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HSC-specific knockdown of GGPPS alleviated
CCl,-induced chronic liver fibrosis through
mediating RhoA/Rock pathway
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Abstract: Hepatic stellate cells (HSCs) play a critical role in the pathogenesis and reversal of liver fibrosis. Targeting
HSCs is of great significance in the treatment of hepatic fibrosis, and has attracted wide attention of scholars. Here
we demonstrated that expression of geranylgeranyldiphosphate synthase (GGPPS) predominantly increased in HSCs
in murine fibrotic liver. HSC-specific knockdown of GGPPS using vitamin A-coupled liposome carrying siRNA-ggpps
decreased activation of HSCs and alleviated fiber accumulation in vivo. Furthermore, our in vitro studies showed
that GGPPS was up-regulated during HSCs activation in TGF-B1-dependent manner. Inhibition of GGPPS suppressed
TGF-B1 induced F-actin reorganization and HSCs activation in LX-2 cells. Further, we found that GGPPS regulated
HSCs activation and liver fibrosis possibly by enhancing RhoA/Rock kinase signaling. So its concluded that GGPPS
promotes liver fibrosis by activating HSCs, which may represent a potential target for anti-fibrosis therapies.
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Introduction HSCs play a crucial role in the progression and
reversion of liver fibrosis [6]. In normal liver,
HSCs maintain a non-proliferative, quiescent
phenotype. Following liver injury, HSCs trans-
differentiate from vitamin-A-storing cells to
myofibroblast-like cells, a kind of proliferative,

contractile, inflammatory and chemotactic cells

Liver fibrosis, which is characterized by exces-
sive deposition of extracellular matrix (ECM)
proteins, is a main pathologic basis for chronic
liver diseases. Advanced liver fibrosis results in
cirrhosis, liver failure, and is associated with

an enhanced risk of hepatocellular carcinoma
(HCC) [1, 2]. There is an increasing evidence
that liver fibrosis is reversible [3, 4]. However,
advanced cirrhosis may not be completely
reversible, and the recovery depends on the eti-
ology and stage of the disease [5].

[7]. This activation process is provoked by cyto-
kines, including transforming growth factor-
(TGF-B) 1, platelet derived growth factor (PDGF)
and tumor necrosis factor-a (TNF-a). Activated
HSCs are characterized by the expression of
a-smooth muscle actin (a-SMA), loss of vitamin
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A and enhanced production of ECM proteins,
thereby promoting the fibrosis progression [6].
Although HSCs constitute only approximately
5-8% of the total liver cells, they are the major
contributors for liver fibrosis [8]. Elimination of
activated HSCs is one of the effective way to
reverse liver fibrosis [2]. HSCs are an appealing
target for antifibrogenic therapy, however, tar-
geted delivery of antifibrotic agents to HSCs is
a major challenge in such therapies. Up to
now, at least three mechanisms are effective
in HSCs clearing: apoptosis, senescence and
reversion [7]. Apoptosis of HSCs during resolu-
tion of liver fibrosis results in the decrease in
the number of activated HSCs [7]. HSCs under-
go senescence during liver fibrosis in rodents
and human [9]. Senescence of HSCs results in
reduced expression of ECM, increased expr-
ession of Matrix metalloproteinases (MMPs),
thereby facilitating the resolution of fibrosis [9].
Importance of senescence in the resolution of
fibrosis was confirmed in mice with ablation
of a p53-dependent senescence program in
HSCs [10]. Additionally, it is reported that half
of the activated HSCs escape apoptosis during
regression of liver fibrosis and acquire a pheno-
type similar to quiescent HSCs [11].

Mevalonate pathway participates in the syn-
thesis of the majority of body cholesterol, and
inhibited mevalonate with statins exhibit antifi-
brotic efficacy in multiple organ fibrosis [12-17].
Several studies have focused on the therapeu-
tic potential of statins in treatment of fibrosis.
For example, Rombouts et al. found that lovas-
tatin and simvastatin reduced the protein ste-
ady state level of collagens type |, Ill and IV
in primary cultured rat HSCs [12]. Simvastatin
suppressed TGFB1-induced fibronectin in air-
way fibroblasts, which relied on activation of
GGTase | and the availability of geranylgeranyl-
pyrophosphate (GGPP) [18]. However, statins
have some unavoidable adverse sides effects,
such as muscle problems, an increased risk of
diabetes mellitus and increased liver damage
[19, 20]. So highly efficient target therapy is
urgently needed for treatment of liver fibrosis.

GGPPS is an enzyme critical for catalyzing the
synthesis of GGPP in the mevalonate pathway.
Our previous reports find that aberrant GGPPS
expression is associated with various diseases.
For example, GGPPS deletion in B-cell results
in typical T2DM B-cell dysfunction through

Rab27A geranylgeranylation [21]. GGPPS defi-
ciency inhibits lipid-induced muscle insulin
resistance [22]. In addition, GGPPS is up-regu-
lated during liver injury and may play a critical
role during the development of HCC from cirr-
hosis [23]. Therefore, GGPPS-deficiency pro-
motes HSC activation by cross-talk between
hepatocytes and HSCs. However, the role of
GGPPS in HSC activation during liver fibrosis
and the underlying mechanism is still not fully
understood.

In this study, CCl,-induced mouse liver fibrosis
model was established. The role and mecha-
nism of GGPPS in HSC activation and liver fibro-
sis were investigated. Our findings may provide
evidence for a promising therapy for liver fibro-
sis through targeting GGPPS in HSCs.

Materials and methods
Patient samples

Human liver tissues with cirrhosis were ob-
tained from 6 patients diagnosed with liver cir-
rhosis in Drum Tower Hospital (Nanjing, China).
Normal liver tissues were obtained from 5 age-
and sex-matched patients who were diagnosed
with gall-stone. All procedures performed in
studies involving human participants were in
accordance with the ethical standards of the
institutional and/or national research commit-
tee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical
standards.

Animals and liver fibrosis model

8-weeks-old male C57BL/6 mice used in this
study were obtained from Nanjing Model Animal
Research Center (Nanjing, China) and kept in
a specific pathogen-free facility with a 12 h/12
h cycle and received human treatment. They
were randomly assigned into CCl, group (n=21)
and olive group (n=5). To induce liver fibrosis,
mouse was given two times of injection of CCl,
(1 ul/g body weight; mixed with olive oil at the
volume ratio of 1:3) (Sigma Chemicals Co., USA)
i.p. every week on Tuesday and Friday for con-
secutive 12 weeks. Control mice received equal
volume of olive oil (1 ul/g body weight). All ani-
mal experiments were conducted according to
the ethical guidelines of Animal Care and Use
Committee at the Model Animal Research
Centre of Nanjing University, China.
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Knockdown of GGPPS in vivo

Liver fibrosis was generated by 12 week treat-
ment of mice with CCl,. Subsequently, mice
were treated with vitamin A (VA)-coupled lipo-
somes carrying siRNA-ggpps (VA-lip-siRNA-
ggpps) or negative control (VA-lip-NC) (0.75
mg/kg by intraperitoneal injection, two times a
week) for 3 weeks. Vitamin A were purchased
from sigma. Cationic liposomes DC-6-14 were
purchased from Hokkaido System Science.
SiRNAs directed the mice GGPPS were made
by GenePharma (China). Non-Targeting siRNA
Pool from GenePharma was used as a negative
control. Mice were sacrificed 48 hours after the
last CCl, injection. The VA-lip-siRNAggpps was
prepared as previously describe [24]. The effi-
cacy of VA-lip-siRNAggpps was tested in prima-
ry HSCs.

Isolation of primary hepatocytes and hepatic
stellate cells

HSCs were isolated form CCl -treated mice
before or after GGPPS knockdown. The liver
perfusion buffer and liver digest medium were
prewarmed to 37°C. The liver was perfused in
situ via the inferior vena cava with EGTA buffer
while the vena porta was used as outflow until
the liver became pale. The perfusion was con-
tinued with Type | collagenase (Roche Applied
Science) buffer. The liver was carefully removed
and dissociated in 10 mL 10% DMEM medium,
and then filtered through 70 um cell strainers
and centrifuged for 5 min at 50x g at 4°C. The
supernatant and precipitate were used to sepa-
rate the HSCs and hepatocytes in the following
operation, respectively.

The supernatant was transferred to a new cen-
trifuge tube and centrifuged for 10 min at
2000x g at 4°C, then suspended the precipi-
tate with 2 ml 10% FBS culture medium. A dis-
continuous density gradient (15%, 10%) was
made using OptiPrep™ (Sigma-Aldrich, St. Lo-
uis, MO) following the manufacturer’s instruc-
tions and the cells were centrifuged for 10 min
at 2000x% g at 4°C. The HSCs at the interface
were collected.

The precipitate was suspended with 20 ml 40%
percoll (Sigma-Aldrich, St. Louis, MO) plus solu-
tion, after gentle mix, the cells were centrifuged
at 400x g for 10 min at 4°C. Hepatocytes were
collected after removing the supernatant.

Cell culture and treatment

Human HSC cell line (LX-2) was purchased from
Type Culture Collection of the Chinese Academy
of Sciences (Shanghai, China). Cells were cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM, Thermo Fisher Scientific) containing
10% fetal bovine serum (FBS, Thermo Fisher
Scientific) under 37°C containing 5% CO, in a
humidified atmosphere.

For TGF-B1 treatment, LX-2 cells were pre-in-
cubated with DMEM containing 0.5% FBS for
24 h, and stimulated with 7.5 ng/ml TGF-B1
(Sigma-Aldrich) for 24 h. For inhibitors treat-
ment, SB431542 (Sigma-Aldrich, St. Louis,
MO), Rapamycin (Sigma-Aldrich, St. Louis, MO)
and Fasudil (Sigma-Aldrich, St. Louis, MO) were
added in culture medium 2 h before TGF-B1
stimulation. For the infection of adenovirus,
LX-2 cells were collected 48 h after infection
with Ad-GFP and Ad-GGPPS. For Membrane
association measurements, LX-2 cells were
transfected with siRNAggpps or scramble con-
trol using lipofectamine RNAIM* (Thermo Fisher
Scientific) in 6-well dishes following the manu-
facturer’s instructions. After stimulated with
7.5 ng/ml TGF-B1 for 24 h, cells were lysed,
homogenized, and ultracentrifuged to fraction-
ate membrane proteins and cytoplasmic pro-
teins as described previously [25]. The ratio of
the distribution of RhoA on the membrane to
that on the cytoplasm was calculated by Mean
gray value using Image J software.

RNA extraction and real-time PCR

Total RNA was isolated from mouse livers or
LX-2 cells using Trizol reagent (Thermo Fisher
Scientific) according to the manufacturer’s pro-
tocol. Total RNA was reverse transcribed to
complementary DNA using the Reverse Trans-
cription System (Takara, Dalian, China). Real-
time PCR was performed using the SYBR Gre-
en real-time PCR Master Mix (Toyobo, Osaka,
Japan). The reactions were performed on the
ABI-7300 (Applied Biosystems, Foster City, CA,
USA). Sequences of primers for the reference
gene (GAPDH) and interested genes are listed
as fellows: a-SMA forward (5’-CCTGAAGTACCC-
GATAGAACAT-3’); o-SMA reverse (5-TCTCCAG-
AGTCCAGCACGAT-3’); Collgen1 forward (5-AG-
GGCCAAGACGAAGACATC-3’); Collgenl reverse
(5’-AGATCACGTCATCGCACAACA-3’); GGPPS re-
verse (5'-CGTCGGAGTTTTGAGTTGTCT-3’); Timp-
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1 forward (5-ATTCCGACCTCGTCATCAG-3’); Ti-
mp-1 reverse (5-ATTCCTCACAGCCAACAGTG-3’);
GAPDH forward (5-CCCTTCATTGACCTCAACTA-
CATG-3’); GAPDH reverse (5-TGGGATTTCCAT-
TGATGACAAGC-3’).

Western blotting

Tissues were homogenized and the cells were
directly lysed with RIPA buffer with protease
inhibitors (Roche, Germany). Protein concentra-
tion was determined using the bicinchoninic
acid protein assay reagents (KeyGen biotech,
China). Proteins were separated by SDS-PAGE
and transferred to PVDF membrane. After the
membrane was incubated with primary anti-
bodies against GGPPS, TGF-B1, RhoA (Santa
Cruz Biotechnology Inc., Santa Cruz, USA),
o-SMA (Thermo Fisher Scientific), GAPDH, -
Actin and «-Tubulin (Bioworld Technology, Inc,
China), p-Smad, Smad, p-S6, S6, MLC and
p-MLC (Cell signaling technology, MA, USA) and
HRP-conjugated second antibodies (Betotime
Biotechnology, China), and the signal was de-
veloped by ECL (Millipore, Switzerland) and vi-
sualized by Tanon 5200 imaging system (Tan-
on, China).

Histological analyses

The isolated mouse liver tissues were fixed in
4% Paraformaldehyde, embedded in paraffin
and cut into 5-mm sections. After deparaf-
finization and hydration, sections were stained
in 0.1% (w/v) Sirius Red (Direct Red 80, Sigma-
Aldrich) in a saturated aqueous solution of pic-
ric acid for 1 h. Then the slides were rinsed out
twice for 15 min each in 0.01 NHCI to remove
unbound dye. After dehydration, the slides were
mounted. Images were photographed under an
Olympus BX51 microscope. The percentage of
fibrotic area was calculated by Image-Pro Plus
6.0. To assess the GGPPS distribution, the sec-
tions were further processed for immunostain-
ing (IF) with rabbit-anti GGPPS antibody (gener-
ated by our lab, 1:100 dilution) and mouse-anti
a-SMA (Thermo Fisher Scientific, 1:1000 dilu-
tion). Alexa Fluor 488-conjugated goat anti
mice and Alexa Fluor 594-conjugated goat anti
rabbit 1gG polyclonal (Invitrogen, Carlsbad, CA,
1:200 dilution) was used as secondary an-
tibodies.

Phalloidin staining

Nontransfected, scramble control- or siRNAg-
gpps-transfeted LX-2 cells were trypsinized and

plated on coverslips. LX-2 cells were treated
with 7.5 ng/ml TGF-B1 for 24 h after pre-treated
with 0.5% FBS. Cultures were then fixed in 4%
Paraformaldehyde during 15 min and cells
were premeabilized with 2% Trition-X-100 for
10 min. After three washes in PBS, cells were
incubated with FITC-Phalloidine (Sigma-Aldrich,
St. Louis, MO) and DAPI for 2 h at room tem-
perature. Coverslips were then mounted in
PBS: Glycerol, 1:9, and viewed on Olympus
BX51 microscope.

Statistical analysis

The results are expressed as mean * standard
error of the mean (SEM). Statistical analysis
was performed using one-way analysis of vari-
ance using GraphPad Prism 5, and P<0.05 was
considered significant.

Results

GGPPS is specifically up-regulated in activated
HSCs

Our previous findings suggest that GGPPS was
up-regulated in liver injury and HCC [26]. To
investigate the GGPPS expression in HSCs,
liver samples were collected from mice after
model establishment and the expression of
GGPPS was examined by immunofluorescence.
o-SMA was used as a marker for activated
HSCs. As shown in Figure 1A, GGPPS was high-
ly expressed in activated HSCs in mice with
CCl,-induced early hepatic fibrosis but not in
hepatocytes. Expression of GGPPS was also
examined in isolated HSCs from CCl,-or olive
oil-treated mice by western blotting. As expect-
ed, GGPPS was obviously higher in HSCs from
CCl,-treated mouse livers than that from con-
trol livers (Figure 1B). Next, human cirrhotic
liver samples and healthy liver samples were
collected and the expression of GGPPS was
analyzed by western blotting. Similarly, expres-
sion of GGPPS was detected in TGF-f1 and
a-SMA highly expressed livers (Figure 1C).

HSC-specific GGPPS knockdown in mice inhib-
its the activation of HSCs and alleviates liver
fibrosis

Vitamin A-coupled siRNA was used to specifi-
cally knockdown GGPPS in HSCs in vivo. To con-
firm the targeted delivery of siRNAggpps to
HSCs, expression of GGPPS was analyzed by
real-time PCR in isolated HSCs and hepato-
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Figure 1. Analysis of GGPPS expression in vivo. A. Male C57BL/6 mice were
i.p. injected with CCl, or olive oil for 12 weeks, and the livers were collected.
Immunofluorescence staining against GGPPS (red) and o-SMA (green) was
performed in liver sections from CCl -or olive oil-treated mice. Scale bar, 50
pM. B. GGPPS levels in the isolated HSCs from CCl,-or olive oil-treated mice
were determined by western blotting. C. Expression of GGPPS was detected
in patients’ liver cirrhotic tissues or normal liver tissues by western blotting.

investigate whether GGPPS is
involved in TGF-B1 induced
HSCs activation, we first ex-
amined GGPPS expression in
LX-2 cells following TGF-B1
stimulation. Endogenous ex-
pression of o-SMA was in-
creased 24 h after incubation
with TGF-B1 in a dose depen-
dent manner, and the expres-
sion of GGPPS showed the
similar tendency with that of
a-SMA (Figure 3A). Since 7.5
ng/ml is sufficient to cause
significant increases in a-SMA
and GGPPS expression, we
selected this does in subse-
quent experiments. Moreover,
we found that TGF-B1 can also
induce o-SMA and GGPPS
expression in a time depen-
dent manner (Figure 3B). Ov-
erexpression of GGPPS in LX2
cells up-regulated exogenous
a-SMA expression (Figure 3C).

cytes from the CCl, -induced fibrotic livers. As
shown in Figure 2A, compared with VA-lip-NC,
VA-lip-siRNAggpps administration significantly
down-regulated GGPPS expression in HSCs,
but not in hepatocytes.

After being treated with CCI, for 12 consecutive
weeks, the expression of a-SMA, Collagen | and
Timp-1 mRNA in livers were significantly in-
creased compared with that treated with olive
oil (Figure 2B). However, knockdown of GGPPS
in HSCs by VA-lip-siRNAggpps reduced their
expression in a certain degree compared with
VA-lip-NC. The o-SMA protein was also de-
creased after GGPPS siRNA injection, indicat-
ing that HSC activation may be suppressed
(Figure 2C). Similarly, the fibrotic area was
smaller in liver specimens from VA-lip-siRNA-
ggpps treated mice than in VA-lip-NC or olive oil
treated specimens as demonstrated by Sirius
red staining (Figure 2D).

GGPPS patrticipates in TGF-B1-induced HSCs
activation

TGF-B1 is considered as the most important
pro-fibrogenic cytokine and mediates the HSCs
activation and ECM production. In order to

Whereas knockdown of GG-
PPS by siRNA down regulated
TGF-B1 induced expression of a-SMA (Figure
3D) and the formation of F-actin (Figure 3E).

In order to demonstrate whether TGF-B1 could
induce GGPPS expression through the classical
TGF-B/smad pathway, SB431542 was used to
inhibit the smad2/3 signaling pathway. Unex-
pectedly, although SB431542 significantly de-
creased phosphorylated smad2 and smad3
expression, it had no obvious effects on a-SMA
or GGPPS expression (Figure 4A). Next rapamy-
cin, an inhibitor of mMTOR was administrated to
determine whether mTOR pathway mediates
the up-regulation of GGPPS induced by TGF-31.
Western blotting results showed that treatment
of rapamycin suppressed TGF-B1-induced up-
regulation of GGPPS in a dose-dependent man-
ner (Figure 4B). These results imply that TGF-
B1 promotes GGPPS expression through non-
classical pathway.

GGPPS mediates HSCs activation through
RhoA/ROCK signaling pathway

There may exist a cross-talk between TGF-B/
Smad pathway and non-Smad signaling path-
way. Therefore, we analyzed whether the Smad
pathway could be affected by GGPPS in turn.
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Figure 2. HSCs-specific GGPPS knockdown inhibits HSCs activation and alleviates liver fibrosis. A. Expression of
GGPPS in HSCs from VA-lip-siRNAggpps (n=2) or VA-lip-NC (n=2) treated mice were analyzed by real-time PCR. ™,
P<0.01 vs NC. B. Relative expression of a-SMA, collagen I and Timp-1 mRNA in HSCs from CCI,+VA-lipo-siRNAggpps
(n=5), CCI,+VA-lipo-NC (n=5) or Olive (n=3) treated mice. *, P<0.05; **, P<0.01 vs olive; *, P<0.01 vs NC. C. Expres-
sion of a-SMA, GGPPS or o-Tubulin in HSCs from CCI,+VA-lipo-siRNAggpps (n=5), CCI,+VA-lipo-NC (n=5) or Olive
(n=3) treated mice were detected by western blotting. D. Liver fibrosis was evaluated by Sirius red staining. Sirius
red-positive area was calculated. **, P<0.01. Scale bar, 50 yM.

We found that inhibition of GGPPS in LX-2 cells
doesn’t affect the phosphorylation of both
Smad2 and Smad3 (Figure 4C). It has been
reported that Rho signaling pathways play an
important role in the activation of HSC, and
ROCK inhibitor prevents DMN-induced hepatic
fibrosis and reduces the a-SMA expression in
liver, as well as in vitro [27]. Therefore, we sp-
eculated that GGPPS may regulate HSC activa-
tion and o-SMA expression through Rho-de-
pendent pathway. We found increased phos-
phorylation of RhoA/Rock downstream effect-
er-myosin light chain (MLC) along with TGF-1
treatment in a time-dependent manner (Figure
4D). Moreover, the RhoA kinase inhibitor, fa-
sudil, significantly blocked TGF-induced a-SMA
expression (Figure 4E). In addition, membrane
associated RhoA was determined after inhibi-
tion of GGPPS. As shown in Figure 4F, mem-
brane accumulation of RhoA was increased 24
h after TGF-B treatment, which can be reduced
by GGPPS knockdown. These data indicates
that GGPPS may promote HSC activation th-
rough mediating RhoA geranylgeranylation and
activation of RhoA/Rock pathway.

Discussion

In the present study, we found that the expr-
ession of GGPPS was increased in activated

6

HSCs during chronic liver fibrosis. To elucidate
the significance of the specific expression of
GGPPS in HSC activation and liver fibrosis de-
velopment, we established a liver fibrosis mice
model and specifically knocked down GGPPS
in HSCs by using vitamin A coupled liposome
to deliver ggpps siRNA to fibrotic liver. Our
results suggest that GGPPS aggravate liver
fibrosis by promoting HSCs activation though
mediating RhoA/ROCK signaling pathway.

The Mevalonate pathway, which syntheses cho-
lesterol, plays an important role in the activa-
tion of HSCs and occurrence of fibrosis, which
has been confirmed by the using of HMG CoA
reductase inhibitors (statins). Statin can inhibit
the activation and proliferation of HSCs, and
may be an effective preventative therapy for
fibrosis progression and virus-related liver cir-
rhosis in clinical studies [28-30]. In addition, a
recent study has shown that Mevalonate path-
way also plays a role in the contraction of acti-
vated HSCs [30]. In this experiment, Liu et al.
treated HSCs with a traditional Chinese medi-
cine Sodium ferulate (SF) and found that SF
inhibited the contraction of activated HSCs
through affecting RhoA activation and this inhi-
bition was efficiently reversed by addition of
GGPP. Here, our present work further confirmed
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Figure 3. TGF-B mediates HSC activation through GGPPS. A. Western blotting analysis of the expression of a-SMA,
GGPPS and GAPDH in response to 24 h exposure to increasing doses of TGF-B1. B. Western blotting analysis the
expression of a-SMA, GGPPS and GAPDH at different time after exposure to 7.5 ng/ml TGF-B1. C. mRNA level of
GGPPS, a-SMA were analyzed by real-time PCR 24 h after infection with Ad-GGPPS. *P<0.05, **P<0.01 vs Ad-GFP.
D. Expression of GGPPS, a-SMA and a-Tubulin were detected by western blotting after 7.5 ng/ml TGF-B1 treatment
for 24 h in control or GGPPS knockdown LX-2 cells. E. F-actin was detected after 7.5 ng/ml TGF-B1 treatment for 24
h in control or GGPPS knockdown LX-2 cells. Scale bar, 50 uM.

that Mevalonate pathway is important for HSC
activation and fibrosis progress. In mevalonate
pathway, GGPPS is responsible for biosynthesis
of GGPP, which is required for Rho, Rab and
Rap family proteins [31]. Abnormal expression
of GGPPS results to metabolic disease [22],
Heart failure [32] and reproductive organ de-
velopment problems [33, 34]. GGPPS is also
closely related to liver diseases, such as HCC
and liver damage [23, 26]. In combination with
our previous study, GGPPS in hepatocytes and
HSCs participates in the activation of HSC and
liver fibrosis through different mechanisms.
Therefore, GGPPS can be used as a target for
the treatment of liver diseases.

Liver fibrosis is a reversible wound-healing re-
sponse regulated by many kinds of liver cells.
At early stages of fibrogenic process, wound-
healing responses are initiated by liver sinusoi-
dal endothelial cells, platelets, TGF-beta and
PDGF. As the main fibrogenic cell type in the
liver, HSCs become activated as a result of
interactions with hepatocytes, macrophages,
endothelial cells, cholangiocytes and natural
Killer cells. HSCs trans-differentiate into myofi-
broblast-like cells and cause the deposition of
ECM proteins. Activation of HSCs is crucial to
liver fibrosis, and therapies targeting these
cells are promising for treatment of chronic
liver diseases. It is reported that in the animal
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Figure 4. GGPPS promotes TGF-B1-induced HSC activation through RhoA/ROCK signaling pathway. A. Expression of
a-SMA, GGPPS, Smads and GAPDH were detected by western blotting after SB431542 treatment. GAPDH was used
as loading control. B. Expression of a-SMA, GGPPS, p-S6 and S6 proteins were detected by western blotting after
rapamycin treatment. a-tubulin was used as loading control. C. Expression of a-SMA, GGPPS, o-tubulin and Smads
were detected by western blotting in untreated cells (Ctr), TGF-B1 treated cells (TGF-B1), TGF-B1 treated scramble
transfected cells (TGF-B1+NC) and TGF-B1 treated siGGPPS transfected cells (TGF-B1+siRNA). D. Western blotting
analysis the expression of p-MLC and MLC and at different time after exposure to 7.5 ng/ml TGF-B1. B-actin was
used as loading control. E. Expression of a-SMA was detected by western blotting after Fasudil treatment. a-Tubulin
was used as loading control. F. Expression of RhoA in membrane (m) and cytoplasm (c) was detected by western
blotting in untreated cells, TGF-B1 treated cells, TGF-B1 treated scramble transfected cells and TGF-B1 treated siG-

GPPS transfected cells.

model, removal of activated HSCs by apoptosis
or reversal of hepatic myofibroblats to a quies-
cent state contributes to the regression of liver
fibrosis [35, 36]. Transgenic approaches are
used to target HSCs and myofibroblasts [37].
Using human GFAP promoter, Kocabayoglu's
lab constructed the HSCs-bPDGFR knockout or
constitutive activation mice, and found that
depletion of b-PDGFR in HSCs decreased injury
and fibrosis in vivo, while its auto-activation
accelerated fibrosis [38]. The major challenge
in liver fibrosis therapy is how to specifically

deliver antifibrotic agents to HSCs in vivo,
although it only accounts for a small part of
total liver cells [36]. Approximately 50-80% of
whole body vitamin A is stored as retinyl palmi-
tate in lipid droplets in HSCs [39]. According to
this characteristic of HSCs, vitamin A has been
utilized as a targeting ligand to deliver thera-
peutic agents to HSCs. For example, Sato et al.
found that using vitamin A-coupled liposomes
to deliver gp46 siRNA specific to HSCs in cir-
rhotic rat liver was effective in resolution of
hepatic fibrosis [18]. The targeting specificity
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of vitamin A has also been confirmed by Zhao
et al. [36]. Since GGPPS was prominently expre-
ssed in HSCs during fibrosis (as shown in our
immunofluorescence results), we choose vita-
min A to delivery GGPPS siRNA to specifically
knockdown GGPPS expression in HSCs. The
expression of GGPPS was indeed knocked
down in HSCs. Retinol-binding protein 4 (RBP4)
is a newly discovered adipokine that produced
by hepatocytes and adipocytes, which delivers
vitamin A to tissues [40]. Because the exis-
tence such Vitamin A binding proteins in hepa-
tocytes, we also detected a slight decrease in
GGPPS mRNA expression in primary hepato-
cytes after VA-lip-siRNAggpps injection. Zhao
et al. suggested that target the surface recep-
tor of activated HSCs is also a good method to
deliver therapeutic agents, which has a higher
specificity and uptake [36]. Taken together, we
demonstrated that GGPPS is highly expressed
in HSCs and regulates the activation of HSC
and liver fibrosis though the RhoA/Rock path-
way. Our study provides better understanding
of the role of GGPPS in regulating fibrosis prog-
ress. Our findings may provide evidence for the
development of novel anti-fibrogenic strategies
and potent drugs to protect hepatic fibrosis
process.
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