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ABSTRACT
Tissue inhibitor of metalloproteinase 1 (TIMP-1) is an endogenous inhibitor 

for MMPs that regulates the remodeling and turnover of the ECM during normal 
development and pathological conditions. Intriguingly, recent studies have shown 
that TIMP-1 plays a dual role in cancer progression. In this study, we found that 
TIMP-1 expression in HCC tissues is associated with advanced TNM stage, intrahepatic 
metastasis, portal vein invasion, and vasculature invasion. Notably, TIMP-1 expression 
in HCC tissue is significantly related to worse overall survival for patients with HCC 
after liver resection. Ectopic TIMP1 expression promoted the growth of HCC xenografts 
in nude mice. Both co-culture with Huh7 cells with a high level of TIMP-1 and TIMP1 
treatment resulted in up-regulation of hallmarks of carcinoma-associated fibroblasts 
(CAFs) and accelerated cell proliferation, migration and invasion in immortalized 
liver fibroblasts (LFs) isolated from human normal liver tissue. By co-culture with 
CAFs, SDF-1/CXCR4/PI3K/AKT signaling was activated and apoptosis was markedly 
repressed with an increased Bcl-2/BAX ratio in Huh7 cells. Taken together, our 
observations suggest that TIMP-1 induces the trans-differentiation of LFs into CAFs, 
suppresses apoptosis via SDF-1/CXCR4/PI3K/AKT signaling and then promotes HCC 
progression. This protein may be a potential prognostic biomarker and therapeutic 
target for HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) is an aggressive 
cancer that frequently occurs in the setting of chronic 
hepatitis infection and liver cirrhosis. This cancer has 
been identified as the fifth most common cancer and third 
leading cause of cancer-related deaths worldwide [1]. 
Liver resection has been considered to be the main 
curative therapy for HCC worldwide over a long period 
of time. Despite advances in therapeutic modalities during 
the past decade, the prognosis of HCC after liver resection 
remains dismal due to the high rate of recurrence and 
metastasis induced by yet unknown biological factors. 
Hence, it is critical to explore the molecular mechanisms 
controlling HCC recurrence and metastasis to develop new 
therapeutic strategies for this disease.

Cancer progression is a highly complicated process 
during which a variety of cells, including malignant 
and stromal cells, interact with each other in the cancer 

microenvironment. The extracellular matrix (ECM), 
consisting of structural proteins such as collagen, 
elastin, fibronectin, and laminin, provides a structural 
framework for the cancer microenvironment and 
functions as a barrier or promoting environment [2, 3]. 
Matrix metalloproteinases (MMPs) are zinc-dependent 
proteolytic enzymes involved in the remodeling of 
the extracellular matrix by breaking down basement 
membranes and most extracellular matrix (ECM) 
components [4]. It has been reported that the activity 
of MMPs may be modulated by proenzyme activation 
of endogenous natural inhibitors i.e., tissue inhibitor of 
matrix metalloproteinases (TIMPs) [5, 6]. TIMP-1 is a 
member of the TIMP family and inhibits MMP proteolytic 
activity by forming noncovalent 1:1 stoichiometric 
complexes that are resistant to heat denaturation and 
proteolytic degradation [7]. Different studies have 
shown that TIMP-1 has both cell proliferation and anti-
oncogenic effects. Overexpression of TIMP-1 was 
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found in pancreatic cancer [8], laryngeal squamous cell 
carcinoma [9] and lung adenocarcinoma [10], whereas 
its expression is lost in prostate adenocarcinoma [11]. 
It appears that TIMP-1 exerts different effects on tumor 
progression in various cancers. To date, there are limited 
studies of the role of TIMP-1 in HCC progression.

Cancer tumors are complex organs composed not 
only of original neoplastic cells but also  carcinoma-
associated stromal cells and an extracellular milieu 
including various chemokines and cytokines. Cancer 
progression partly results from an evolving interaction 
between founder neoplastic cells and their surrounding 
carcinoma-associated stromal cells and supportive tissue. 
Carcinoma-associated fibroblasts (CAFs) are critical 
components of carcinoma-associated stromal cells, which 
are characterized by the overexpression of α-smooth 
muscle actin (α-SMA), fibroblast activation protein (FAP), 
fibroblast surface protein (FSP), and vimentin. CAFs have 
been extracted from HCC [12] and proven to promote 
HCC progression. However, the underlying mechanism 
of these cells remains largely unknown. Furthermore, it is 

unclear how normal liver fibroblasts (LFs) are transformed 
into CAFs in the HCC microenvironment.

In this study, we detected TIMP-1 expression 
in HCC samples and elucidated its role in the 
transdifferentiation of LFs into CAFs.

RESULTS

TIMP-1 is up-regulated in HCC and predicts 
poor post-surgical survival

The results of IHC revealed the cytoplasmic staining 
of the TIMP-1 protein (Figure 1A). Positive TIMP-1 
protein expression was observed in 94/100 (94%) HCC 
cases. TIMP-1 expression was increased in tumor cells 
compared with benign tissues in 76.6% of the HCC tumors 
examined. As assessed by the Mann-Whitney U test, it 
was demonstrated that TIMP-1 expression is significantly 
higher in HCC tissues compared with adjacent liver tissues 
(P < 0.001, Figure 1B). The relationship between TIMP-1 
and the clinicopathological parameters of 100 HCCs was 

Figure 1: TIMP-1 expression is up-regulated in HCC tissues. A. TIMP-1 protein is mainly expressed in the cytoplasm of tumor 
cells, and TIMP-1 expression in HCC tissues was remarkably higher (a) compared with adjacent liver tissues (b). B. As shown in the 
vertical scatter plot, the IHC scores in the TIMP-1 high group (mean value: 5.57) was notably higher than that in the TIMP-1 low/non group 
with a mean value 3.28 (P < 0.001) after analysis by the Mann-Whitney U test.
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statistically examined, and the results are listed in Table 1. 
TIMP-1 expression in HCC tissues was remarkably 
related to Edmonson–Steiner classification (r = 8.16, 
P = 0.004), tumor node metastasis (TNM) stage (r = 8.39, 
P = 0.004), portal vein invasion (r =  11.94, P < 0.001) 
and intrahepatic metastases (r = 13.09, P < 0.001), 
whereas no significant correlation was found between 
TIMP-1 expression in HCC tissues and gender (r = 0.21, 
P = 0.647), age (r = 2.89, P = 0.089), HBV infection 
(r = 0.31, P = 0.578), liver cirrhosis (r < 0.01, P = 0.955), 
serumα-fetoprotein (AFP) level (r = 0.79, P = 0.374), 
tumor size (r = 2.42, P = 0.120), and vasculature invasion 
(r = 0.39, P = 0.533).

Post-surgical follow-up information was obtained 
from 87 of the original 100 HCCs. The median time of 
follow-up was 25 months. The 87 HCC patients were 
divided into two groups: TIMP-1 high expression and 
TIMP-1 low/non expression using the median ratio 
of tumor/benign TIMP-1 expression as the cut-off 
value. The TIMP-1 high group included patients with 

higher TIMP-1 expression in HCC tissues, while the 
 TIMP-1 low/non group included patients with lower 
or no TIMP-1 expression in tumor tissues. As shown in 
Table 2, most demographic and clinical characteristics 
were similar for the two groups, with the exception 
that there were more HCC patients with higher   
Edmonson–Steiner classification (r = 9.20, P = 0.002), 
advanced TNM stage (r = 9.10, P = 0.003), portal 
vein invasion (r = 13.86, P < 0.001) and intrahepatic 
metastases (r = 8.19, P = 0.004) in the TIMP-1 high 
group. We constructed Kaplan-Meier survival curves and 
found that the median overall survival was 23.46 months 
for HCC patients with elevated tumor tissue TIMP-1 
expression (TIMP-1 high group), whereas the median 
overall survival was 58.17 months for HCC patients with 
lower TIMP-1 levels in adjacent liver tissues (TIMP-1 
low/non group). The three-year survival rate was 41.8% 
for the TIMP-1 high group compared with 64.2% for the 
TIMP-1 low/non group. In a similar fashion, patients in 
the TIMP-1 high group (33.2%) had a reduced five-year 

Table 1: Relationship between clinicopathological features and TIMP-1 expression in tumor tissues 
from 100 HCC patients

Clinicopathological features No. of patients χ2 p
TIMP-1 high TIMP-1 low/non

Age (year)
< 50 24 8

0.21 0.647
≥ 50 48 20

Gender
Male 53 25

2.89 0.089
Female 19 3

HBV infection
Present 60 22

0.31 0.578
Absent 12 6

Serum AFP level  
(ng/mL)

≥ 400 53 34
0.79 0.374

< 400 19 8

Tumor size (cm)
≥ 5 53 25

2.42 0.120
< 5 19 3

Liver cirrhosis
Present 64 25

< 0.01 0.955
Absent 8 3

Vasculature invasion
Present 26 12

0.39 0.533
Absent 46 16

Edmondson-Steiner 
 Classification

I + II 14 13
8.16 0.004

III + IV 58 14

TNM stage
I + II 46 26

8.39 0.004
III + IV 26 2

Portal vein invasion
Present 7 11

11.94 < 0.001
Absent 65 17

Intrahepatic metastases
Present 5 10

13.09 < 0.001
Absent 67 18
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survival rate compared with patients in the TIMP-1 
low/non group (49.7%). Comparison of Kaplan Meier 
overall survival curves demonstrated notably longer 
post-surgical survival in the TIMP-1 low/non group 
(HR = 1.972; 95% CI: 1.111, 3.497; P = 0.020; 
Figure 2A). Moreover, univariate analysis demonstrated 
that intrahepatic metastases, higher Edmondson-Steiner 
classification, advanced TNM staging and higher TIMP-1  
expression in HCC tissues were worse prognosis factors 
(Table 3). Multivariate Cox proportional-hazards 
regression analysis demonstrated that intrahepatic 
metastases, advanced TNM staging and higher TIMP-1 
expression in HCC tissues were independent prognostic 
factors (Table 3). These data strongly support the idea 
that TIMP-1 is aberrantly up-regulated in HCC tissues, 
which predicts worse prognosis for patients with HCC 
after liver resection. The expression of TIMP-1 was 
detected in HCC cell lines including Huh7, Hep3B, 
HepG2 and SK Hep1 and the normal human hepatocyte 
cell line LO2 by RT-PCR and immunoblotting. Among 
these 5 cell lines, the lowest level of TIMP-1 expression 
was found in LO2 cells (Figure 2B).

Ectopic expression of TIMP-1 in Huh7 cells 
drives the transformation of LFs into CAFs

Huh7 cells were transfected with a TIMP-
1-expression plasmid or the pCMV-Tag2B vector 
followed by selection with G418 to yield stable TIMP-
1-expressing Huh7 cells (Huh7 TIMP-1) and a stable 
control plasmid transfectant (Huh7 Vector). Both  
qRT-PCR and immunoblotting verified that TIMP-1 
expression in  Huh7 TIMP-1 cells was significantly higher 
than that in Huh7 Vector cells (Figure 3A). Both Huh7 
TIMP-1- and Huh7 Vector-conditioned medium were 
harvested and used to culture LFs. ELISA measurements 
demonstrated that there was a remarkably higher level 
of TIMP-1 in conditioned medium from Huh7 TIMP-1  
cells than Huh7 Vector cells (Figure 3B). As shown 
in Figure 3C, immunoblotting demonstrated that 
conditioned medium from Huh7 TIMP-1 cells resulted 
in significantly higher expression of α-SMA, FAP and 
vimentin in LFs compared with that in Huh7 Vector cells, 
which was abolished by the human TIMP-1 antibody. 
Immunofluorescence staining confirmed that there was 

Table 2: Demographic information and clinical features of 87 patients with follow-up information
Clinicopathological features No. of patients χ2 p

TIMP-1 high TIMP-1 low/non

Age (year)
< 50 20 6

0.38 0.539
≥ 50 43 18

Gender
Male 53 25

3.49 0.062
Female 19 3

HBV infection
Present 56 19

1.382 0.240
Absent 7 5

Serum AFP level (ng/
mL)

≥ 400 50 33
0.91 0.342

< 400 13 5

Tumor size (cm)
≥ 5 51 22

1.48 0.224
< 5 12 2

Liver cirrhosis
Present 61 23

0.05 0.821
Absent 2 1

Vasculature invasion
Present 26 10

< 0.01 0.973
Absent 37 14

Edmondson-Steiner 
Classification

I + II 14 13
9.20 0.002

III + IV 49 10

TNM stage
I + II 40 23

9.10 0.003
III + IV 23 1

Portal vein invasion
Present 5 10

13.86 < 0.001
Absent 58 14

Intrahepatic metastases
Present 4 7

8.19 0.004
Absent 59 17
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Figure 2: Aberrant overexpression of TIMP-1 in HCC tissues was associated with worse outcome after liver 
resection. A. Kaplan-Meier survival curves demonstrate that the TIMP-1 high group have a shortened post-surgical survival time compared 
with the TIMP-1 low/non group (HR = 1.972; 95% CI: 1.111, 3.497; P = 0.020). B. Both qRT-PCR and immunoblotting demonstrated that 
TIMP-1 expression in normal human hepatocyte LO2 cells was significantly lower than that in 4 HCC cell lines (SK Hep1, Hep3B, HepG2 
and Huh7).
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higher expression of α-SMA and vimentin in LFs cultured 
with conditioned medium from Huh7 TIMP-1 cells as well 
(Figure 3D).

The results of MTT assays showed that the cell 
viability of LFs was significantly enhanced at 48, 72 
and 96 h (all P values < 0.05, Figure 4A) by conditioned 
medium from Huh7 TIMP-1 cells compared with that from 
Huh7 Vector cells. We also quantitated cell proliferation 
using BrdU incorporation assays and confirmed that Huh7 
TIMP-1 conditioned medium markedly accelerated the cell 
proliferation of LFs (P = 0.007, Figure 4B), which was 
abated by the human TIMP-1 antibody. Next, we conducted 
scratch wound healing assays and found that the migration 
rate of LFs cultured by Huh7 TIMP-1 conditioned medium 
was apparently higher than that with conditioned medium 
from Huh7 Vector cells at both 24 and 48 hours (P = 0.005 
and P = 0.004, respectively, Figure 4C). As examined by 
Transwell invasion assays, it was found that the invasion 
ability of LFs with conditioned medium from Huh7  
TIMP-1 cells was apparently higher (P < 0.001, Figure 4D) 
than LFs with Huh7 Vector conditioned medium, and 
human TIMP-1 antibody attenuated the function of Huh7 
TIMP-1 conditioned medium. These data demonstrate 
that TIMP-1 is secreted by HCC cells and induces the 
transformation LFs into CAFs.

CAFs driven by TIMP-1 facilitate the growth of 
HCC cells in vitro and in vivo

To evaluate the contribution of CAFs in terms 
of HCC cell growth, we cultured Huh7 cells with 
conditioned medium from LFs or CAFs. As evaluated by 
MTT assay, conditioned medium from CAFs inhibited 
the cell viability at 48, 72 and 96 h (all P values < 0.05, 
Figure 5A) compared with that from LFs. Consistent 
with cell viability, BrdU incorporation measurements 
also demonstrated that cell proliferation was apparently 
induced by conditioned medium from CAFs in contrast 
with medium from LFs (P < 0.001, Figure 5B), which 
indicates that TIMP-1 promotes HCC cell growth.

To further confirm the regulatory function of CAFs 
on HCC growth, we established a HCC xenograft system 

as described in the Methods section. Five nude mice were 
subcutaneously injected with a mixture of CAFs and Huh7 
cells to for the CAF group. In addition, an LF group was 
established by subcutaneously injecting LFs and Huh7 
cells in 5 other nude mice. Tumor size measurements taken 
every 3 days showed that the HCC xenografts in the CAF 
group grew faster than those in the LF group (Figure 5C). 
At 15 days after cell injection, HCC xenografts were 
harvested and measured by calipers. As shown in 
Figure 5D, co-injection with CAFs lead to the formation 
of larger subcutaneous HCC xenografts compared with 
co-injection with LFs. These data suggested that CAFs 
activated by TIMP-1 accelerated HCC growth in vitro and 
in vivo.

CAFs induced by TIMP-1 repress HCC 
apoptosis through SDF-1/CXCR4/PI3K/AKT 
signaling

To explore the mechanism by which CAFs 
activated by TIMP-1 promote HCC growth, we tested 
whether CAFs affected HCC apoptosis. DAPI staining 
assays showed that CAF-conditioned medium resulted 
in an approximately 50% decrease in Huh7 apoptosis 
compared with LF-conditioned medium (P = 0.011, 
Figure 6A). It was also found that conditioned medium 
from CAFs suppressed the activity of caspase 3/7, which 
was comparable to LF conditioned medium (P < 0.001, 
Figure 6B). In addition, immunoblotting assays revealed 
that CAF-conditioned medium lead to less expression 
of caspases 8 and 9 in Huh7 cells (Figure 6C), strongly 
suggesting that CAFs contribute to HCC growth by 
suppressing apoptosis.

To clarify the underlying signaling pathway by 
which CAFs inhibit HCC apoptosis, we examined the 
expression level of SDF-1 protein, which has been found 
to be excreted by CAFs and is closely involved in cancer 
progression [16–18] in LFs with different conditioned 
medium by qRT-PCR and immunoblotting. As shown in 
Figure 6D, SDF-1 expression was significantly greater in 
LFs than in CAFs. Additionally, as presented in Figure 6E, 

Table 3: Cox-regression analysis of the relationship between the clinicopathological characteristics 
and overall survival rate of HCC patients after liver resection

Clinicopathological features Univariate Analysis Multivariate Analysis
RR (95% CI) p Value RR (95% CI) p Value

Intrahepatic metastases 3.152 (1.569 – 5.682) 0.009 2.972 (1.457 – 4.632) 0.001
Higher Edmondson-Steiner 

classification
2.322 (1.252 – 3.210) 0.003 1.854 (0.899 – 2.152) 0.010

Advanced TNM staging 3.232 (2.012 – 4.365) 0.008 1.989 (1.228 – 3.788) 0.030
Higher TIMP-1 expression in 

HCC tissues
3.287 (1.622 – 5.751) 0.032 2.978 (1.457 – 5.125) 0.009
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Figure 3: Enforced expression of TIMP-1 in Huh7 cells activated the transformation from LFs to CAFs. A. Both qRT-
PCR and immunoblotting demonstrated that Huh7 TIMP-1 cells express significantly more TIMP-1 than Huh7 Vector cells. B. An ELISA 
assay demonstrates that there was markedly higher soluble TIMP-1 in Huh7 TIMP-1-conditioned medium than in conditioned medium 
from Huh7 Vector cells (P < 0.001). C. Conditioned medium from Huh7 TIMP-1 cells increased the expression of α-SMA, FAP and 
vimentin in LFs compared with Huh7 Vector-conditioned medium. In addition, TIMP-1 antibody treatment abrogated the impact of Huh7 
TIMP-1-conditioned medium on the expression of α-SMA, FAP and vimentin in LFs. D. Immunofluorescence staining confirmed that 
conditioned medium from Huh7 TIMP-1 cells lead to increased expression of α-SMA and vimentin in LFs compared with Huh7 Vector-
conditioned medium.
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Figure 4: Conditioned medium from Huh7 TIMP-1 cells accelerated the cell viability, proliferation, migration and 
invasion of Huh7 cells. A. The cell viability of LFs cultured with Huh7 TIMP-1-conditioned medium was significantly higher than 
LFs cultured with Huh7 Vector-conditioned medium at 48, 72 and 96 h as assessed by MTT assay. B. A BrdU incorporation assay 
showed that Huh7 TIMP-1-conditioned medium promoted cell proliferation in contrast with Huh7 Vector-conditioned medium; however, 
TIMP-1 antibody substantially repressed the up-regulation of LF proliferation induced by Huh7 TIMP-1-conditioned medium (increase of 
3.66-fold vs. increase of 1.76-fold). C. The migration rate of LFs cultured with Huh7 TIMP-1 conditioned medium was apparently higher 
than those cultured with conditioned medium from Huh7 Vector cells at 24 and 48 hours after scratching as measured by scratching wound 
healing assay. D. There were more LFs crossing the Matrigel gel and filter of Transwell chambers in the Huh7 TIMP-1-conditioned medium 
group compared with the Huh7 Vector-conditioned medium group (P < 0.001). In addition, TIMP-1 antibody treatment suppressed the  
pro-invasion function of Huh7 TIMP-1-conditioned medium.

the level of SDF-1 protein in CAF-conditioned medium 
was found to be approximately 3-fold higher than that 
in LF-conditioned medium as assessed by ELISA assay. 
It was logical to hypothesize that CAFs inhibit HCC 
apoptosis by activating the SDF-1/CXCR4 pathway. 
To test this hypothesis, we abated CXCR4 expression 

in Huh7 cells by siRNA and cultured Huh7 cells with 
either LF- or CAF-conditioned medium (Figure 7A). As 
shown in Figure 7B, the negative regulatory function 
of CAF-conditioned medium on Huh7 apoptosis nearly 
disappeared. Caspase 3/7 activity assessment also verified 
that knockdown of CXCR4 eliminated the antiapoptotic 
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Figure 5: CAF-conditioned medium promoted the growth of HCC cells in vitro and in vivo. A. An MTT assay showed 
that the cell viability of Huh7 cells was increased by CAF-conditioned medium compared with LF-conditioned medium at 48, 72 and 
96 h. B. As assessed by BrdU incorporation assay, Huh7 cell proliferation was enhanced by CAF-conditioned medium compared with 
LF-conditioned medium (P = 0.003). C. The size of xenografts driven from CAFs and Huh7 cells (CAF group) was significantly greater 
than those driven by LFs and Huh7 cells (LF group) at 5, 10 and 15 days. D. At 15 days after cell injection, xenografts were obtained, and 
the Student’s t test demonstrated that xenografts from the CAF group were significantly larger than those from the LF group (P = 0.003).



Oncotarget12070www.impactjournals.com/oncotarget

Figure 6: CAFs inhibited Huh7 apoptosis via activating SDF-1/CXCR4 pathway. A. DAPI staining showed that there was a 
significantly higher apoptotic percentage in Huh7 cells grown with CAF-conditioned medium (CAF-conditioned medium group) compared 
with those cultured with LF-conditioned medium (LF-conditioned medium group) (P = 0.011). B. The caspase 3/7 activity of Huh7 cells in 
CAF-conditioned medium was significantly higher than that in LF-conditioned medium (P < 0.001). C. As measured by immunoblotting, 
there was apparently less expression of caspase 8 and caspase 9 in Huh7 cells cultured with CAF-conditioned medium. D. Both qRT-
PCR and immunoblotting showed that there was more SDF-1 expression in LFs cultured with Huh7 TIMP-1-conditioned medium than 
LFs cultured with Huh7 Vector-conditioned medium. E. There was dramatically more soluble SDF-1 in conditioned medium from CAFs 
compared with LF-conditioned medium (P < 0.001) as assessed by ELISA assay.
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Figure 7: The SDF-1/CXCR4 axis is critical for maintaining the inhibitory effects of CAFs on HCC cells. A. As examined 
by qRT-PCR and immunoblotting, siRNA sequences directed against CXCR4 successfully repressed the expression of CXCR4 in Huh7 
cells. B. Knockdown of CXCR4 attenuated the anti-apoptotic function of CAF-conditioned medium in Huh7 cells (a reduction of 10% 
compared with a reduction of 61%). C. CAFs did not significantly affect caspase 3/7 activity without CXCR4 expression in Huh7 cells.

activity of CAF-conditioned medium on Huh7 cells 
(Figure 7C). These data demonstrate that the SDF-1/
CXCR4 axis is essential for maintaining the inhibitory 
effects of CAFs on HCC cells. To further elucidate the 
underlying signal pathway, we examined downstream 
elements of the SDF-1/CXCR4 pathway in Huh7 cells 
cultured with either LF- or CAF-conditioned medium by 
immunoblotting. As shown in Figure 8, CAF-conditioned 
medium promoted the phosphorylation of AKT and 
increased the Bcl-2/BAX ratio.

Next, we grew Hep3B cells with either LF- or 
CAF-conditioned medium to confirm the findings 
between CAFs and Huh7 cells. Hep3B apoptosis was 
clearly inhibited by CAF-conditioned medium compared 
with LF-conditioned medium as assessed by DAPI 
staining (Figure 9A). There was a similar tendency 
found in caspase 3/7 activity assays (Figure 9B). 
We also silenced CXCR4 expression in Hep3B cells 
(Figure 9C) and found that there was no significant 
difference in the percentage of apoptotic Hep3B cells 
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Figure 8: CAFs lead to greater AKT phosphorylation and an increased Bcl-2/BAX ratio in Huh7 cells. Immunoblotting 
revealed that there was greater expression of phosphorylated AKT (p-AKT) and Bcl-2 and less BAX expression in Huh7 cells grown with 
conditioned medium from CAFs compared with LF-conditioned medium.

between the LF- and CAF-conditioned medium groups 
(Figure 9D). After repression of CXCR4 expression, 
CAF-conditioned medium did not apparently affect 
the caspase 3/7 activity (Figure 9E). These data 
indicate that CAFs initiated by TIMP-1 inhibit 
HCC apoptosis through SDF-1/CXCR4/PI3K/AKT 
signaling.

DISCUSSION

HCC is the leading cause of cancer-related deaths 
worldwide. Surgical resection is the standard treatment 
for HCC; however, frequent tumor recurrence and/or 
metastasis results in the poor long-term outcome of HCC 

patients after liver resection. Therefore, it is urgent to 
explore the mechanism of HCC recurrence and metastasis 
after liver resection and identify efficacious predictive 
markers and therapy targets.

The expression of MMPs, which are closely related 
to cancer progression, is mediated at the transcriptional 
level by growth factors and transcriptional factors, and 
TIMPs modulate the activity of MMPS by proenzyme 
activation after secretion. Four various TIMPs have 
been reported, TIMP-1, TIMP-2, TIMP-3, and   
TIMP-4. Among these proteins, TIMP-1 has been the most 
extensively studied. TIMP-1 has been shown to abolish 
the activity of MMPs by forming 1:1 stoichiometric 
non-covalent complexes with endopeptidase and 
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Figure 9: CAFs inhibit apoptosis by the SDF-1/CXCR4 pathway in Hep3B cells. A. As assessed by DAPI staining, there was 
approximately 66.7% reduction in the apoptotic cell percentage in Hep3B cells cultured with conditioned medium from CAFs compared 
with LF-conditioned medium. B. Caspase 3/7 activity in Hep3B cells grown with CAF-conditioned medium was significantly lower than 
that in Hep3B cells grown with LF-conditioned medium. C. CXCR4 expression was successfully inhibited by siRNA, which was confirmed 
by qRT-PCR and immunoblotting. D. CAFs significantly decreased the percentage of apoptotic cells in Hep3B Scr siRNA cells, which had 
normal levels of CXCR4 expression. Conversely, in Hep3B CXCR4 siRNA cells in which CXCR4 was silenced, CAFs did not apparently 
impact the percentage of apoptotic cells. E. Consistent with the results of the DAPI staining assay, CAFs did not significantly influence the 
caspase 3/7 activity in Hep3B cells without CXCR4 expression.
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consequently plays a key role in maintaining the 
balance between ECM deposition and degradation in 
different physiological processes. Almost all members 
of the MMP family with the exception of MT-MMPs 
are inhibited by TIMP-1. As an endogenous inhibitor of 
MMPs, TIMP-1 was found to repress cancer cell growth 
and invasion by inhibiting the activity of MMPs [19–21]. 
However, in this study, we found that TIMP-1 is aberrantly 
up-regulated in 76.6% of HCCs, which are associated with 
worse prognosis. Intriguingly, our findings of TIMP-1 
expression in HCC samples are consistent with results 
from Lempinen’s group showing that HCC patients with 
low concentrations of serum TIMP-1 have significantly 
better overall survival than those with high concentrations 
of serum TIMP-1 [22]. Thus, TIMP-1 merely functions 
as a biomarker for HCC progression and contributes to 
accelerating cancer progression, which implies that it may 
serve as an important HCC therapeutic target.

To our knowledge, few studies have reported 
the mechanism by which TIMP-1 modulates HCC 
progression. A growing body of evidence has shown 
that CAFs, as a major component of the cancer stroma, 
fosters cancer cell growth and migration, and promotes 
tumor angiogenesis by secreting various growing 
factors and cytokines. Park and colleagues reported that 
activated CAFs exist in the HCC microenvironment [23]. 
In addition, a study from the group of Jia demonstrated 
that CAFs accelerate HCC growth in vitro and in vivo 
[24]. However, the underlying mechanism of how CAFs 
are initiated in the HCC microenvironment is largely 
unknown. In this study, we enhanced TIMP-1 expression 
in Huh7 cells with a TIMP-1 expression plasmid and 
found that the level of TIMP-1 in medium from Huh7 
TIMP-1 cells was increased dramatically. Then, LFs 
driven from human normal liver were cultured with 
conditioned medium from either Huh7 TIMP-1 or Huh7 
Vector cells, and we found that the viability, proliferation, 
migration and invasion of LFs were notably enhanced, 
and the expression of CAF markers including α-SMA, 
FAP and vimentin in LFs was significantly increased by 
conditioned medium from Huh7 TIMP-1 cells, which 
strongly supports that the TIMP-1 secreted by HCC cells 
in the tumor microenvironment initiates the transformation 
from LFs to CAFs. In a previous study, the increase in 
cell proliferation induced by CAFs (isolated from HCC 
tissues) and PTFs (isolated from adjacent liver tissues) was 
similar [24]. However, the in vitro and in vivo experiments 
in this study showed that CAFs accelerated HCC growth 
in a manner apparently comparable to LFs. It appears that 
CAFs initiated by different factors have diverse regulatory 
functions in HCC growth though a cluster of CAF markers 
is almost the same in these CAFs, indicating that there are 
complicated mechanisms through which CAFs mediate 
HCC progression. Furthermore, both DAPI staining 
and caspase 3/7 activity assays demonstrated that CAF 
conditioned medium remarkably represses HCC apoptosis. 

SDF-1 has been found to exert an inhibitory function on 
cancer apoptosis by binding with its primary receptor 
CXCR4, which is a seven transmembrane G-protein 
coupled receptor [25–27]. ELISA assays revealed that 
there was a dramatically higher level of soluble SDF-1 
in CAF-conditioned medium than in LF-conditioned 
medium. Then, it was also found by immunoblotting 
that conditioned medium from CAFs enhanced AKT 
phosphorylation and increased the Bcl-2/BAX ratio. These 
data highly indicate that CAFs release significant amounts 
of soluble SDF-1 into the cancer microenvironment and 
activate SDF-1/CXCR4 signaling in neighboring HCC 
cells. Consequently, the PI3K/AKT pathway was trigged 
and then inhibited HCC apoptosis by up-regulating the 
Bcl-2/BAX ratio. In contrast, knockdown of CXCR4 in 
HCC cells abrogated the anti-apoptotic function of CAFs, 
which further confirmed that the SDF-1/CXCR4 pathway 
plays an essential role in the repression of cancer apoptosis 
mediated by CAFs in the HCC microenvironment.

In summary, as presented in Figure 10, this study 
demonstrated that up-regulation of TIMP-1 in HCC cells 
results in transformation from LFs to CAFs. Then, CAFs 
secreted significant amounts of soluble SDF-1 into the 
HCC microenvironment and activated SDF-1/CXCR4/
PI3K/AKT signaling in neighboring HCC cells, which 
ultimately inhibited HCC apoptosis by up-regulating 
the Bcl-2/BAX ratio. These findings have important 
implications for understanding the molecular mechanisms 
of CAF activation in the HCC environment but also for 
modulation of HCC by CAFs. Finally, these data indicate 
that TIMP-1 appears to be an efficacious predictive factor 
for HCC outcome after liver resection.

MATERIALS AND METHODS

Patients and tissues

There were a total of 100 HCC patients enrolled 
in the Department of Hepatobiliary Surgery at the First 
Affiliated Hospital of Xi’an Jiaotong University between 
January 2004 and June 2006. After examination by 
abdominal ultrasonography and computed tomography, 
all patients underwent a liver resection (curative 
resection for early HCC and palliative resection 
for advanced HCC). None of the patients received 
neo-adjuvant chemotherapy or radiotherapy before 
surgery. During liver resection, HCC and adjacent 
liver samples (> 2 cm distance from the margin of the 
resection) were collected and immediately stored in 
paraformaldehyde for IHC assays. Clinicopathological 
data were collected from medical records and 
summarized in Table 1. These clinicopathological 
features including Edmonson classification, clinical 
tumor-node-metastasis (TNM) grading and maximum 
tumor diameter, which were confirmed by an 
experienced pathologist. After surgery, all patients were 
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Figure 10: Working model of the mechanism by which TIMP-1 promotes HCC progression by initiating CAFs in the 
tumor microenvironment. The data in this study reveal that aberrant overexpression of TIMP-1 in HCC cells initiate transformation 
from LFs to CAFs. Consequently, CAFs secreted soluble SDF-1 into the HCC microenvironment and activate SDF-1/CXCR4/PI3K/AKT 
signaling in neighboring HCC cells, which ultimately inhibit HCC apoptosis by up-regulating the Bcl-2/BAX ratio and accelerating HCC 
progression.

followed up from 15 to 120 months, and follow-up 
information was obtained from 87 patients.

Immunohistochemical staining

IHC staining assays were performed according 
to the protocol described previously [13]. Formalin-fixed 
and paraffin-embedded specimens were cut into 4 μm-
thick sections, deparaffinized with dimethylbenzene 
and rehydrated in 100%, 95%, 90%, 80% and 75% 
ethanol. After washing in phosphate-buffered saline 
(PBS), specimens were boiled in antigen-retrieval buffer 
containing 0.01 M sodium citrate-hydrochloric acid 
(pH = 6.0) for 15 min. The slides was rinsed with PBS 
and blocked overnight at 4°C. After three washes in 
PBS, the slides were incubated with a mouse monoclonal 
antibody directed against TIMP-1 (Abcam, USA, at 
a 1:50 dilution) at 4°C overnight. Then, the primary 
antibody was incubated with biotinylated secondary 
antibody (Zhongshan Goldenbridge Biochnology). The 
bound antibody was visualized using HRP-streptavidin 
conjugates. The sections were counterstained with 
hematoxylin, dehydrated in alcohol and xylene, and finally 
mounted onto glass slides.

Slides were examined separately by two independent 
experienced pathologists blinded to the results of the 
other. The staining intensity was scored as four grades: 
0 (negative), 1 (weakly positive), 2 (moderately positive), 
and 3 (strongly positive). The percentage of positive 
cells was also expressed in 5 categories where a score 
of 0 was given for 0–5%, 1 for 6–25%, 2 for 26–50%, 
3 for 51–75%, and 4 for > 75%. The staining intensity 
and average percentage of positive cells were measured 
for 10 independent high magnification (400×) fields. 

The ultimate staining score was obtained by multiplying 
the staining intensity and percentage of positive cells. 
A third joint observation with conclusive agreement was 
conducted when discrepancies between investigators 
occurred.

HCC cell lines and cell culture condition

Human HCC cell lines including Huh7, SK Hep1, 
Hep3B and HepG2, and the human immortalized normal 
hepatocyte cell line LO2 were purchased from the Institute 
of Biochemistry and Cell Biology, Chinese Academy of 
Sciences (Shanghai, China) and grown in DMEM medium 
with 10% fetal calf serum (FBS) in a 5% CO2 humidified 
atmosphere at 37°C.

Primary LFs isolation and immortalization

Normal liver samples were obtained from hepatic 
hemangioma patients. After washing with PBS containing 
100 U/ml penicillin and 100 μg/mL streptomycin, liver 
tissues were minced into small pieces and digested for 
8 h at 37°C in DMEM supplemented with 10% FBS, 
1 mg/ml collagenase type I and 100 U/mL hyaluronidase. 
Cell pellets were centrifuged and washed twice with 
PBS. Then, the cells were re-suspended in DMEM 
containing 10% FBS and cultured at 37°C in a humidified 
5% CO2 environment. After 3 passages, the percentage of 
purified LFs reached approximately 95% as examined by 
immunofluorescence staining using antibodies targeting 
α-SMA, FAP and vimentin. LFs were immortalized by 
hTERT. The pBABEpuro-hTERT retroviral vector was 
transfected into PT67 cells with the FuGENE6 transfection 
reagent from Promega (Madison, WI). Retroviruses with 
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hTERT were collected 48 h after transfection and used to 
infect LFs.

Ethics statement

The protocols used in this study were reviewed and 
approved by Xi’an Jiaotong University Ethics Committee 
according to the Helsinki Declaration of 1975, and all 
patients recruited in this study have signed informed 
consent to participate in this study and for publication.

Western immunoblotting

The immunoblotting assay was performed as 
described previously [14]. Briefly, cell lysates were 
prepared in RIPA buffer containing inhibitors for 
proteases and sodium orthovanadate as a inhibitor of 
phosphatases. After measuring the protein concentration 
using the BCA Protein Assay Kit from Thermo Scientific 
(Rockford, IL, USA), equal amounts (30 μg) of cell lysates 
were separated by electrophoresis in SDS-PAGE gels and 
transferred to polyvinylidene fluoride membranes. After 
probing overnight with primary antibodies including 
TIMP-1, AKT, phosph-AKT, α-SMA, FAP, vimentin, 
SDF-1, caspase 8 and caspase 9, blots were incubated 
with anti-mouse secondary antibodies conjugated 
with HRP (Abcam, USA), and signals were visualized 
using the HyGLO HRP detection kit from Denville 
(Metuchen, NJ, USA). β-actin was used to control for 
equal loading.

TIMP-1 expressing plasmid and transfection

The cDNA of TIMP-1 was cloned into the  
pCMV-Tag2B vector from Stratagene (Santa Clara, 
CA). TIMP-1-negative Huh7 cells were transfected with 
the TIMP-1-expression plasmid using the FuGENE6 
transfection reagent and designated Huh7 TIMP-1 
expressing cells (Huh7 TIMP-1). The pCMV-Tag2B vector 
was transfected into Huh7 cells as Huh7 control cells 
(Huh7 Vector). After a two-week selection with geneticin 
(Invitrogen, Carlsbad, CA) at a dose of 500 μg/mL, we 
obtained stable transfection clones.

Preparation of conditioned medium and enzyme-
linked immunosorbent assay (ELISA)

Huh7 TIMP-1 cells were grown for 48 h to 
approximately 90% confluence. Then, these cells 
were cultured with 0.5% FBS DMEM for 36 h. After 
centrifugation, the supernatants was harvested, passed 
through a sterile Millipore filter with a 0.45 mm 
polyvinylidenedifluoride membrane to generated 
conditioned medium from Huh7 TIMP-1 cells. The 
conditioned medium from Huh7 Vector cells was obtained 

in the same manner. All conditioned medium were 
maintained in liquid nitrogen for later use.

To detect the level of soluble SDF-1 secreted by 
LFs or CAFs, 2 × 105 LFs or CAFs were seeded into 
6-well plates and grown for 48 h, and the supernatant 
was harvested for ELISA. The human CXCL12/SDF-1α 
quantikine ELISA kit from R&D Systems (Minneapolis, 
MN, USA) was used to perform ELISAs for SDF-1 
measurement according to the manufacturer’s instructions. 
In the same manner, we examined the level of soluble 
TIMP-1 in conditioned medium from Huh7 TIMP-1 
and Huh7 Vector cells. There were 3 replicates for each 
measurement, and the assessment was repeated six times.

Quantitative reverse-transcription-polymerase 
chain reaction (RT-PCR)

Total RNA for HCC cells as extracted using the 
RNeasy kit from Qiagen Co. (Valencia, CA), and cDNA 
was synthesized from 1 μg RNA with the PrimeScript 
RT Master Mix (TaKaRa, Osaka, Japan). RT-PCR 
analyses were performed using SYBR Premix Ex Taq 
(TaKaRa). The standard PCR conditions were 95°C 
for 30 sec followed by 40 cycles of 95°C for 5 sec and 
60°C for 34 sec with a final dissociation stage, and the 
samples were run with an ABI 7300 system. GAPDH 
was simultaneously amplified in a separate set of tubes 
as control. The primer sequences used were as follows: 
TIMP-1: 5′-GGGGCTTCACCAAGACCTAC-3′ (forward) 
and 5′-GGAAGCCCTTTTCAGAGCCT-3′ (reverse); 
CXCR4: 5′-GATCAGCATCGACTCCTTCA-3′ (forward) 
and 5′-GGCTCCAAGGAAAGCATAGA-3′ (reverse); and 
GAPDH: 5′-ACCACAGTCCATGCCATCAC-3′ (forward) 
and 5′-TCCACCACCCTGTTGCTGTA-3′ (reverse). 
There were 6 replicates in each assessment, and each was 
repeated three times.

RNAi transfections

siRNA sequences directed against CXCR4  
(sc-35421) and scrambled siRNA sequences were from 
Santa Cruz Biotechnology (Santa Cruz, CA). HCC cells 
were seeded in six-well plates at 0.2 × 106 per well and 
cultured until 70% cell confluence was reached. Cells in 
each well were transfected with 100 nM siRNA using 
Lipofectamine RNAi MAX Reagent from Invitrogen 
(Carlsbad, CA) according to the instruction manual.

Cell viability assay

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide) assays were used to 
measure cell viability. Briefly, cells were seeded in  
96-well plates at 1 × 104 cells/well and stained with 100 μl 
MTT (0.5 mg/ml) for 4 h at 37°C. Afterward, the culture 
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medium was removed, and 150 μl dimethyl sulfoxide from 
Sigma-Aldrich (St. Louis, MO) was added in each well. 
The absorbance was assessed at 570 mm. All assessments 
were repeated at least six times.

Cell proliferation assay

The level of cell proliferation was determined by 
estimating DNA uptake of 5-bromo-2′-deoxyuridine- 
5′-monophosphate (BrdU). Cells were plated into 96-well 
plates at 5,000 cells per well for one day and measured 
using the BrdU ELISA kit from Roche (Indianapolis, IN) 
according to the instruction manual. All experiments were 
performed in sextuplicate.

Apoptosis detection

Two distinct assessments were performed to 
measure apoptosis. First, 4′, 6-Diamidino-2-phenylindole 
(DAPI) staining assays were conducted. Briefly, cells were 
cultured to subconfluency on 6-well plates. After washing 
with PBS twice, the monolayer of cells was fixed with 
1% paraformaldehyde for 10 min at room temperature. 
Then, fixed cells were incubated with 1 μg/ml DAPI 
for 5 min. Apoptosis was detected under fluorescence 
microscopy to determine apoptotic nuclear changes 
(chromatin condensation and nuclear fragmentation) after 
DAPI staining. Next, caspase 3/7 activity was examined 
for apoptosis detection. According to the manufacturer’s 
instruction, cells were seeded in black 96-well plates at 
1 × 104 cells per well, grown for 24 h and then assessed 
using the Apo-ONE homogeneous Caspase-3/7 assay kit 
from Promega (Madison, WI, USA). Data were obtained 
using a Luminoskan. All experiments had 6 replicates 
were repeated 3 times.

Migration and invasion assays

Scratch wound healing assays were used to 
determine the cell migration of LFs and CAFs. Confluent 
cells were grown in six-well culture plates and scraped 
from the bottom of culture plates using a pipette tip to 
create a cell-free area. The cell cultures were washed 
with PBS to remove cell debris. Cell migration was 
observed and photographed at 0 and 48 h post-scratch with 
microscope, and the percentage wound closure relative to 
that measured at 0 h was calculated.

For cell invasion assays, transwell inserts were  
pre-coated with Matrigel basement membrane matrix. 
Then, 2 × 105 HCC cells were seeded on 8 μm 
with serum-free DMEM medium. DMEM medium 
with 20% FBS was added to the lower chamber as a 
chemoattractant. After 24 h, HCC cells that invaded 
through the Matrigel-coated transwell inserts were fixed 
and stained with 0.5% crystal violet in 20% methanol 

for 10 min. The number of invading cells was counted 
under microscopy.

Immunofluorescence staining

As described previously [15], cells were plated on 
a cover glass in a 60-mm culture dish at 1 × 105 cells/mL 
and incubated for 24 hours. After rinsing with Dulbecco’s 
PBS (D-PBS), cells were fixed in ice-cold methanol 
for 15 mins. Then, cells were rinsed with D-PBS and 
incubated in blocking buffer (5% normal goat serum and 
5% glycerol in D-PBS) for 1 h at 37°C. The cells were 
incubated with primary antibodies directed against α-SMA 
(rabbit anti-human) and vimentin (mouse anti-human) 
overnight at 4°C. After rinsing with D-PBS, the cells were 
incubated with Alexa-Fluor-555-conjugated donkey anti-
rabbit and Alexa-Fluor-488-conjugated goat anti-mouse 
secondary antibodies from Invitrogen (Carlsbad, USA) 
for 2 h at room temperature. After washing with D-PBS 
and distilled water, cell nuclei were stained with DAPI. 
The images were viewed with a confocal microscope (Carl 
Zeiss, Oberkochen, Germany).

In vivo experiments

An HCC xenograft model was generated to 
determine the role of CAFs induced by TIMP-1 on tumor 
growth. Four- to six-week-old male nude mice were 
obtained from the Animal Experiment Center of Xian 
Jiaotong University (Xian, China). After suspension in 
150 μL Matrigel, CAFs were co-injected subcutaneously 
with Huh7 cells (the ratio of CAFs to Huh7 cells was 3:1, 
and the total cell number in each injection was 4 × 106) 
in the flanks of 5 mice (CAFs group). Similarly, 4 × 106 
LFs and Huh7 cells at a ratio of 1:3 were subcutaneously 
co-inoculated in the flanks of 5 mice, generating the LF 
group. We measured the tumor sizes with calipers every 
5 days. All mice were sacrificed on the 15th day after cell 
injection. The size of HCC xenografts was calculated 
using the following formula: volume = A × B2 × 0.52 (A, 
length; B, width; all measurements were in millimeters).

Statistical analysis

All values were presented as the means and standard 
errors of the mean. Differences between groups were 
compared using the Mann–Whitney or Student’s t test. 
Differences between Kaplan–Meier curves for HCCs 
with high and low TIMP-1 expression in HCC tissues 
compared with adjacent liver tissues were analyzed by the 
log-rank test. Statistical significance was set at P < 0.05. 
Multivariate analysis was performed using SPSS V17.0 
software (SPSS Inc., Chicago, IL, USA), and PRISM 
5 (GraphPad, La Jolla, CA, USA) was used for other 
statistical analyses.
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