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Objective. To explore the underlying mechanism of the sonic hedgehog (Shh) signaling pathway in promoting cell proliferation
and migration in fibroblast-like synoviocytes (FLS) from patients with rheumatoid arthritis (RA). Method. FLS were collected
from 8 patients with RA and 3 patients with osteoarthritis (OA). The expression of smoothened (Smo, the Shh pathway
activator) was quantified by real-time PCR and western blot. FLS were incubated with cyclopamine (a Smo antagonist),
purmorphamine (a Smo agonist), Y27632 (a Rho/ROCK signaling inhibitor), or a combination of purmorphamine and
Y27632, respectively. Cell proliferation was examined using cell counting kit-8 and cell cycle assays while cell migration was
measured with Transwell and wound healing assays. Results. The expression of Smo was higher in FLS from RA patients than
from OA patients (p < 0:05). RA-FLS treated with purmorphamine showed significantly activated proliferation (119.69 vs.
100.0) and migration (252.38 vs. 178.57) compared to untreated cells (both p < 0:001). RA-FLS incubated with cyclopamine or
a combination of purmorphamine and Y27632 exhibited significant suppression of proliferation (81.55 vs. 100.0 and 85.84 vs.
100.0) and migration (100 vs. 178.57 and 109.52 vs. 185) ability (all p < 0:001). Conclusion. Our results demonstrated that Shh
promoted cell growth and migration of FLS in RA patients through the Rho/ROCK signaling pathway.

1. Introduction

Synovial hyperplasia in patients with rheumatoid arthritis
(RA) has always resulted in cartilage and bone degradation
[1, 2]. As a major component of the synovial pannus,
fibroblast-like synoviocytes (FLS) act as passive responders
and imprinted aggressors to elicit destructive joint inflam-
mation [3, 4]. RA-FLS are considered hyperplastic, invasive
cells exhibiting multipotent inflammatory properties. How-
ever, how RA-FLS acquire and sustain such aggressive phe-
notypes remains unknown.

The Rho GTPase family is a division of small (~21 kDa)
monomeric G proteins that belong to the Ras superfamily of
GTPase. Rho GTPases play a key role in cell motility and
polarity, axon guidance, vesicle trafficking, and the cell cycle

by regulating cytoskeletal polymerization [5]. There are 20
Rho GTPase genes identified in humans; three of them,
Rho, Rac, and Cdc42, have been investigated most exten-
sively in recent decades [6]. ROCK is a key kinase in this sig-
naling pathway. Some evidence has shown that the Rho/
ROCK signaling pathway is able to regulate proliferation
and migration of RA-FLS [7]. However, the underlying
mechanisms regulating the effects of Rho/ROCK on RA-
FLS have not yet been elucidated.

The hedgehog (Hh) pathway is important for early
embryonic development. Hh provides cells with positional
information and fate instruction during embryogenesis.
After development, Hh mediates tissue homeostasis and
wound healing [8, 9]. A growing body of evidence indicates
that the aberrant activation of Shh, one of the three
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subgroups of Hh, is involved in the pathogenesis of a wide
range of human diseases, including various types of cancer
[9] and autoimmune diseases [10–12]. Smoothened (Smo)
is a seven-pass transmembrane protein that acts as a poten-
tial Shh signaling pathway activator [13]. Smo inhibitors,
including vismodegib, sonidegib, and XL-139, have been
used as targeted therapy in basal cell carcinoma and many
other tumors in clinical trials [14].

In the noncanonical Shh signaling pathway, Smo stimulates
the activation of Rho GTPase [15]. In previous studies, we dem-
onstrated that Shh signaling was overactivated in RA-FLS [11,
16, 17]. We revealed that the proliferation and migration of
RA-FLS were remarkably enhanced by a Smo agonist (purmor-
phamine) and significantly suppressed by a Smo antagonist
(cyclopamine), indicating that Shh signaling contributes to
abnormal tumor-like behaviors, such as the growth and aggres-
siveness of RA-FLS [18]. In addition, we observed that Smo
activated keymolecules in Rho GTPase signaling, such as RhoA
and Rac [19]. However, it remains unknown whether Shh sig-
naling promotes RA-FLS proliferation via activating Rho/
ROCK. Therefore, in this study, we aimed to explore the under-
lying mechanism(s) of the Shh signaling pathway in promoting
growth and investigate the crosstalk between Shh signaling and
RhoA/ROCK signaling in RA-FLS.

2. Materials and Methods

2.1. Patients and Samples. Fibroblast-like synoviocytes were
collected from RA and osteoarthritis (OA) patients. The
RA patients were diagnosed and identified according to the
classification criteria defined by the American College of
Rheumatology and revised in 1987 [20]. The 28-joint disease
activity score calculated using erythrocyte sedimentation
rate (DAS28-ESR) was applied as a disease activity index of
RA. The patients exhibited moderate to severe disease activ-
ity (DAS28-ESR > 3:2). To collect synovial tissues during
knee arthroscopy and replacement, one male and seven
female Han Chinese RA patients with an average age of
51:5 ± 8:02 years and one male and two female Han Chinese
OA patients with an average of 58:67 ± 5:51 (control group)
were recruited from the Third Affiliated Hospital of the Sun
Yat-sen University in Guangzhou, China, from July 2016 to
December 2019. With a long disease course (≥10 years),
most of them had irregular use of disease-modifying anti-
rheumatic drugs (DMARDs). The research was approved
by the Medical Ethics Committee of the hospital, and all
patients provided signed informed consent.

2.2. Propagation and Phenotyping of Primary FLS. To pre-
pare RA-FLS, spliced RA synovial tissues were resuspended
in Dulbecco’s modified Eagle’s medium (DMEM) (Hyclone
Laboratories, Losan, UT, USA) containing 10% fetal bovine
serum (FBS) (Gibco Laboratories) and transferred to tissue
culture flasks. Within the first two weeks, primary FLS began
to migrate out of the biopsy tissue. After the FLS expanded
to approximately 80% confluency, the formed monolayers
were trypsinized and resuspended for propagation. Seeded
FLS were morphologically identified by observation with
light microscopy. Surface markers, CD14, CD55, CD68,

and CD90 (all conjugated antibodies came from Biolegend,
USA), in the third or fourth generation of cells were stained,
evaluated, and analyzed with a fluorescence-activated cell
sorting (FACS) Calibur flow cytometer system (Becton
Dickinson, Franklin Lakes, NJ, USA). The third- to fifth-
generation FLS were generally used for experiments.

2.3. RNA Isolation and Real-Time PCR Analysis. Total RNA
was isolated using TRIzol reagent (Invitrogen Life Technolo-
gies, Santa Clara, CA, USA), and cDNAs were synthesized
using the Prime Script RT Reagent kit (Takara Biotechnology,
Dalian, China) according to the manufacturer’s instructions.
Quantification of the expression of human Smo and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) mRNAs was
performed using the SYBR Premix Ex TaqTM kit (Takara
Biotechnology) on anABI-7500 Thermal Cycler (Applied Bio-
systems Inc., Foster City, CA, USA) according to the manufac-
turer’s instructions. All experiments were examined in
triplicate, and positive and negative controls were included.
The relative levels of mRNA in FLS from RA and OA patients
were quantified using the comparative delta Ct method. The
primers used for amplification were as follows (forward,
reverse): Smo: forward: 5′-CCT GCT CAC CTG GTC ACT
C-3′, reverse: 5′-CAC GGT ATC GGT AGT TCT TGT AG-
3′ and GAPDH: (5′-GGA TAT TGT TGC CAT CAT TT T-
3′, 5′-AAT GAT GGC AAC AAT ATC CT dT-3′).

2.4. Western Blot. A total of 30μg of protein extracted using
RIPA buffer (Cell Signaling Technology, Beverly, MA, USA)
was subjected to 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). The transferred and blocked
polyvinylidene fluoride (PVDF) membrane was then incubated
overnight at 4°Cwith primary antibodies against the rabbit anti-
SMO (1 : 1000, Affinity Biosciences, OH, USA), phosphorylated
myosin phosphatase targeting subunit 1 (p-MYPT1, 1 : 1000,
Cell Signaling Technology, Beverly, MA, USA), MYPT1 anti-
body (1 : 1000, Cell signaling Technology, Beverly, MA, USA),
and RhoA Rabbit mAb (1 : 1000, Cell signaling Technology,
Beverly, MA, USA). Subsequently, the membranes were probed
with horseradish peroxidase-conjugated secondary antibodies.
The immobilized bands detectedwith the enhanced chemilumi-
nescent (ECL) system were semi-quantified using Alpha View
software (San Jose, CA, USA). The expression of β-actin or
GAPDH was used as an internal standard.

2.5. FLS Proliferation Assay. Cell proliferation rates were
determined with a cell counting kit-8 (CCK8) assay
(Dojindo, Tokyo, Japan) following the manufacturer’s
instructions. FLS at a density of 2:5 × 104mL-1 were seeded
into 96-well plates for 12 hours, followed by individual
treatment with 10μM cyclopamine (Selleckchem, Houston,
TX, USA), 1μM purmorphamine (Sigma-Aldrich, St.
Louis, MO, USA), 20μM Y27632 (Selleckchem, Houston,
TX, USA), or a combination of 20μM Y27632 and 1μM
purmorphamine. Specifically, cyclopamine or purmorpha-
mine dissolved at 10mM in dimethyl sulfoxide (DMSO)
was diluted to the final concentration using DMEM con-
taining 10% FBS. Cells in the control group were treated
with vehicle only.
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2.6. FLS Cell Cycle Assay. For the cell cycle assay, FLS at a
density of 4 × 105mL-1 were seeded into six-well plates for
24h, followed by individual treatment with 20μM cyclopa-
mine, 1μM purmorphamine, or a combination of Y27632
and purmorphamine for 48h. After treatment, the FLS were
collected and washed with phosphate-buffered saline (PBS)
and transferred into 70% ethanol on ice for 2h. Afterward,
10μg/mL propidium lodide (Biotechnology, Shanghai, China)
was added and incubated with the cells for 30min in a dark
room at room temperature. Finally, the cell cycle was evalu-
ated and analyzed with a FACSCalibur flow cytometer system.

2.7. FLS Migration Assay. Given that the Transwell assay and
wound healing experiments are the recognized methods for
assessing cell migration [21–23], we used these methods to
examine the biological features of the FLS. The migration
capacities of the FLS were determined using 8μm pore Trans-
well chambers (BD Biosciences, Heidelberg, Germany) in 24-
well plates. For the migration assay, FLS at a density of 4 ×
105mL-1 were seeded into six-well plates, followed by individ-
ual treatment with 20μM cyclopamine, 1μM purmorpha-

mine, 10μM Y27632, or a combination of Y27632 and
purmorphamine for 48h. Then, 100μL of trypsinized FLS
resuspended in serum-free medium was loaded into the upper
chamber of the Transwell insert at a density of 8 × 104mL-1.
Meanwhile, 600μL of medium containing 10% FBS was added
to the lower chamber. After 12h incubation at 37°C, the
migrated FLS on the bottom insert were fixed with 4% para-
formaldehyde and the migration capability was qualified
under an inverted microscope by cell counting in five random
fields for each membrane at 100x magnification.

The migration activity of the FLS was tested with a
wound healing experiment at the same time. Briefly, FLS at
a density of 4 × 105mL-1 were seeded into six-well plates
for 48 h. To reduce the cell proliferation, 10μg/mL Mitomy-
cin C (Sigma-Aldrich, St. Louis, MO, USA) was added to the
cells for 2 h. After washing with PBS, a straight scratch was
made in the wells using a 200μL pipette tip, followed by
individual treatment with 20μM cyclopamine, 1μM pur-
morphamine, or a combination of Y27632 and purmorpha-
mine for 24 h. The scratch width was tested and analyzed
with ImageJ at 0, 12, and 24 h.
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Figure 1: The phenotyping of FLS. (a) FLS began to migrate out of the biopsy tissue after 14 days of incubation. (b–f) Flow cytometry
analysis of FLS. (b) Blank staining of FLS. (c) The staining for CD68 was negative. (d) The staining for CD14 was negative. (e) The
positive rates for CD90 were over 95%. (f) The positive rates for CD55 were over 90%.
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2.8. Statistical Analysis. Statistical analysis was performed
using SPSS version 20.0 (Chicago, IL, USA). The measured
values were presented as means ± standard deviation ðS:D:Þ,
or median values and interquartile ranges (IQR) based on
at least triplicates. The normality of data was examined by
Shapiro-Wilk test and homogeneity of variances was
examined by Levene test. Comparisons in two groups were
performed using independent sample Student’s t-test. Sta-
tistical differences among groups were tested by one-way
analysis of variance (ANOVA). Post hoc comparisons were
made by Dunnett’s test. p < 0:05 was considered to indi-
cate a statistically significant difference.

3. Results

3.1. Phenotyping of FLS. As shown in Figure 1(a), FLS
migrated out of the biopsy tissue after 14 days of incubation.
FLS from the third to fifth generation were used for the sub-
sequent experiments. Flow cytometry analysis showed that
the positive rates for CD90 on FLS were over 95%
(Figure 1(e)) and the positive rates for CD55 were over
90% (Figure 1(f)). However, the tests for CD68
(Figure 1(c)) and CD14 (Figure 1(d)) were negative. These
results were consistent with previous reports stating that
RA-FLS have a high level of CD90 and CD55 expressions
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Figure 2: Smo expression was higher in RA patients than in OA patients. (a) The Smo mRNA level in FLS from RA patients was higher than
that in FLS from OA patients (∗∗p < 0:01). (b) Western blot assays demonstrated that the expression of Smo in RA-FLS was also higher than
that in OA-FLS (∗p < 0:05).

P-MYPT -140 KD
-140 KD
-85 KD
-20 KD
-37 KD

MYPT
SMO

RhoA

GAPDH

ct
rl

Pu
rm

or
ph

am
in

e

Cy
clo

pa
m

in
e

(a)

1.0

0.8

0.6

0.4

0.2

0.0

⁎

⁎⁎

SM
O

/G
A

PD
H

Pu
rm

or
ph

am
in

e

Cy
clo

pa
m

in
e

Ct
rl

(b)

2.0 ⁎

⁎

1.5

1.0

0.5

0.0

Pu
rm

or
ph

am
in

e

Cy
clo

pa
m

in
e

Ct
rl

p-
M

YP
T1

/M
YP

T1

(c)

1.5

1.0

0.5

0.0

⁎

⁎

Rh
oA

/G
A

PD
H

Pu
rm

or
ph

am
in

e

Cy
clo

pa
m

in
e

Ct
rl

(d)

Figure 3: Smo agonist and antagonist regulate the expression of Rho/ROCK-related proteins. (a) The expression of p-MTPT1, MTPT,
RhoA, and Smo was detected by western blot. (b) The relative expression of Smo was upregulated in the treatment of purmorphamine,
and it was downregulated by using cyclopamine. (c) The phosphorylation level of MYPT-1The was upregulated in the treatment of
purmorphamine, and it was downregulated after adding cyclopamine. (d) The relative expression of RhoA was upregulated in the
treatment of purmorphamine, and it was downregulated by using cyclopamine. ∗p < 0:05, ∗∗p < 0:01.
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and a low level of macrophage markers such as CD68 and
CD14 [24, 25], suggesting the FLS we isolated and cultured
have the typical phenotype for RA-FLS.

3.2. Smo Expression Was Higher in RA Patients than in OA
Patients. The relative mRNA level and the western blot assay
both demonstrated that Smo was over expressed in RA
patients. As presented in Figure 2(a), the Smo mRNA level
in FLS from RA patients was higher than that in FLS from
OA patients (1.35 vs. 0.96, p < 0:01). As shown in
Figure 2(b), the western blot assay demonstrated that the
expression of Smo in RA-FLS was also higher than that in
OA-FLS (1.03 vs. 0.65, p < 0:05).

3.3. Smo Agonist and Antagonist Regulate the Expression of
Rho/ROCK-Related Proteins. To assess the activation of the
Rho/ROCK signaling pathway, we measured the expression
of RhoA and Smo protein, as well as the phosphorylation

level of MYPT-1 in RA-FLS treated with purmorphamine
or cyclopamine. As shown in Figure 3, western blot analysis
showed that the expression levels of p-MYPT1 and RhoA
were significantly upregulated in the purmorphamine treat-
ment group compared to the levels in the control group
(1.34 vs. 0.82 and 1.04 vs. 0.78, both p < 0:05). In contrast,
the expression of p-MYPT1, RhoA, and Smo was downreg-
ulated significantly by blocking Smo using cyclopamine
(0.56 vs. 0.82, 0.48 vs. 0.78 and 0.29 vs. 0.53, respectively,
all p < 0:05).

3.4. Shh Activation Induces RA-FLS Proliferation via Rho/
ROCK Pathway. To measure the proliferation activity of
RA-FLS, we conducted a CCK8 assay. The results showed
that the proliferation activity was significantly greater in
the purmorphamine group (119:69 ± 3:71%) than in the
control group (100 ± 0%) (p < 0:001) (Figure 4(a)). How-
ever, after the RA-FLS were treated with cyclopamine,
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Figure 4: Shh signaling promotes the proliferation of RA-FLS via the Rho/ROCK pathway. (a) RA-FLS were treated with purmorphamine,
purmorphamine combined with Y27632, Y27632, or cyclopamine for 48 h. The cell proliferation rate was measured with a CCK8 assay.
(b, c) RA-FLS were treated with purmorphamine, purmorphamine combined with Y27632, or cyclopamine for 48 h, and the proportion
of cells in the S phase was detected by flow cytometry. ∗p < 0:05, ∗∗∗p < 0:001.
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Y27632, or a combination of purmorphamine and Y27632,
the proliferation activity significantly decreased
(81:55 ± 1:73%, 84:40 ± 0:70%, and 85:84 ± 0:81%, respec-
tively, all p < 0:001) (Figure 4(a)).

3.5. Shh Signaling Regulates the Cell Cycle of RA-FLS via the
Rho/ROCK Pathway. As shown in Figures 4(b) and 4(c),
there was a significant increase in S-phase cells in the pur-
morphamine group compared to the control group
(75.79% vs. 51.58%, p < 0:001), whereas the percentage in
the cyclopamine group decreased (49.47% vs. 51.58%, p <
0:05). After the RA-FLS were treated with a combination
of purmorphamine and Y27632, the proportion of cells in
the S phase significantly decreased (41.05% vs. 51.58%, p <
0:001).

3.6. Shh Signaling Pathway Regulates Migration via Rho/
ROCK Pathway in RA-FLS. In the Transwell assay, we noted
that the numbers of migrated (Figure 5) RA-FLS were signif-
icantly higher in the purmorphamine treatment group than
in the control group (252.38 vs. 178.57, p < 0:001). Nonethe-
less, after the RA-FLS were treated with purmorphamine in
the presence of Y27632, the number of migrated cells signif-
icantly decreased (109.52 vs. 178.57, p < 0:001). Similarly,
the cell numbers for migration were also significantly
reduced by inhibiting Smo with cyclopamine (100 vs.
178.57, p < 0:001). After 24 h, the wound healing duration
and wound healing area (Figure 6) increased as a result of
purmorphamine treatment (10.45 vs. 7.46 and 53.82% vs.
43.64%, both p < 0:05). In contrast, after the RA-FLS were
treated with cyclopamine, the wound healing area (10.18%
vs. 43.64%, p < 0:01) and the wound healing duration signif-
icantly decreased (2.09 vs. 7.46, p < 0:05). After the RA-FLS

were treated with a combination of purmorphamine and
Y27632, the wound healing duration and area also decreased
significantly compared to the values in the control group
(5.37 vs. 7.46 and 27.64% vs. 43.64%, both p < 0:05).

4. Discussion

RA-FLS display tumor-like features, including enhanced
cell growth and migration ability in vivo, which contribute
to the pathogenesis of cartilage and bone destruction [26].
Recent studies showed that RA-FLS can spread from
destructive arthritis to other distant joints via the vascula-
ture in mice with severe combined immunodeficiency,
suggesting the characteristic clinical phenomenon of
destructive arthritis spreading between joints might occur
through the transmigration of activated FLS [27, 28].
Therefore, it is important to investigate how these tumor-
like behaviors are enhanced in RA-FLS to identify new
therapeutic targets.

Signaling pathways that play a crucial role during devel-
opment may also be implicated in autoimmune diseases. In a
previous study, we identified that Shh is activated in RA-FLS
to promote both cell proliferation and migration. The
expressions of Shh signaling molecules such as Ptch1, Smo,
and Gli are also upregulated in RA patients compared to
the levels in knee trauma patients [16, 17, 19]. Additionally,
Shh signaling is transduced by Rho/ROCK in a noncanoni-
cal pathway [29]. In human endothelial cells, Hh isoforms
induce the G-dependent activation of the monomeric G pro-
tein RhoA [30]. Furthermore, increasing evidence has shown
that SMO initiates canonical and noncanonical responses to
Hh stimulation via separate domains and G proteins play a
central role in noncanonical signaling by linking Hh
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signaling to small Rho GTPase [31]. Therefore, the role of
the Rho/ROCK pathway in RA-FLS stimulated by Shh sig-
naling was important and being investigated in the present
study. Our study suggests that Shh-Rho signaling may be a
potential target to reduce cartilage damage in RA.

By using western blot assays, we further validated the
impact of the Shh signaling pathway, which was stimulated
by Smo, on Rho GTPase activation in RA-FLS. In accor-
dance with previous studies [19], our results demonstrated
that RhoA/ROCK signaling was activated by a Smo agonist
whereas a specific inhibitor of Smo suppressed the activities
of RhoA/ROCK signaling. Furthermore, our data showed
that the Smo agonist, purmorphamine, induced the prolifer-
ation and migration of RA-FLS, and this effect was blocked
by cyclopamine, an inhibitor of Smo. Moreover, we noted
that Y27632 treatment also reversed the increased prolifera-
tion and migration induced by purmorphamine. The results
indicate that Shh signaling plays an important role in the
proliferation and migration of RA-FLS through the activa-
tion of Rho GTPase signaling. These findings of our study
may provide a potential pharmaceutical target to inhibit
the aggressive phenotype of RA-FLSs and restrain patholog-
ical synovial invasion in RA. Interestingly, previous studies
provided evidence of the redistribution of the cell cycle

induced by purmorphamine [16, 18]. Polizio et al. also
found that multistage cell cycle arrests can be caused by
the depletion of both ROCK1 and 2 [32]. In this study, we
found that purmorphamine can increase the proportion of
FLS cells in the S phase, which is the most important period
for DNA replication in the cell cycle [33]. However, this ten-
dency can be abolished by cyclopamine and Y27632, the
inhibitors of Rho/ROCK. Nonetheless, whether Shh pro-
motes the proliferation and migration of FLS via Rho/ROCK
signaling through the cell cycle may warrant further
research.

There were some limitations in this study. Firstly, the
sample in this study was limited due to the synoviocytes
were collected from patients undergoing knee arthroscopy
and replacement. Secondly, the patients in our study were
with long disease duration. Whether the Shh pathway plays
the same role in patients with early RA remains to be further
investigated.

In this study, we investigated the underlying mecha-
nism(s) of the Shh signaling pathway for promoting prolifer-
ation and migration in RA-FLS. We identified crosstalk
between Shh signaling and Rho/ROCK signaling, providing
novel insights into the pathogenesis and potential therapeu-
tic targets of RA.
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Figure 6: Shh signaling regulates RA-FLS migration via the Rho/ROCK pathway, revealed by wound healing assays. (a) In the Transwell
assay, the numbers of migrated RA-FLS were higher in the treatment of purmorphamine; after RA-FLS treating with cyclopamine or
purmorphamine combined with Y27632, the numbers of migrated cells were both decreased. (b) After 24 h, the wound healing duration
of RA-FLS was increased as a result of purmorphamine treatment, while treated with cyclopamine or a combination of Purmorphamine
and Y27632, it was decreased. (c) The wound healing area of RA-FLS in the treatment of purmorphamine was increased after 24 h, while
it was decreased after treating with cyclopamine or a combination of purmorphamine for 24 h. ∗p < 0:05, ∗∗p < 0:01.
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