buffer for 20 min at room temperature. The 
fixation buffer was then removed, and the cells were stained 
with Hoechst staining buffer for 30 min in the dark, followed 
by observation under a fluorescence microscope (Zeiss, 
Germany). In some cases, TGF-β1 inhibitor LY364947 (10, 
50, 100 nM), recombinant human IGF-II (20 ng/mL), or 
ERK1/2 signaling pathway inhibitor PD98059 (50 µM, 
MedChem Express, Princeton, NJ, USA) were used to treat 
the Huh-7 cells.

For the differentiation of M2-polarized macrophages (also 
called TAMs), THP-1 cells were incubated with 300 nM 

phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, Saint 
Louis, MO, USA) for 6 h, followed by incubation with PMA 
and IL-13 (20 ng/mL, STEMCELL Technologies Inc., 
Cambridge, MA, USA) and IL-4 (20 ng/mL, R&D Systems, 
Minneapolis, MN, USA) for an additional 18 h at 37°C. The 
conditioned medium (CM) from M2-polarized macrophages 
was co-cultured with the Huh-7 cells.

Flow cytometry analysis

After M2-polarized macrophage differentiation, the cells were 
washed twice and suspended in pre-chilled PBS containing 5% 
inactivated serum and 0.1% NaN3. After centrifuged at 200 g, 
4°C for 5 minutes, the cells were incubated with FITC- 
conjugated anti-CD68 antibody (11–0689-42, eBioscience, 
San Diego, CA, USA) and PE-conjugated anti-CD206 antibody 
(12–2069-42, eBioscience, San Diego, CA, USA) diluted in PBS 
containing 5% inactivated serum and 0.1% NaN3. After wash
ing three times with PBS containing 5% inactivated serum and 
0.1% NaN3, the cells were fixed with 4% paraformaldehyde in 
cold PBS and analyzed by flow cytometry (BD Biosciences, 
Germany).

Enzyme-linked immunosorbent assay (ELISA)

After differentiation and polarization, the supernatant of the 
M2-polarized macrophages was collected and subjected to 
cytokine measurement using ELISA kits according to the man
ufacturer’s guidelines. TGF-β1 and IL-10 were detected by 
using ELISA kits from Abcam (Eugene, OR, USA).

Plasmid construction and cell transfection

The human Gli2 gene was cloned into the pcDNA3.1 vector 
(GenePharma, Shanghai, China) to achieve Gli2 overexpres
sion (OE-Gli2). The pcDNA3.1 empty vector served as 
a negative control (NC). pGPH1 plasmid expressing short 
hairpin RNA (shRNA) targeting Gli2 (sh-Gli2) or IGF-II (sh- 
IGF-II) and scrambled control shRNA-expressing pGPH1 
plasmid (sh-NC) were also ordered from GenePharma 
(Shanghai, China). Huh-7 cells were plated in 6-well plates 
and allowed to grow for 24 h. They were then transfected 
with OE-Gli2 vector, sh-Gli2 vector, or sh-IGF-II vector at 
40–60% confluence using Lipofectamine 3000 reagent 
(Thermo Fisher Scientific, Waltham, MA, USA). The trans
fected cells were harvested 48 h after transfection.

Transwell invasion and migration assay

Transwell assays were used to measure the migration and 
invasion abilities of Huh-7 cells. The cells were first digested 
with trypsin, washed with PBS, suspended in serum-free med
ium, and then added into the upper chamber for migration 
measurement. Medium containing 20% serum was then added 
into the bottom chamber. Following an incubation of 24 h, the 
chamber was taken out and washed with PBS. The cells below 
the microporous membrane were fixed with 95% ethanol and 
stained with crystal violet solution. Finally, the cells that 
migrated through the membrane were observed under an 

1042 M. LIU ET AL.



optical microscope (Zeiss, Germany). The number of cells in 5 
random fields was counted. For cell invasion measurement, the 
basement membrane of the upper chamber was pre-coated 
with Matrigel, and the cells were collected and treated 
similarly.

Scratch migration assay

Huh-7 cells were seeded into 6-well plates and cultured over
night. After the cells adhered, the cell monolayer was scratched 
gently and slowly with a sterile pipette tip across the center of 
the well in a straight line. Subsequently, to remove the detached 
cells, the well was gently washed twice with medium. The cells 
were cultured in fresh serum-free medium and incubated for 
24 h, followed by observation under an optical microscope 
(Zeiss, Germany). Images were acquired and the migration 
distance of cells was measured by the following formula: 
(W0h–W24h)/W0h ×100%.

CCK-8 assay

Huh-7 cells were seeded into 96-well plates in 100 µL of culture 
medium and cultured for 12, 24 and 48 h. Cell Counting Kit-8 
(C0038, Beyotime) was adopted to measure the proliferation of 
Huh-7 cells following the user’s guide. Briefly, 10 μL of the 
CCK-8 reagent was added into each well, and the cells were 
cultured for 1 h. The OD 450 value was detected, which 
indicated the cell proliferation rate.

RNA extraction, reverse transcription and quantitative 
polymerase chain reaction (qPCR)

Total RNA from cells or tissues was extracted with Trizol 
reagent (Sigma-Aldrich, St. Louis, MO, USA) by the regular 
method. The RNA was reversely transcribed into cDNA with 
a reverse transcription PrimeScript RT reagent Kit (Takara 
Biomedical Technology, Dalian, China). The obtained cDNA 
was used as template in the real-time qPCR using the SYBR 
Premix Ex TaqTM II (RNaseH Plus) Kit (Takara Biomedical 
Technology, Dalian, China). The qPCR reaction was per
formed in an ABI 7500HT real-time PCR system (Thermo 
Fisher Scientific). Primers for TGF-β1, Gli2, IGF-II, IL-10, 
Arg-1, CD206 and CD163 were purchased from Sangon 
Biotech (Shanghai, China). GAPDH was used as an internal 
control. The relative mRNA expression levels were calculated 
by the 2−ΔΔCt method.

Western blot analysis

Cells were washed with pre-chilled PBS and lysed in radio 
immunoprecipitation assay buffer (RIPA, Beyotime, 
Shanghai, China). Quantification of the protein concentration 
was performed using a BCA protein assay Kit (Beyotime). The 
protein samples were then separated by SDS-PAGE and then 
transferred onto a polyvinylidene fluoride (PVDF) membrane. 
After blocking with 5% skimmed milk at room temperature for 
1 h, the membrane was incubated with primary antibodies 
diluted in Tris-buffered saline containing Tween-20 (TBST) 
at 4°C overnight. The following antibodies were used: anti- 

TGF-β1 (#3709), anti-Gli2 (#2585), anti-IGF-II (ab170304, 
Abcam), anti-E-cadherin (#3195), anti-vimentin (#5741), anti- 
MMP-9 (#13667), anti-p-ERK1/2 (#4370), anti-ERK1/2 
(#4695) and anti-GAPDH (#5174). The membrane was then 
washed 3 times with TBST, followed by incubation with horse
radish peroxidase (HRP)-conjugated secondary antibody 
(#7074) at room temperature for 1 hour. After washing 3 
times with TBST, the membrane was incubated with chemilu
minescence reagent and scanned. The antibodies used for 
western blotting were obtained from Cell Signaling 
Technology (Danvers, MA, USA) unless indicated otherwise. 
The gray values of the bands were analyzed by ImageJ software.

Tumor xenograft in nude mice

40 BALB/c nude mice about 16–20 g were purchased from 
Shanghai SLAC Laboratory Animal Center (Shanghai, China) 
and housed in a pathogen-free environment. This animal 
experiment was approved by the Animal Care and Use 
Committee of the First Affiliated Hospital of Nanchang 
University (Nanchang, Jiangxi, China). To evaluate tumor 
growth, TAMs were stably transfected with lentiviral vectors 
to silence TGF-β1 or not, and 3 × 106 Huh-7 cells and 9 × 106 

indicated TAMs were injected subcutaneously together into 
each mice in a total volume of 200 μL as previously 
reported.19 The tumor sizes were measured every 3 days. 
After 21 days, the mice were sacrificed and the tumor tissues 
were collected for size and weight measurement and gene 
expression analysis.

Statistical analysis

All experiments were performed at least three times, and the 
data were analyzed using GraphPad prism 6.0 software. The 
results are presented as the mean ± standard deviation (SD). 
Data between two groups were compared using unpaired 
Student’s t-test, and data among multiple groups were com
pared using one-way analysis of variance (ANOVA) followed 
by Tukey’s post hoc test. A P value less than 0.05 was consid
ered to indicate statistical significance.

Results

Conditioned medium from TAMs upregulates the 
expression of Gli2 and IGF-II and promotes migration and 
invasion of Huh-7 cells

TAMs are characterized as an M2-polarized subtype.20,21 To 
explore the role of TAMs in regulating hepatocellular carcinoma 
cells, THP-1 cells were differentiated to the M2 phenotype, 
which was indicated by an increased percentage of 
CD68+CD206+ macrophages detected by flow cytometry 
(Figure 1A-B). ELISA assays were performed to assess the 
level of anti-inflammatory cytokine IL-10 (Figure 1C). The 
results suggested that THP-1 cells were polarized into M2 
macrophages, as previously reported.22 Surprisingly, the level 
of TGF-β1 was also markedly increased (Figure 1C). Human 
hepatoma Huh-7 cells were then treated with CM from M2 
macrophages. Compared with control group, the mRNA levels 
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of TGF-β1, Gli2 and IGF-II were increased in Huh-7 cells 
treated with CM from M2 macrophages (Figure 1D). 
Furthermore, western blotting showed that the protein expres
sions of TGF-β1, Gli2 and IGF-II were also elevated (Figure 1E). 
Next, we detected whether the malignant phenotype of Huh-7 
cells could be altered during this process. We adopted Transwell 
and scratch assays to examine the migration and invasion 
abilities of Huh-7 cells. As shown in figure 1F, the migration 
and invasion abilities were significantly enhanced when treated 
with CM from M2 macrophages. The enhanced migration 
ability of the Huh-7 cells was also confirmed by scratch assay 
(Figure 1G). Further, we performed CCK-8 assays to examine 
the effect of the CM from M2 macrophages on Huh-7 cell 
proliferation. As shown in Figure 1H, the proliferation of 
Huh-7 cells was increased upon treatment with CM from M2 
macrophages compared with the control group. Altogether, 
these data suggest that conditioned medium from TAMs 
(TAMs-CM) upregulates the expression levels of Gli2 and IGF- 
II in Huh-7 cells and promotes the malignant phenotypes.

TGF-β1 signaling is responsible for the effects of TAMs-CM 
on Gli2 expression and Huh-7 cell migration and invasion

Gli2 is reportedly ubiquitously regulated by the TGF-β path
way. We next tested whether TGF-β1 was involved in the 
process whereby TAMs-CM modulated Gli2 expression in 
Huh-7 cells. The TGF-β1 inhibitor LY364947 showed 

a dosage-dependent suppressing effect on the Gli2 expression 
upon TAMs-CM treatment at both the mRNA and protein 
levels in Huh-7 cells (Figure 2A-B). The inhibited TGF-β1 
expression was also confirmed by western blotting (Figure 
2B). Accordingly, we observed that the migration and invasion 
abilities of Huh-7 cells treated with TAMs-CM were sup
pressed by LY364947 treatment in a dosage-dependent manner 
(Figure 2C-D). Further, a scratch assay was performed and 
confirmed the reduced migration ability of the Huh-7 cells 
upon LY364947 treatment (Figure 2E-F). Taken together, our 
data suggest that TGF-β1 participates in the regulation of Gli2 
expression and in cell migration and invasion in Huh-7 cells.

Gli2 induces IGF-II expression to promote Huh-7 cell 
migration and invasion

As Gli2 is a known transcription factor, we next measured 
whether the expression of IGF-II was regulated by Gli2. Gli2 
shRNA (sh-Gli2) was introduced into Huh-7 cells, and the 
mRNA and protein expression of Gli2 was markedly reduced 
(Figure 3A and C). Meanwhile, the mRNA and protein expres
sion of IGF-II was observed to be decreased compared with 
untreated control and sh-NC transfection control (Figure 3B- 
C). These data suggest that the expression of IGF-II can be 
regulated by Gli2.

We next examined whether Gli2 and the subsequent regu
lated IGF-II expression have any influence on the migration 

Figure 1. Conditioned medium from TAMs upregulates the expression of Gli2 and IGF-II and promotes migration and invasion of Huh-7 cells. (A-B) THP-1 cells were 
differentiated and polarized into M2 macrophages, and the expression levels of CD68 and CD206 were detected by flow cytometry (A) and quantified (B). (C) After 
differentiation and polarization, the medium of THP-1 cells was collected, and the concentrations of IL-10 and TGF-β1 were measured by ELISA. (D-E) After treatment 
with conditioned medium of TAMs (TAMs-CM), the Huh-7 cells were collected, and the levels of TGF-β1, Gli2 and IGF-II were examined by qPCR (D) and western blotting 
(E). (F) The migration and invasion abilities of Huh-7 cells treated with TAMs-CM were detected by Transwell assay. (G) The migration of Huh-7 cells treated with TAMs- 
CM was detected by scratch assay. (H) The proliferation of Huh-7 cells treated with TAMs-CM was detected by CCK-8 assay. *** p < .001, ** p < .01, * p < .05.
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and invasion of Huh-7 cells induced by TAMs-CM. The 
expression of Gli2 in Huh-7 cells upon overexpression 
(Supplemental Figure 1A-B) and the expression of IGF-II 
(Supplemental Figure 1C-D) upon knockdown were confirmed 
by qPCR and western blotting. As shown in Figure 3D-E, Gli2 
knockdown in Huh-7 cells (TAMs-CM+sh-Gli2) attenuated 
the migration and invasion abilities induced by TAMs-CM. 
In addition, Huh-7 cells transfected with Gli2 (OE-Gli2) 
showed increased migration and invasion abilities that were 
comparable with those treated with TAMs-CM (Figure 3D-E). 
Moreover, the effects of Gli2 overexpression could be consid
erably suppressed by treatment with IGF-II shRNA (OE-Gli2 
+ sh-IGF-II, Figure 3D-E). Likewise, the scratch assay also 
showed that the migration of Huh-7 cells induced by TAMs- 
CM treatment was restrained by sh-Gli2 treatment, while 
downregulation of IGF-II reduced the migration of Huh-7 
cells that was induced by Gli2 overexpression (figure 3F-G). 
These data suggest that the IGF-II expression regulated by Gli2 
may be involved in the migration and invasion promoted by 
TAMs-CM in Huh-7 cells.

To further confirm the malignant phenotype of Huh-7 cells 
in different conditions, we measured the expression of tumor 
malignancy-related proteins. As shown in Figure 3H, 
E-cadherin was downregulated in TAMs-CM-treated Huh-7 
cells, while vimentin, a marker of epithelial-to-mesenchymal 
transition (EMT),12 and MMP-9, a metalloproteinase that 
facilitates tumor progression,23 were upregulated. These results 
indicate that TAMs-CM regulates the expression of EMT- 
related proteins to promote the migration and invasion of 
Huh-7 cells. In accordance with the above findings, Gli2 

knockdown was able to partially rescue the alterations induced 
by TAMs-CM, further supporting the ability of Gli2 to mediate 
the influence of TAMs-CM on Huh-7 cells. In addition, the 
reduced expression of E-cadherin and the elevated expression 
of vimentin and MMP-9 were observed in Huh-7 cells over
expressing Gli2 (Figure 3H). However, knockdown of IGF-II 
rescued the altered expression levels of malignancy-related 
proteins that were induced by Gli2 overexpression, further 
conforming that IGF-II is involved in the regulation of Gli2 
in the migration and invasion of Huh-7 cells.

IGF-II promotes migration and invasion of Huh-7 cells via 
ERK1/2 signaling

The ERK signaling pathway has been reported as being 
strongly related to tumor progression.24 We observed that the 
phosphorylation of ERK1/2 was enhanced in Huh-7 cells trea
ted with IGF-II compared with untreated or vehicle-treated 
cells (Figure 4A), suggesting that the ERK1/2 signaling path
way was activated by IGF-II in Huh-7 cells. Next, Huh-7 cells 
were treated with the ERK1/2 inhibitor PD98059 in the pre
sence of IGF-II. As shown in Figure 4F, PD98059 treatment 
attenuated the phosphorylation of ERK1/2. Accordingly, Huh- 
7 cells treated with IGF-II and PD98059 showed decreased 
migration and invasion abilities compared to the Huh-7 cells 
treated with IGF-II alone, which was detected by both 
Transwell assay (Figure 4B-C) and scratch assay (Figure 4D- 
E). In addition, PD98059 treatment also promoted the expres
sion of E-cadherin and reduced the expression of vimentin and 

Figure 2. TGF-β1 signaling mediates the effect of TAMs-CM on Gli2 expression and Huh-7 cell migration and invasion. Huh-7 cells were treated with the conditioned 
medium of TAMs and with different concentrations of the TGF-β1 inhibitor LY364947. (A) The level of Gli2 mRNA was measured by qPCR. (B) The levels of Gli2 and TGF- 
β1 protein were measured by western blotting. (C-D) The invasion and migration abilities were measured by Transwell assays; the quantification is shown in (D). (E-F) 
The migration of Huh-7 cells was measured by scratch assay; the quantification is shown in (F). *** p < .001, ** p < .01, * p < .05.
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MMP-9 (figure 4F), further indicating that the activation of the 
ERK1/2 signaling pathway may have a role in facilitating the 
IGF-II-regulated migration and invasion of Huh-7 cells.

TAMs-CM promotes the migration and invasion of Huh-7 
cells through Gli2/IGF-II/ERK1/2 axis

We further investigated whether the ERK1/2 signaling pathway 
was involved in the ability of TAMs-CM and Gli2 to promote 
Huh-7 cell migration and invasion. Huh-7 cells grown in 
TAMs-CM were treated with PD98059, and dramatic decrease 
of migration and invasion were observed (TAMs-CM vs 
TAMs-CM+PD98059, Figure 5A-D). Furthermore, the migra
tion and invasion abilities of Huh-7 cells overexpressing Gli2 
were also markedly suppressed by PD98059 treatment (OE- 
Gli2 vs OE-Gli2+ PD98059, Figure 5A-D). In accordance with 
the suppressed migration and invasion abilities upon PD98059 
treatment, the expression of E-cadherin was increased, while 
the phosphorylation of ERK1/2 and the expression of vimentin 
and MMP-9 were decreased in PD98059-treated Huh-7 cells 
compared to those treated with TAMs-CM or Gli2 alone 

(Figure 5E). These findings suggest that the ability of TAMs- 
CM and Gli2 to promote Huh-7 cell migration and invasion is 
dependent on ERK1/2 phosphorylation.

TAMs promote Huh-7 tumor growth in vivo mediated by 
TGF-β1

We also evaluated whether TGF-β1 secreted by TAMs was 
involved in tumor growth in vivo. Lentivirus was employed 
to knockdown the expression of TGF-β1 in TAMs. As 
shown in Figure 6A-B, compared with control TAMs or 
TAMs infected with lentivirus harboring scrambled control 
shRNA (sh-NC), the TAMs infected with lentivirus harbor
ing shRNA targeting TGF-β1 (sh-TGF-β1) showed robustly 
decreased TGF-β1 expression, as demonstrated by qPCR 
(Figure 6A) and western blotting (Figure 6B). Huh-7 cells 
were then injected subcutaneously with different TAMs into 
nude mice. The tumor sizes were measured, intriguingly, the 
TAMs with TGF-β1 knockdown showed a reduced capabil
ity to promote tumor growth compared with control TAMs 
(sh-NC TAMs, Figure 6C-D). Likewise, the weights of 

Figure 3. Gli2 induces IGF-II expression to promote Huh-7 cell migration and invasion. (A-C) Huh-7 cells were transfected with sh-Gli2, and the levels of Gli2 and IGF-II 
mRNA were measured by qPCR (A-B); the levels of Gli2 and IGF-II protein were measured by western blotting (C). (D-E) The migration and invasion abilities of Huh-7 cells 
were measured by Transwell assay. (F-G) The migration of Huh-7 cells was confirmed by scratch assay. (H) The protein levels of E-cadherin, vimentin and MMP-9 were 
detected by western blotting. *** p < .001, ** p < .01, * p < .05.
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tumors induced by TAMs were decreased upon TGF-β1 
knockdown in TAMs (Figure 6D).

Furthermore, we isolated the tumors and probed their char
acteristics. As shown in Figure 6E, the expression levels of M2 
macrophage markers IL-10, Arg-1, CD206 and CD163 were 
reduced upon TGF-β1 knockdown, indicating that the activa
tion of TAMs was suppressed. In addition, we observed that 
TGF-β1, Gli2 and IGF-II were downregulated in the tumor 
tissues from mice that were co-injected with sh-TGF-β1 TAMs 
(figure 6F). Altogether, our data demonstrate that TAMs pro
mote the tumor growth in vivo mediated by TGF-β1.

Discussion

Increasing evidence suggests that TAMs participate in tumor 
invasion and metastasis.25,26 Here, we showed that TAMs pro
moted the proliferation, migration and invasion of human 
hepatoma Huh-7 cells in vitro, as well as tumor growth 
in vivo. This promotional ability was mediated by the secretion 
of TGF-β1, which induced the expression of Gli2 and IGF-II, 
and then activated ERK1/2 signaling pathway in tumor cells. 
Our study elucidated the molecular mechanism by which 
TAMs promote the malignant phenotype of Huh-7 cells. 
These findings identify potential therapeutic targets for HCC 
treatment.

High expression levels of Gli2 have been shown to be 
associated with metastasis in many tumor types.5,27 We 
found that TAMs promoted the proliferation, migration and 
invasion of Huh-7 cells by elevating the expression of Gli2, 
this promotion was suppressed when Gli2 was downregu
lated. Furthermore, the expression of Gli2 was reduced by 
TGF-β1 inhibitor, which was consistent with the findings of 
previous reports showing that Gli2 is a direct target of TGF-β 
in various cancers.14,28–30 We also found that the migration 
and invasion abilities of Huh-7 cells promoted by the CM of 
TAMs could be reduced by the TGF-β1 inhibitor. 
Accordingly, we found that the capability of TAMs to induce 
tumor growth was diminished by TGF-β1 suppression in the 
mouse model. The expression of E-cadherin in HCC cells was 
decreased upon TAMs-CM treatment or Gli2 overexpression. 
These results are in accordance with previous reports showing 
that the expression of E-cadherin is repressed by Gli2 in 
human melanoma cells.14 In addition, vimentin and MMP-9 
in HCC cells were upregulated by TAMs-CM treatment.31,32 

Although the regulation of Gli2 by TGF-β1 has been reported 
in many kinds of cancers, we explain the mechanism by which 
TAMs enhance the migration and invasion of Huh-7 cells and 
provide the first evidence that TGF-β1 regulates the migration 
and invasion of human hepatoma cells through regulating 
Gli2 expression.

Figure 4. IGF-II promotes migration and invasion of Huh-7 cells via the ERK1/2 signaling pathway. (A) Huh-7 cells were treated with IGF-II or its vehicle, and the 
expression and phosphorylation levels of ERK1/2 were measured by western blotting. (B-E) Huh-7 cells were treated with IGF-II or the ERK1/2 inhibitor PD98059 or with 
both IGF-II and PD98059. The invasion and migration of Huh-7 cells were measured by Transwell assay (B, C), and the migration was measured by scratch assay (D, E). (F) 
The activation of ERK1/2 and the expression of E-cadherin, vimentin and MMP-9 were analyzed by western blotting. *** p < .001, ** p < .01, * p < .05.
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Figure 5. TAMs-CM promotes the migration and invasion of Huh-7 cells through the Gli2/IGF-II/ERK1/2 axis. (A-B) Huh-7 cells were treated with TAMs-CM, TAMs-CM and 
PD98059, Gli2 overexpression, or Gli2 overexpression and PD98059. Cell invasion and migration were measured by Transwell assay. (C-D) Cell migration was confirmed 
by scratch assay. (E) The activation of ERK1/2 and the expression of E-cadherin, vimentin and MMP-9 were analyzed by western blotting. *** p < .001, ** p < .01, * 
p < .05.

Figure 6. TAMs promote Huh-7 tumor growth in vivo mediated by TGF-β1. (A-B) TAMs were infected with lentivirus harboring scrambled control shRNA (sh-NC) or 
shRNA targeting TGF-β1 (sh-TGF-β1). The expression of TGF-β1 was examined by qPCR (A) and western blotting (B). (C) An image of the tumors collected after the mice 
were sacrificed. (D) The growth rate and weight of tumors in each group. (E) The expression levels of M2 macrophage markers IL-10, Arg-1, CD206 and CD163 in isolated 
tumors, as detected by qPCR. (F) The expression levels of TGF-β1, Gli2 and IGF-II in tumors detected by qPCR. *** p < .001, ** p < .01, * p < .05.
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The mitogenic peptide IGF-II is well known to exert critical 
roles in oncogenesis.33,34 In this study, we found that the 
expression of IGF-II was regulated by Gli2 and could promote 
the migration and invasion of Huh-7 cells. The downregulation 
of IGF-II enhanced the survival of HCC mice.16 Curcumin was 
reported to inhibit IGF-II expression and suppress tumor 
development in a rat model of bladder cancer.15 Together, 
these findings suggest that IGF-II could be a potential thera
peutic target for cancer treatment, and the current study is the 
first to report that Gli2 might promote HCC progression by 
upregulating IGF-II.

Many signaling pathways have been found to be dysregu
lated in cancer. In particular, the ERK pathway is reportedly 
involved in various cancers.35 Our data showed ERK1/2 activa
tion upon the upregulation of IGF-II, and the inhibition of 
ERK1/2 phosphorylation reduced the migration and invasion 
of Huh-7 cells that was induced by Gli2 or IGF-II overexpres
sion, further confirming the central role of ERK1/2 in cancer 
progression.36 In addition, the expression of E-cadherin was 
increased and the expression of vimentin and MMP-9 were 
decreased by ERK1/2 inhibitor, suggesting that ERK1/2 signal
ing might regulate the expression of cancer-related genes.

In conclusion, the present study explored the molecular 
mechanism by which TAMs influence the migration and inva
sion abilities of human hepatoma Huh-7 cells. TGF-β1 secreted 
by TAMs was found to promote HCC cell migration and 
invasion by elevating the expression of Gli2 and IGF-II, 
which then induced ERK1/2 activation. Although we eluci
dated the mechanism with in vitro and in vivo experiments, it 
would be more solid if we use multiple hepatoma cell lines. 
Nevertheless, our study provides novel insights into the mole
cular mechanisms of HCC malignancy and offers potential 
therapeutic targets for HCC treatment.
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