
Rao et al. Cell Biosci           (2019) 9:100  
https://doi.org/10.1186/s13578-019-0363-2

RESEARCH

PRC1 promotes GLI1‑dependent 
osteopontin expression in association 
with the Wnt/β‑catenin signaling pathway 
and aggravates liver fibrosis
Shenzong Rao1†, Jie Xiang2†, Jingsong Huang3*, Shangang Zhang4*, Min Zhang1, Haoran Sun1 and Jian Li1

Abstract 

Background:  PRC1 (Protein regulator of cytokinesis 1) regulates microtubules organization and functions as a novel 
regulator in Wnt/β-catenin signaling pathway. Wnt/β-catenin is involved in development of liver fibrosis (LF). We aim 
to investigate effect and mechanism of PRC1 on liver fibrosis.

Methods:  Carbon tetrachloride (CCl4)-induced mice LF model was established and in vitro cell model for LF was 
induced by mice primary hepatic stellate cell (HSC) under glucose treatment. The expression of PRC1 in mice and cell 
LF models was examined by qRT-PCR (quantitative real-time polymerase chain reaction), western blot and immuno-
histochemistry. MTT assay was used to detect cell viability, and western blot to determine the underlying mechanism. 
The effect of PRC1 on liver pathology was examined via measurement of aspartate aminotransferase (AST), alanine 
aminotransferase (ALT) and hydroxyproline, as well as histopathological analysis.

Results:  PRC1 was up-regulated in CCl4-induced mice LF model and activated HSC. Knockdown of PRC1 inhibited 
cell viability and promoted cell apoptosis of activated HSC. PRC1 expression was regulated by Wnt3a signaling, and 
PRC1 could regulate downstream β-catenin activation. Moreover, PRC1 could activate glioma-associated oncogene 
homolog 1 (GLI1)-dependent osteopontin expression to participate in LF. Adenovirus-mediated knockdown of PRC1 
in liver attenuated LF and reduced collagen deposition.

Conclusions:  PRC1 aggravated LF through regulating Wnt/β-catenin mediated GLI1-dependent osteopontin expres-
sion, providing a new potential therapeutic target for LF treatment.
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Introduction
Liver fibrosis (LF) is a common pathological process of 
many chronic liver diseases developing to cirrhosis and 
liver cancer with high morbidity and mortality rate [1]. 
The causes of LF include hepatitis b virus, hepatitis c 
virus [2], alcohol [3], drugs or poisons [4] and some met-
abolic factors [5]. After liver injury, the wound-healing 
response will lead to the accumulation of extracellular 
matrix (ECM) [6], and the continuous ECM accumula-
tion in liver injury would damage normal liver function 
and leads to LF-cirrhosis-liver cancer [7]. Meanwhile, 

Open Access

Cell & Bioscience

*Correspondence:  JingsongHuangsgu@163.com; ShangangZhangshy@163.
com
†Shenzong Rao and Jie Xiang contributed equally to the work
3 Department of Transfusion, Xiang’an Hospital of Xiamen University, 
School of Medicine, Xiamen University, No. 2000 Xiangan Eastroad, 
Xiangan District, Xiamen 361101, China
4 Department of Rehabilitation Medicine, Xiang’an Hospital of Xiamen 
University, School of Medicine, Xiamen University, No. 2000 Xiangan 
Eastroad, Xiangan District, Xiamen 361101, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13578-019-0363-2&domain=pdf


Page 2 of 10Rao et al. Cell Biosci           (2019) 9:100 

activated hepatic stellate cells (HSCs) mainly produce a 
large amount of collagen and ECM during the process 
of fibrosis [8]. Therefore, considering that there are no 
effective therapies for LF, effective treatment approaches 
for inactivation and anti-proliferation of HSCs to LF, as 
well as the underlying regulatory mechanisms of LF, are 
desperately needed.

Microtubule (MT) is crucial for cell growth, cell cycle 
and migration [9]. The alteration in MT represents a hall-
mark for chronic liver disease, nonalcoholic steatohepa-
titis [10], and MT has been recently considered as novel 
target for cystic fibrosis [11], kidney ischemia/reperfu-
sion injury [12] and renal fibrosis [13]. Protein regulator 
of cytokinesis 1 (PRC1) has been shown to be a MT-asso-
ciated regulator of mitosis via binding with MT and facil-
itate for cytokinesis at telophase [14]. Moreover, PRC1 is 
also a substrate of CDK (cyclin-dependent kinase) to reg-
ulate cell cycle [15]. Therefore, PRC1 is widely known as 
prognostic biomarker in lung squamous cell carcinoma 
[16], bladder cancer [14] and breast cancer [17], which 
could promote tumor cell proliferation and migration. 
Recently, knockdown of PRC1 was shown to inhibit cell 
proliferation of hepatocellular carcinoma [18]. Therefore, 
we speculated that PRC1 might be involved in regulation 
of LF.

Several signaling pathways have been shown to par-
ticipate in LF progression [19]. Wnt/β-catenin could 
transmit inhibition signal to maintain HSC in a quies-
cent state [20], thus being regarded as the most impor-
tant pathway. Activation of Wnt/β-catenin could result 
in HSC activation [21] and promote HSC cell prolifera-
tion, finally leading to ECM accumulation and LF [22]. 
Moreover, suppression of Wnt/β-catenin could attenu-
ate LF [20, 23], suggesting that Wnt/β-catenin might be a 
novel therapeutic target in LF. Recently, PRC1 was shown 
to promote malignant properties of hepatocellular carci-
noma via activation of Wnt/β-catenin signaling pathway 
[24]. Whether the regulation ability of PRC1 on LF is 
dependent on Wnt/β-catenin signaling pathway needs to 
be investigated.

Therefore, we scoped to investigate the role of PRC1 in 
HSCs proliferation and Wnt/β-catenin signaling pathway 
to evaluate the involvement of PRC1 in LF. Our study 
would enrich the molecule understanding for the patho-
genesis of LF and inspire a possible new strategy for pre-
venting LF.

Results
PRC1 was up‑regulated in CCl4‑induced mice LF
To determine regulation ability of PRC1 in LF, mice 
model via CCl4 treatment was established. Firstly, plasma 
levels of AST and ATL were dramatically increased in 
mice under CCl4 treatment (Fig.  1a). Secondly, Masson 

staining showed that collagen fiber was increased in CCl4 
treated mice than that in normal mice (Fig. 1b). Moreo-
ver, as shown in Fig.  1c, Hyp content analysis indicated 
an evaluation in collagen content in the livers of mice 
under CCl4 treatment. The increased levels of α-SMA 
and type I collagen were also confirmed in CCl4 treated 
mice (Fig. 1d). Lastly, qRT-PCR (Fig. 1e) and immunohis-
tochemistry (Fig.  1f ) analysis revealed an up-regulation 
of PRC1 in the livers of mice under CCl4 treatment, sug-
gesting that PRC1 may be involved in LF progression.

PRC1 was up‑regulated in activated HSCs
To further investigate expression change of PRC1 during 
HSC activation, quiescent HSCs were isolated, and then 
mimicked the in vivo activation process to produce acti-
vated HSCs. qRT-PCR (Fig. 2a) and western blot (Fig. 2b) 
analysis revealed that PRC1 was evidently up-regulated in 
activated HSCs compared to quiescent HSCs. Moreover, 
the expression levels of α-SMA and type I were positive 
correlated with elevation of PRC1 (Fig.  2b), suggesting 
that PRC1 may be involved in HSCs activation.

Knockdown of PRC1 suppressed cell proliferation 
and promoted cell apoptosis of activated HSCs
To evaluate the effect of PRC1 on cell proliferation of 
activated HSCs, gain- or loss-of functional assays were 
conducted via transfection with pcDNA3.1-PRC1 or 
shRNAs targeting PRC1, respectively. Firstly, the trans-
fection efficiency of pcDNA3.1-PRC1 and shPRC1 #1/#2 
were confirmed in Fig.  3a. Meanwhile, shPRC #2 with 
lower expression of PRC1 was selected for the follow-
ing experiments and named as shPRC1. Secondly, MTT 
assay showed that knockdown of PRC1 decreased cell 
viability of activated HSCs (Fig.  3b), while over-expres-
sion of PRC1 increased cell viability (Fig. 3b). Lastly, pro-
teins involved in cell apoptosis were detected by western 
blot analysis. Bcl-2, caspase-3, PARP and mitochondrial 
cytochrome C (mito cytochrome C) were decreased in 
activated HSCs transfected with shPRC1, while Bax, 
Cleaved Caspase-3, Cleaved PARP, cytosol cytochrome C 
(cyto cytochrome C) were increased (Fig. 3c). Morevoer, 
over-expression of PRC1 demonstrated the reversed 
effects on protein expression (Fig.  3c). These results 
revealed that knockdown of PRC1 suppressed cell prolif-
eration and promoted cell apoptosis of activated HSCs, 
thus might attenuate LF.

Knockdown of PRC1 attenuated LF progression
Tail vein injection with adenovirus for knocking down 
of PRC1 was conducted to explore the clinical applica-
tion of PRC1 on LF. Firstly, the promoted plasma levels 
of AST and ATL by LF were decreased by Ad-shPRC1 
injection (Fig.  4a). Secondly, Masson staining showed 
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that the increased collagen fiber in LF mice injected with 
Ad-shNC was decreased in LF mice injected with Ad-
shPRC1 (Fig.  4b). Moreover, the increased Hyp content 
was also decreased Ad-shPRC1 injection (Fig. 4c). Lastly, 
qRT-PCR (Fig.  4d) and immunohistochemistry (Fig.  4e) 
analysis revealed that the up-regulation of PRC1 in the 
livers of LF mice injected with Ad-shNC were down-reg-
ulated by Ad-shPRC1 injection, suggesting that knock-
down of PRC1 attenuated LF progression. Furthermore, 

the increased levels of α-SMA, type I collagen, PRC1, 
GLI1 and osteopontin in LF mice injected with Ad-shNC 
were decreased in LF mice injected with Ad-shPRC1 
(Fig. 4f ).

PRC1 regulated GLI1 expression in association 
with the Wnt/β‑catenin signaling pathway
Wnt/β-catenin is involved in LF progression, the effect 
of PRC1 on Wnt/β-catenin signaling pathway was then 

Fig. 1  PRC1 was up-regulated in CCl4-induced mice LF. a Plasma levels of AST and ATL in CCl4-induced mice (LF) and the mice without CCl4 
treatment (Sham). **Represents LF vs. Sham, p < 0.01. b Masson staining of liver tissues from LF and Sham mice. c Quantitative analysis of liver Hyp 
content from LF and Sham mice. **Represents LF vs. Sham, p < 0.01. d Proteins expression of α-SMA and type I collagen of liver tissues from LF 
and Sham mice. **Represents LF vs. Sham, p < 0.01. e mRNA expression of PRC1 in liver tissues from LF and Sham mice. **Represents LF vs. Sham, 
p < 0.01. f Immunohistochemistry analysis of PRC1 in in liver tissues from LF and Sham mice

Fig. 2  PRC1 was up-regulated in activated HSCs. a mRNA expression of PRC1 in quiescent and activated HSCs. **Represents quiescent vs. activated, 
p < 0.01. b Proteins expression of PRC1, α-SMA and type I collagen in quiescent and activated HSCs. **Represents quiescent vs. activated, p < 0.01
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Fig. 3  Knockdown of PRC1 suppressed cell proliferation and promoted cell apoptosis of activated HSCs. a Transfection efficiency of shPRC1 #1/#2 
or pcDNA3.1-PRC1 in activated HSCs. **Represents shPRC1 #1 or #2 vs. shNC; pcDNA3.1-PRC1 (PRC1) vs. pcDNA3.1 (vector) p < 0.01. b The effects 
of shPRC1 or pcDNA3.1-PRC1 on cell viability of activated HSCs. **Represents shPRC1 vs. shNC; PRC1 vs. vector, p < 0.01. c The effects of shPRC1 or 
pcDNA3.1-PRC1 on proteins expression of Bcl-2, Bax, Cleaved Caspase-3, caspase-3, PARP, Cleaved PARP, cyto cytochrome C and mito cytochrome C 
in activated HSCs. **Represents shPRC1 vs. shNC, p < 0.01. ##Represents PRC1 vs. vector, p < 0.01

Fig. 4  Knockdown of PRC1 attenuated LF progression. a The effect of tail vein injection of Ad-shPRC1 on plasma levels of AST and ATL in mice liver 
tissues. **Represents LF + Ad-shNC vs. Sham, p < 0.01. ##LF + Ad-shPRC1 vs. LF + Ad-shNC, p < 0.01. b Masson staining of liver tissues from Sham 
mice and LF mice injected with Ad-shNC or Ad-shPRC1. c Quantitative analysis of liver Hyp content from Sham mice and LF mice injected with 
Ad-shNC or Ad-shPRC1. **Represents LF + Ad-shNC vs. Sham, p < 0.01. ##LF + Ad-shPRC1 vs. LF + Ad-shNC, p < 0.01. d mRNA expression of PRC1 in 
liver tissues from Sham mice and LF mice injected with Ad-shNC or Ad-shPRC1. **Represents LF + Ad-shNC vs. Sham, p < 0.01. ##LF + Ad-shPRC1 
vs. LF + Ad-shNC, p < 0.01. e Immunohistochemistry analysis of PRC1 in in liver tissues from Sham mice and LF mice injected with Ad-shNC or 
Ad-shPRC1. f Proteins expression of α-SMA, type I collagen, PRC1, GLI1 and osteopontin of liver tissues from Sham mice and LF mice injected with 
Ad-shNC or Ad-shPRC1. **Represents LF + Ad-shNC vs. Sham, p < 0.01. ##LF + Ad-shPRC1 vs. LF + Ad-shNC, p < 0.01
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determined to uncover the underlying mechanism 
involved in the regulation of PRC1 on LF. Low dose of 
Wnt3a (1.5625 ng/mL) treatment promoted expression of 
Wnt targets, such as survivin, MYC and JUN in activated 
HSCs (Fig.  5a), while HSCs transfected with shPRC1 
decreased survivin, MYC and JUN (Fig.  5a). Moreover, 
the expression of survivin, MYC and JUN in activated 
HSCs transfected with shPRC1 and treated with Wnt3a 
were restored to that in cells transfected with shPRC1 
(Fig. 5a), suggesting a possible correlation between PRC1 
and Wnt/β-catenin signaling pathway. Knockdown of 
PRC1 in activated HSCs decreased active β-catenin 
(92 kDa)/β-catenin ratio and PRC1 (Fig. 5b). Wnt3a treat-
ment not only induced Wnt/β-catenin signaling pathway 
activation, as shown by increase of active β-catenin/β-
catenin ratio (Fig. 5b), but also promoted PRC1 expres-
sion (Fig.  5b). However, additional transfection with 
shPRC1 in cells under Wnt3a treatment decreased active 
β-catenin/β-catenin ratio and PRC1 (Fig.  5b), suggest-
ing that PRC1 was dynamically up-regulated by Wnt3a 
signaling in activated HSCs, and knockdown of PRC1 
decreased Wnt target expression and reduced active 
β-catenin/β-catenin ratio. Since Wnt/β-catenin signal-
ing has been shown to be correlated with hedgehog (Hh) 
signaling pathway, and activation of Hh signaling contrib-
utes to LF, the effect of PRC1 on Hh signaling was then 
determined. As shown in Fig.  5b, knockdown of PRC1 
decreased Hh signaling related protein (GLI1), while 
Wnt3a treatment increased GLI1 expression. Moreo-
ver, additional transfection with shPRC1 in cells under 
Wnt3a treatment decreased GLI1 expression (Fig.  5b), 

suggesting that PRC1 regulated GLI1 expression in asso-
ciation with the Wnt/β-catenin signaling pathway in acti-
vated HSCs.

PRC1 promoted GLI1‑dependent osteopontin expression
As the downstream target of GLI1, osteopontin expres-
sion altered by PRC1 in activated HSCs was investigated. 
Firstly, over-expression of GLI1 had no significant effect 
on protein expression of PRC1, and shPRC1 significantly 
decreased PRC1 (Fig.  6). Moreover, over-expression of 
GLI1 could promote GLI1 and osteopontin expression 
(Fig. 6), while knockdown of PRC1 decreased GLI1 and 
osteopontin (Fig.  6). Moreover, activated HSCs trans-
fected with pcDNA3.1-GLI1 and shPRC1 could reversed 
the promotion ability of GLI1 overexpression on GLI1 
and osteopontin expression (Fig. 6), suggesting that PRC1 
promoted GLI1-dependent osteopontin expression in 
activated HSCs.

Discussion
It has been demonstrated that the progression of LF is 
greatly influenced by continuous ECM accumulation, 
which is produced by activated HSCs [25]. PRC1 has 
been shown to be a critical regulator of proliferation and 
apoptosis [26], thus may performing decisive roles in reg-
ulation of activated HSCs proliferation and LF. We aimed 
to validate the mechanism underlying the effects of PRC1 
on LF.

In this study, we firstly established mice LF model 
via CCl4 treatment, and found out an increase of AST, 
ATL, Hyp, α-SMA and type I collagen. AST is produced 

Fig. 5  PRC1 regulated GLI1 expression in association with the Wnt/β-catenin signaling pathway. a The effect of PRC1 and Wnt3a on mRNAs 
expression of survivin, MYC and JUN in activated HSCs. **Represents Wnt3a (−) + shPRC1 vs. Wnt3a (−) + shNC, p < 0.01. ##Represents Wnt3a 
(+) + shPRC1 vs. Wnt3a (+) + shNC, p < 0.01. b The effect of PRC1 and Wnt3a on proteins expression of PRC1, β-catenin, active β-catenin and GLI1 in 
activated HSCs. **Represents Wnt3a (−) + shPRC1 vs. Wnt3a (−) + shNC, p < 0.01. ##Represents Wnt3a (+) + shPRC1 vs. Wnt3a (+) + shNC, p < 0.01
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in liver and regulates amino acid metabolism, ALT is 
mainly found in liver cells. Elevation of AST [27] and 
ATL [28] have been considered as markers of LF. More-
over, during LF, excessive accumulation of ECM, such 
as collagen, is the mainly cause [29]. Hyp is the com-
position of collagen, and also regarded as biomarker of 
LF [30], as well as α-SMA [31] and type I collagen [32]. 
Therefore, positive correlated with increase of AST, 
ATL, Hyp, α-SMA and type I collagen, PRC1 was also 
up-regulated in CCl4-induced mice LF. Knockdown of 

PRC1 indicated anti-fibrotic effect against LF, as shown 
by decrease of AST, ATL, Hyp, α-SMA and type I col-
lagen in LF mice injected with Ad-shPRC1.

Other than collagen accumulation, as the major fibro-
genic population place, activated HSCs progression is 
tightly associated with LF progression [33]. The pro-
motion of activated HSCs proliferation contributes 
to LF progression [34], and the apoptosis of activated 
HSCs results in alleviation of LF [35]. Here, consist-
ent the in vivo effect of PRC1 against LF, PRC1 was also 

Fig. 6  PRC1 promoted GLI1-dependent osteopontin expression. The effect of PRC1 and GLI1 on proteins expression of PRC1, GLI1 and osteopontin 
in activated HSCs. **Represents pcDNA3.1-GLI1 + shNC vs. pcDNA3.1-NC + shNC, p < 0.01. ##pcDNA3.1-GLI1 + shPRC1 vs. pcDNA3.1-NC + shPRC1, 
p < 0.01
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up-regulated in activated HSCs, and knockdown of PRC1 
inhibited cell proliferation and induced cell apoptosis of 
activated HSCs, thus attenuating LF progression. The 
intrinsic apoptotic pathway, regulated by Bcl-2 family, 
participates in apoptosis of activated HSCs during LF 
[36]. Down-regulation of anti-apoptotic protein, Bcl-2, 
and up-regulation of pro-apoptotic protein, Bax, con-
tributes to cell apoptosis [36]. Our result showed that 
knockdown of PRC1 decreased Bcl-2, increased Bax and 
Cleaved Caspase-3 to promote activated HSCs apoptosis. 
Hence, knockdown of PRC1 exerted anti-proliferative 
and pro-apoptotic effects on activated HSCs to attenuate 
LF.

The underlying mechanism involved in regulation 
of activated LF progression and LF via PRC1 was then 
determined. Wnt/β-catenin signaling pathway not only 
promote the activation and proliferation of HSCs, but 
also contributes to the development of LF via regula-
tion of fibrosis-related gene expression [37]. Blockage 
of Wnt/β-catenin contributes to the inhibition of HSCs 
activation and proliferation, thus alleviating LF [20]. 
Moreover, PRC1 was recently shown to promote early 
recurrence of hepatocellular carcinoma in association 
with Wnt/β-catenin signaling pathway [24]. The present 
study for the first time revealed that PRC1 was dynami-
cally up-regulated by Wnt3a signaling in activated HSCs, 
and knockdown of PRC1 decreased Wnt target expres-
sion to attenuate LF progression. Moreover, Hh signal-
ing also participates in HSCs activation and proliferation 
during LF [38]. Inhibitors of Hh pathway functions as 
candidates for anti-fibrotic therapeutic agents of LF [39]. 
Here, we indicated that knockdown of PRC1 decreased 
expression of Hh signaling related protein (GLI1) to 
inhibit Hh signaling. Furthermore, crosstalk between 
Wnt and Hh signaling pathways has been widely inves-
tigated in cancer [40]. For example, GLI could bind to 
promoter of Wnt genes to regulate Wnt/β-catenin sign-
aling [41], and β-catenin could enhance GLI1 transcrip-
tional activity [42]. Recently, crosstalk between Wnt and 
Hh was shown to be involved in pulmonary fibrosis, and 
GLI1 was proved to be a potential therapeutic target in 
pulmonary fibrosis [43]. The present study showed that 
GLI1 expression was promoted by Wnt activation in LF, 
and additional knockdown of PRC1 could inhibit GLI1 
expression. GLI1 functions as transcriptional factor and 
binds to promoter of osteopontin [44] and the pro-fibro-
genic of osteopontin on LF dependents on promotion 
of HSC activation and ECM deposition [45]. Promotion 
of osteopontin via Hh activation contributes to fibrosis 
progression [46]. Our result also showed that knock-
down of PRC1 decreased ostepontin expression, sug-
gesting that PRC1 could aggravate LF through regulating 
Wnt/β-catenin mediated GLI1-dependent osteopontin 

expression. Moreover, PI3K/AKT signaling pathway is 
involved in HSC proliferation and apoptosis, and inhibi-
tion of PI3K/AKT signaling pathway has been considered 
as potential therapeutic mechanism for LF treatment 
[47]. The effect of PRC1 on PI3K/AKT signaling pathway 
or other pathways involved in HSCs proliferation and 
apoptosis needs to be further investigated.

Conclusion
Knockdown of PRC1 not only exerts anti-proliferative 
and pro-apoptotic effects on activated HSCs, but also 
exerts anti-fibrosis effect on LF in association with Wnt/
β-catenin mediated GLI1-dependent osteopontin expres-
sion, suggesting a novel insight into the treatment of LF.

Materials and methods
Animal model
All the animal experiments were approved by Ethics 
Committee of Xiang’an Hospital of Xiamen University, 
School of Medicine, Xiamen University, and in accord-
ance with Center for Animal Resources and Develop-
ment regulations for animal care. Sixty male C57BL/6J 
mice with 7-week-old were obtained from Experimen-
tal animal center of huazhong university of science and 
technology. Mice were randomly separated into two 
groups: sham group (N = 15) and LF group (N = 45). For 
LF group, the mice were intraperitoneal injected with 
5  μL per g body weight 10% CCl4 (Sigma-Aldrich, St. 
Louis, MO, USA) twice weekly in olive oil for 6  weeks. 
Sham mice were intraperitoneal injected with the same 
volume of olive oil as LF group. Two days after the last 
CCl4 injection, mice were anesthetized with 65  mg per 
kg body weight of sodium pentobarbital. Serum samples 
were collected and liver tissues were harvested for fur-
ther analysis.

Adenovirus injection
Ad-shPRC1, as well as the negative control (Ad-shNC), 
were constructed by GenePharma (Shanghai, China). 
Mice of LF group were randomly seperated into three 
groups: LF group (N = 15), LF with Ad-shNC (N = 15), 
LF with Ad-shPRC1 (N = 15). For LF with Ad-shNC or 
Ad-shPRC1 groups, 1 day before CCl4 injection, 100 μL 
1 × 109 transducing units Ad-shNC or Ad-shPRC1 were 
injected via the tail vein once. Following 6  weeks treat-
ment with CCl4, mice were also anesthetized, and the 
serum and liver tissues were also collected.

Biochemical analysis
Serum levels of aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) were evaluated via the 
Automated Biochemical Analyzer (AU-680, Beckman, 
Germany). For hydroxyproline (Hyp) content analysis, 
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liver tissues were firstly homogenized in Tris–HCl buffer 
via polytron homogenizer (Kinematical, Lucerne, Swit-
zerland) and then hydrolyzed at 120  °C overnight. The 
content of Hyp in liver tissues was measured by A030-2 
kit (NanJing JianCheng Bioengineering Institute, Nan-
jing, China).

Histopathological analysis
Liver tissues were firstly fixed in 10% formalin, and 
then processed for paraffin embedding and slice into 
5  μm sections. The sections were stained with Masson 
according to standard protocols, and examined under 
microscope (Olympus Corporation, Tokyo, Japan). For 
immunohistochemistry analysis, the liver sections were 
firstly deparaffinized and then rehydrated in a descend-
ing alcohol series. After antigen retrieval, the sections 
were added with 3% H2O2 and blocked in 10% normal 
goat serum. Sections were then incubated with primary 
antibody against PRC1 (1:1000; ab132234, Abcam, Cam-
bridge, UK) overnight. Lastly, sections were incubated 
with biotinylated goat anti-rabbit IgG antibody, followed 
by incubation with peroxidase-conjugated biotin-strepta-
vidin complex, and stained with diaminobenzidine. The 
sections were counterstained with hematoxylin, and pho-
tographed under microscope.

Cell culture
Primary mice HSCs were isolated as before [48] via 
in situ pronase/collagenase perfusion of mouse liver fol-
lowed by in vitro density gradient-based separation. Qui-
escent HSCs were cultured in Dulbecco’s modified Eagle 
medium (Gibco, Waltham, MA, USA) complemented 
with 10% fetal bovine serum and antibiotics under a 
humidified atmosphere of 5% CO2 at 37 °C. For activation 
of HSCs, cells were culture in Dulbecco’s modified Eagle 
medium with 1000 mg/L glucose for 3 days.

Cell transfection
pcDNA3.1-GLI1 and pcDNA3.1-PRC1 were obtained 
from AxyBio co., LTD (Changsha, China) for the over-
expression of GLI1 and PRC1. shRNAs targeting PRC1 
(shPRC1 #1 or #2) were synthesized by GenePharma. To 
investigate the effect of PRC1 on Wnt/β-catenin signaling 
pathway, HSCs were treated with or without 1.5625 ng/
mL wnt3a. HSCs with 1 × 106 cells/well were seeded into 
12-well plates and then were transfected with pcDNA3.1-
GLI1, pcDNA3.1-PRC1, pcDNA3.1-NC, shPRC1 #1 
or #2, negative control (shNC) using Lipofectamine® 
3000 (Thermo Fisher, Waltham, MA, USA). Two days 

transfection, the cells were collected for the following 
experiments.

Cell viability
HSCs with 1 × 103 cells/well were seeded in a 96-well 
plate. MTT cell proliferation assay kit (Beyotime Biotech-
nology, Jiangsu, China) was used to detect cell viability 
under microplate reader (Bio-Rad 550, USA) to deter-
mine optical density at 490 nm.

qRT‑PCR
Total RNAs were isolated via Trizol reagent, and cDNA 
was synthesized by Prime Script RT reagent kit. LightCy-
cler DNA Master SYBR Green I Kit (Roche Diagnostics) 
was used to detect the mRNA expression on the Light-
Cycler system (Roche Diagnostics). 2−ΔΔCT method was 
used to analyze the relative expression to GAPDH. The 
primer sequences were as listed in Table 1.

Western blot assay
The isolated proteins (20 μg per lane) from liver tissues 
or HSCs were separated using 10% sodium dodecyl sul-
fate–polyacrylamide gelelectrophoresis and transferred 
onto nitrocellulose membrane (Millipore, Bedford, 
MA). The membrane was incubated with skimmed milk 
(5%), and then with the primary antibodies, includ-
ing anti-PRC1 (Abcam, 1:1000); anti-α-SMA and anti-
collagen I (1:1500); anti-Bcl-2, anti-Bax, anti-Cleaved 
Caspase-3 and anti-caspase-3 (1:2000), anti-β-catenin, 
anti-activated β-catenin, anti-PARP and anti-Cleaved 
PARP (1:2500), anti-GLI, anti-osteopontin, anti-cyto 
cytochrome C, anti-myto cytochrome C and anti-
GAPDH (1:3000) at 4  °C overnight. The secondary anti-
bodies (HRP goat anti-rabbit, 1:2000) were applied to 
incubate the membranes at 37  °C for 120 min. The pro-
tein was exposed using ECL detection reagent.

Table 1  Primmer sequences

Gene Sequence

PRC1 Forward: 5′-CCT​ATT​CTG​AGT​TTG​CGA​AGGA-3′

Reverse: 5′-TGA​TCA​GGG​CTT​CTC​AGG​AC-3′

survivin Forward: 5′-CAT​CTC​TAC​ATT​CAA​GAA​CTGG-3′

Reverse: 5′-CCT​TGA​AGC​AGA​AGA​AAC​AC-3′

MYC Forward: 5′-TGA​GGA​GGA​ACA​AGA​AGA​TG -3′

Reverse: 5′-ATC​CAG​ACT​CTG​ACC​TTT​T -3′

JUN Forward: 5′-CTG​TCC​CTC​TCC​ACT​GCA​AC-3′

Reverse: 5′-AAA​CAC​ATT​AGG​CGC​AAT​CC-3′

GAPDH Forward: 5′-TGC​ACC​ACC​AAC​TGC​TTA​GC-3′

Reverse: 5′-GGC​ATG​GAC​TGT​GGT​CAT​GAG-3′
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Statistics analysis
The data were shown as mean ± standard deviation, and 
statistical analyses were performed via GraphPad Prism 
6.0 (GraphPad Software, Inc., La Jolla, CA, USA). Stu-
dent’s t text was used to compare the difference between 
two groups, one-way ANOVA with Turkey’s test to com-
pare the difference among multiple groups. P < 0.05 was 
regarded as statistically significant.
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PRC1: protein regulator of cytokinesis 1; LF: liver fibrosis; CCl4: carbon 
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dependent kinase.

Acknowledgements
Not applicable.

Authors’ contributions
JSH and SGZ conceived and designed the experiments, SZR, JX and MZ ana-
lyzed and interpreted the results of the experiments, HRS and JL performed 
the experiments. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Ethics approval and consent to participate
The animal use peotocol listed below has been reviewde and approved by the 
Animal Ethical and Welfaer Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests, and all authors 
should confirm its accuracy.

Author details
1 Department of Transfusion, Union Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Wuhan 430022, China. 
2 Department of Laboratory Medicine, Wuhan Medical Treatment Center, 
Wuhan City 430023, Hubei Province, China. 3 Department of Transfusion, 
Xiang’an Hospital of Xiamen University, School of Medicine, Xiamen University, 
No. 2000 Xiangan Eastroad, Xiangan District, Xiamen 361101, China. 4 Depart-
ment of Rehabilitation Medicine, Xiang’an Hospital of Xiamen University, 
School of Medicine, Xiamen University, No. 2000 Xiangan Eastroad, Xiangan 
District, Xiamen 361101, China. 

Received: 25 August 2019   Accepted: 9 December 2019

References
	1.	 Weiskirchen R, Weiskirchen S, Tacke F. Organ and tissue fibrosis: molecular 

signals, cellular mechanisms and translational implications. Mol Aspects 
Med. 2019;65:2–15.

	2.	 Mormone E, George J, Nieto N. Molecular pathogenesis of hepatic 
fibrosis and current therapeutic approaches. Chem Biol Interact. 
2011;193(3):225–31.

	3.	 Miller AM, Horiguchi N, Jeong WI, et al. Molecular mechanisms of alco-
holic liver disease: innate immunity and cytokines. Alcohol Clin Exp Res. 
2011;35(5):787–93.

	4.	 Domenicali M, Caraceni P, Giannone F, et al. A novel model of CCl4-
induced cirrhosis with ascites in the mouse. J Hepatol. 2009;51(6):991–9.

	5.	 Zhang S, Chen S, Li W, et al. Rescue of ATP7B function in hepatocyte-
like cells from Wilson’s disease induced pluripotent stem cells using 
gene therapy or the chaperone drug curcumin. Hum Mol Genet. 
2011;20(16):3176–87.

	6.	 Mogler C, Wieland M, Konig C, et al. Hepatic stellate cell-expressed 
endosialin balances fibrogenesis and hepatocyte proliferation during 
liver damage. EMBO Mol Med. 2015;7(3):332–8.

	7.	 Chen H-S, Tong H-S, Zhao Y, et al. Differential expression pattern of 
exosome long non-coding RNAs (lncRNAs) and microRNAs (miR-
NAs) in vascular endothelial cells under heat stroke. Med Sci Monit. 
2018;24:7965.

	8.	 Ruan W, Pan R, Shen X, et al. CDH11 promotes liver fibrosis via 
activation of hepatic stellate cells. Biochem Biophys Res Commun. 
2019;508(2):543–9.

	9.	 Sieberer BJ, Kieft H, Franssen-Verheijen T, et al. Cell proliferation, cell 
shape, and microtubule and cellulose microfibril organization of 
tobacco BY-2 cells are not altered by exposure to near weightlessness 
in space. Planta. 2009;230(6):1129–40.

	10.	 Molnar A, Haybaeck J, Lackner C, et al. The cytoskeleton in nonal-
coholic steatohepatitis: 100 years old but still youthful. Expert Rev 
Gastroenterol Hepatol. 2011;5(2):167–77.

	11.	 Rymut SM, Harker A, Corey DA, et al. Reduced microtubule acetylation 
in cystic fibrosis epithelial cells. Am J Physiol Lung Cell Mol Physiol. 
2013;305(6):L419–31.

	12.	 Han SJ, Kim JH, Kim JI, et al. Inhibition of microtubule dynamics 
impedes repair of kidney ischemia/reperfusion injury and increases 
fibrosis. Sci Rep. 2016;6:27775.

	13.	 Parrish AR. The cytoskeleton as a novel target for treatment of renal 
fibrosis. Pharmacol Ther. 2016;166:1–8.

	14.	 Kanehira M, Katagiri T, Shimo A, et al. Oncogenic role of MPHOSPH1, 
a cancer-testis antigen specific to human bladder cancer. Cancer Res. 
2007;67(7):3276–85.

	15.	 Hernandez-Ortega S, Sanchez-Botet A, Quandt E, et al. Phosphoregula-
tion of the oncogenic protein regulator of cytokinesis 1 (PRC1) by the 
atypical CDK16/CCNY complex. Exp Mol Med. 2019;51(4):44.

	16.	 Zhan P, Xi GM, Liu HB, et al. Protein regulator of cytokinesis-1 expres-
sion: prognostic value in lung squamous cell carcinoma patients. J 
Thorac Dis. 2017;9(7):2054–60.

	17.	 Shimo A, Nishidate T, Ohta T, et al. Elevated expression of protein 
regulator of cytokinesis 1, involved in the growth of breast cancer cells. 
Cancer Sci. 2007;98(2):174–81.

	18.	 Liu X, Li Y, Meng L, et al. Reducing protein regulator of cytokinesis 1 
as a prospective therapy for hepatocellular carcinoma. Cell Death Dis. 
2018;9(5):534.

	19.	 Makarev E, Izumchenko E, Aihara F, et al. Common pathway signature 
in lung and liver fibrosis. Cell Cycle. 2016;15(13):1667–73.

	20.	 Ge WS, Wang YJ, Wu JX, et al. beta-catenin is overexpressed in hepatic 
fibrosis and blockage of Wnt/beta-catenin signaling inhibits hepatic 
stellate cell activation. Mol Med Rep. 2014;9(6):2145–51.

	21.	 Monga SP. beta-Catenin Signaling and Roles in Liver Homeostasis, 
Injury, and Tumorigenesis. Gastroenterology. 2015;148(7):1294–310.

	22.	 Cheng JH, She H, Han YP, et al. Wnt antagonism inhibits hepatic stellate 
cell activation and liver fibrosis. Am J Physiol Gastrointest Liver Physiol. 
2008;294(1):G39–49.

	23.	 Bovolenta P, Esteve P, Ruiz JM, et al. Beyond Wnt inhibition: new func-
tions of secreted Frizzled-related proteins in development and disease. 
J Cell Sci. 2008;121(Pt 6):737–46.

	24.	 Chen J, Rajasekaran M, Xia H, et al. The microtubule-associated 
protein PRC1 promotes early recurrence of hepatocellular carcinoma 
in association with the Wnt/beta-catenin signalling pathway. Gut. 
2016;65(9):1522–34.

	25.	 Elpek GO. Cellular and molecular mechanisms in the pathogenesis of 
liver fibrosis: an update. World J Gastroenterol. 2014;20(23):7260–76.

	26.	 Wu F, Shi X, Zhang R, et al. Regulation of proliferation and cell cycle by 
protein regulator of cytokinesis 1 in oral squamous cell carcinoma. Cell 
Death Dis. 2018;9(5):564.

	27.	 Zhijian Y, Hui L, Weiming Y, et al. Role of the aspartate transami-
nase and platelet ratio index in assessing hepatic fibrosis and liver 



Page 10 of 10Rao et al. Cell Biosci           (2019) 9:100 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

inflammation in adolescent patients with HBeAg-positive chronic 
hepatitis B. Gastroenterol Res Pract. 2015;2015:906026.

	28.	 Khoo EY, Stevenson MC, Leverton E, et al. Elevation of alanine transami-
nase and markers of liver fibrosis after a mixed meal challenge in 
individuals with type 2 diabetes. Dig Dis Sci. 2012;57(11):3017–25.

	29.	 Hooshmand B, Khatib R, Hamza A, et al. Fusobacterium nucleatum: a 
cause of subacute liver abscesses with extensive fibrosis crossing the 
diaphragm, mimicking actinomycosis. Germs. 2019;9(2):102–5.

	30.	 Lee HS, Shun CT, Chiou LL, et al. Hydroxyproline content of needle 
biopsies as an objective measure of liver fibrosis: emphasis on sampling 
variability. J Gastroenterol Hepatol. 2005;20(7):1109–14.

	31.	 Liu XY, Liu RX, Hou F, et al. Fibronectin expression is critical for liver fibro-
genesis in vivo and in vitro. Mol Med Rep. 2016;14(4):3669–75.

	32.	 Fuchs BC, Wang H, Yang Y, et al. Molecular MRI of collagen to diagnose 
and stage liver fibrosis. J Hepatol. 2013;59(5):992–8.

	33.	 Chung C, Iwakiri Y. Activated hepatic stellate cells: negative regulators of 
hepatocyte proliferation in liver diseases. Hepatology. 2012;56(1):389–91.

	34.	 Ma L, Yang X, Wei R, et al. MicroRNA-214 promotes hepatic stellate cell 
activation and liver fibrosis by suppressing Sufu expression. Cell Death 
Dis. 2018;9(7):718.

	35.	 Bu FT, Chen Y, Yu HX, et al. SENP2 alleviates CCl4-induced liver fibrosis by 
promoting activated hepatic stellate cell apoptosis and reversion. Toxicol 
Lett. 2018;289:86–98.

	36.	 Ding Q, Xie XL, Wang MM, et al. The role of the apoptosis-related protein 
BCL-B in the regulation of mitophagy in hepatic stellate cells during the 
regression of liver fibrosis. Exp Mol Med. 2019;51(1):6.

	37.	 Guo Y, Xiao L, Sun L, et al. Wnt/beta-catenin signaling: a promising new 
target for fibrosis diseases. Physiol Res. 2012;61(4):337–46.

	38.	 Chen Y, Choi SS, Michelotti GA, et al. Hedgehog controls hepatic stellate 
cell fate by regulating metabolism. Gastroenterology. 2012;143(5):1319–
29 e11.

	39.	 Shen X, Peng Y, Li H. The injury-related activation of hedgehog signaling 
pathway modulates the repair-associated inflammation in liver fibrosis. 
Front Immunol. 2017;8:1450.

	40.	 Chatterjee S, Sil PC. Targeting the crosstalks of Wnt pathway with Hedge-
hog and Notch for cancer therapy. Pharmacol Res. 2019;142:251–61.

	41.	 Yang SH, Andl T, Grachtchouk V, et al. Pathological responses to onco-
genic Hedgehog signaling in skin are dependent on canonical Wnt/
beta3-catenin signaling. Nat Genet. 2008;40(9):1130–5.

	42.	 Maeda O, Kondo M, Fujita T, et al. Enhancement of GLI1-transcrip-
tional activity by beta-catenin in human cancer cells. Oncol Rep. 
2006;16(1):91–6.

	43.	 Chen X, Shi C, Cao H, et al. The hedgehog and Wnt/beta-catenin system 
machinery mediate myofibroblast differentiation of LR-MSCs in pulmo-
nary fibrogenesis. Cell Death Dis. 2018;9(6):639.

	44.	 Das S, Harris LG, Metge BJ, et al. The hedgehog pathway transcription 
factor GLI1 promotes malignant behavior of cancer cells by up-regulating 
osteopontin. J Biol Chem. 2009;284(34):22888–97.

	45.	 Leung TM, Wang X, Kitamura N, et al. Osteopontin delays resolution of 
liver fibrosis. Lab Invest. 2013;93(10):1082–9.

	46.	 Syn WK, Choi SS, Liaskou E, et al. Osteopontin is induced by hedgehog 
pathway activation and promotes fibrosis progression in nonalcoholic 
steatohepatitis. Hepatology. 2011;53(1):106–15.

	47.	 Wang J, Chu ES, Chen HY, et al. microRNA-29b prevents liver fibrosis 
by attenuating hepatic stellate cell activation and inducing apoptosis 
through targeting PI3K/AKT pathway. Oncotarget. 2015;6(9):7325–38.

	48.	 Chang W, Yang M, Song L, et al. Isolation and culture of hepatic stel-
late cells from mouse liver. Acta Biochim Biophys Sin (Shanghai). 
2014;46(4):291–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	PRC1 promotes GLI1-dependent osteopontin expression in association with the Wntβ-catenin signaling pathway and aggravates liver fibrosis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Results
	PRC1 was up-regulated in CCl4-induced mice LF
	PRC1 was up-regulated in activated HSCs
	Knockdown of PRC1 suppressed cell proliferation and promoted cell apoptosis of activated HSCs
	Knockdown of PRC1 attenuated LF progression
	PRC1 regulated GLI1 expression in association with the Wntβ-catenin signaling pathway
	PRC1 promoted GLI1-dependent osteopontin expression

	Discussion
	Conclusion
	Materials and methods
	Animal model
	Adenovirus injection
	Biochemical analysis
	Histopathological analysis
	Cell culture
	Cell transfection
	Cell viability
	qRT-PCR
	Western blot assay
	Statistics analysis

	Acknowledgements
	References




