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Abstract

Background Synovial fibrosis is a common complication of knee osteoarthritis (KOA), a pathological process charac-
terized by myofibroblast activation and excessive extracellular matrix (ECM) deposition. Fibroblast-like synoviocytes
(FLSs) are implicated in KOA pathogenesis, contributing to synovial fibrosis through diverse mechanisms. Nuclear
protein 1 (NUPRT1) is a recently identified transcription factor with crucial roles in various fibrotic diseases. However,
its molecular determinants in KOA synovial fibrosis remain unknown. This study aims to investigate the role of NUPRT1
in KOA synovial fibrosis through in vivo and in vitro experiments.

Methods We examined NUPR1 expression in the murine synovium and determined the impact of NUPR1 on syno-
vial fibrosis by knockdown models in the destabilization of the medial meniscus (DMM)-induced KOA mouse model.
TGF-B was employed to induce fibrotic response and myofibroblast activation in mouse FLSs, and the role and molec-
ular mechanisms in synovial fibrosis were evaluated under conditions of NUPRT downexpression. Additionally,

the pharmacological effect of NUPR1 inhibitor in synovial fibrosis was assessed using a surgically induced mouse KOA
model.

Results We found that NUPRT expression increased in the murine synovium after DMM surgical operation. The
adeno-associated virus (AAV)-NUPRT shRNA promoted NUPRT deficiency, attenuating synovial fibrosis, inhibiting
synovial hyperplasia, and significantly reducing the expression of pro-fibrotic molecules. Moreover, the lentivirus-
mediated NUPR1 deficiency alleviated synoviocyte proliferation and inhibited fibroblast to myofibroblast transition.
It also decreased the expression of fibrosis markers a-SMA, COLTAT, CTGF, Vimentin and promoted the activation
of the SMAD family member 3 (SMAD3) pathway. Importantly, trifluoperazine (TFP), a NUPR1 inhibitor, attenuated
synovial fibrosis in DMM mice.

Conclusions These findings indicate that NUPR1 is an antifibrotic modulator in KOA, and its effect on anti-synovial
fibrosis is partially mediated by SMAD3 signaling. This study reveals a promising target for developing novel antifi-
brotic treatment.
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Introduction

Knee osteoarthritis (KOA) is a progressive, degenerative
joint disease that predominantly affects middle-aged and
older individuals, accounting for a significant portion of
global suffering, disability, and socioeconomic burden [1,
2]. Current research on KOA primarily focuses on articu-
lar cartilage degradation and subchondral bone sclerosis
as its main phenotypic alterations. However, it overlooks
that the synovium also exhibits considerable phenotypic
changes, including tissue hyperplasia, immune cell and
inflammatory mediator infiltration, prominent neoangio-
genesis, and varying degrees of fibrosis [3]. The synovium
is a delicate layer of connective tissue primarily consist-
ing of fibroblast-like synoviocytes (FLSs) and tissue-
resident macrophages, two distinct cell types with vital
roles in joint physiology. It synthesizes synovial fluid, an
essential medium that sustains articular chondrocytes
and facilitates the clearance of metabolic by-products
[4]. Fibroblast-like synoviocytes are pivotal cells in syno-
vial fibrosis and respond to pro-inflammatory stimuli by
secreting collagen, causing the gradual build-up of the
extracellular matrix (ECM) [5]. This process precipitates
synovial hyperproliferation, hypertrophy, and extensive
fibrosis, provoking the clinical manifestations of joint
stiffness and pain [5]. Clinically, synovial fibrosis is a
principal etiological factor that limits joint mobility and
impacts approximately half of the individuals diagnosed
with osteoarthritis [6]. Therefore, understanding the
intricate regulatory network controlling synovial fibro-
sis in KOA is crucial for devising effective treatments for
patients with this disease.

In KOA-related synovial fibrosis, phenotypic changes
in FLSs occur primarily due to their differentiation
into myofibroblasts, triggering the overproduction and
secretion of ECM components, especially collagen type
I alpha 1 (COL1A1) [7, 8]. The fibroblast to myofibro-
blast transition is characterized by elevated a-smooth
muscle actin (a-SMA) expression and heightened pro-
liferative capacity [9]. Myofibroblasts exhibit increased
expression of mesenchymal markers such as COL1A1,
Vimentin, connective tissue growth factor (CTGF), and
a-SMA [10]. Transforming growth factor p1 (TGF-p1)
plays a crucial role in the fibrosis of various tissues,
such as the kidneys, liver, and heart, regulating cell
proliferation, differentiation, immunity, and wound
healing. Its underlying mechanisms in fibrosis primar-
ily involve the activation of the TGF-f1/SMAD family
member 3 (TGF-B1/SMAD3) signaling pathway [11].
This signaling pathway has been extensively studied in
the synovial fibrosis research field and is considered a
critical mechanism in KOA development [12-14]. Syn-
oviocytes release high concentrations of TGF-p into the
synovial fluid of patients with KOA [15]. By injecting
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50 ng of TGF-B, it is possible to increase the number of
cells in the synovial lining by stimulating synoviocyte
proliferation and collagen deposition [16]. Moreover,
directly injecting TGF-p into a mouse knee joint pro-
motes synovial hyperplasia and contributes to osteo-
phyte formation [17]. The physiological functions of the
SMAD3 protein depend on its phosphorylation level
and intracellular localization. When cells are stimu-
lated by inflammation or undergo a fibrotic response,
SMAD3 is phosphorylated and translocated to the
nucleus, regulating the expression of a-SMA, COL1A1l,
Vimentin, and many other genes [16, 18]. Thus, block-
ing the SMAD3 signaling pathway could be an effective
strategy against KOA synovial fibrosis.

Nuclear protein 1 (NUPR1) is a transcription factor
whose activation has been discovered as a response to
pancreatitis-induced cellular damage [19]. Typically, it
is expressed at high levels in response to stress, such
as inflammatory stimulation, endoplasmic reticulum
stress, oxidative stress injury, and amino acid depriva-
tion, indicating the host microenvironment expression
determines NUPR1 expression [20].

Functionally, NUPR1 is involved in numerous cellu-
lar processes, such as cell cycle progression, oxidative
stress management, apoptosis initiation, onset of senes-
cence, autophagy activation, and facilitation of DNA
repair mechanisms [21-24]. Hence, it has a role in the
development of various diseases, with research primar-
ily focusing on different types of cancer, such as liver,
oral, and bladder cancers [25-27]. Moreover, NUPR1
contributes to KOA progression based on recent evi-
dence: (1) NUPRI1 levels increase in human KOA carti-
lage as well as in cartilage from older monkeys treated
with DMM [28, 29]; (2) NUPRI is highly expressed
in chondrocytes under tert-butyl hydrogen perox-
ide-triggered stress, and matrix metallopeptidase 13
(MMP13) is induced by stress and inflammation [28];
and (3) Induction of NUPRI1 and tribbles pseudokinase
3 (TRB3) expression regulates chondrocyte apoptosis
[30]. Although the role of NUPR1 in renal and pancre-
atic fibrosis has been recently established [31, 32], lit-
tle is known about its involvement in KOA and synovial
fibrosis.

In this study, we found that NUPR1 expression
increased in mouse synovium after surgical DMM,
and suppressing NUPR1 expression mitigated DMM-
induced synovial fibrosis. Mechanistically, NUPRI1
deficiency alleviated TGF-B-induced synovial fibrosis
and reversed the TGF-B-induced myofibroblast acti-
vation by promoting the activation of SMAD3 signal-
ing. Remarkably, pharmacologic NUPRI1 inhibition
using trifluoperazine (TFP) reduced synovial fibrosis in
DMM-operated mice.
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Results

NUPRT1 is upregulated in the synovium of the osteoarthritis
mouse model

We performed destabilization of medial meniscus
(DMM) operation on C57BL/6] mice (20-22 g) to con-
firm the effectiveness of the knee osteoarthritis model
(Fig. 1A). We evaluated the condition of the knee joint
(red box in Fig. 1B) with X-ray imaging at 8 weeks post-
operatively. We uncovered that the KOA group had
severely narrowed joint space, uneven knee joint surface,
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significant cartilage defects, and marginal osteophyte
formation versus the sham group, confirming obvious
signs of knee osteoarthritis. Moreover, Kellgren-Law-
rence grading indicated a grade of 0 in the sham group
and a grade of 2 to 3 in the KOA group (Fig. S1A). In
addition, we performed hematoxylin and eosin (HE),
Masson, and Sirius red staining to assess the pathologi-
cal changes of the synovium in the model. We observed
severe synovial pathologic changes in the DMM-induced
KOA model, including synovitis with a high score,
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Fig. 1 Nuclear protein 1 (NUPR1) is upregulated in the synovium of the osteoarthritis mouse model. A Destabilization of medial meniscus

(DMM) surgical procedure was performed in C57BL/6J mice (20-22 g). B Representative X-ray images were obtained in C57BL/6J mice 8 weeks
after surgical DMM (n=6 mice per group). C Representative images showing HE, Masson, and Sirius red staining at x400 magnification (n=6 mice
per group). Scale bar, 20 pm. D Representative co images of NURP1 and a-SMA protein in the synovium of DMM- or sham-operated mice detected
by immunofluorescence staining at X400 magnification (n=6 mice per group). Scale bar, 20 um. E, F Immunoblotting analysis of NUPR1 expression
in synovial tissues of DMM- or sham-operated mice (n=6 mice per group). G The relative expression of NUPRT mRNA quantified with RT-qgPCR

in synovial tissues of DMM- or sham-operated mice (n=6 mice per group). **P<0.01, ***P<0.001 calculated by unpaired 2-tailed t test
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aberrant collagen I deposition, and increased area of syn-
ovial fibrosis (Fig. 1C and S1B-D). Finally, we compared
NUPRI expression at the protein and mRNA level in the
synovium of the sham and KOA groups with immuno-
fluorescence, Western blotting, and RT-qPCR. We dem-
onstrated that NUPR1 expression in fibrotic synovial
tissues of the KOA group was enhanced compared with
that of the sham group (Fig. 1D—G). These results indi-
cate that NUPR1 expression is upregulated in the syn-
ovium of mice with DMM-induced KOA.

NUPR1 deficiency attenuates synovial fibrosis in the KOA
mouse model

Male 10-week-old C57BL/6] mice were given an intra-
articular injection of adeno-associated virus (AAV)
expressing NUPRI-specific ShRNA (hereafter AAV-shN-
UPRI) to determine whether NUPRI plays a role in syno-
vial fibrosis (Fig. 2A). The efficiency of AAV-shNUPRI in
the joints was verified by western blotting and RT-qPCR
(Fig. 2B and S2A, B). Next, we performed a sequence
of experiments to determine whether AAV-shNUPRI
reduces the degree of synovial fibrosis in the KOA mouse
model. On days 28, 42, and 56 after the operation, the
degree of swelling in the knee joints was measured by
vernier calipers. While the mice in the DMM+AAV-
shNC group exhibited significant swelling in the knee
joints, those treated with AAV-shNUPRI showed allevi-
ated swelling (Fig. 2C). Subsequently, Masson staining of
the knee was performed 8 weeks after DMM to assess the
severity of synovial fibrosis (Fig. 2D). It revealed that mice
in the DMM + AAV-shNC group had a higher percentage
of the blue fibrotic area than those in the Sham+AAV-
shNC group, suggesting the mice who underwent DMM
had severe synovial fibrosis. Remarkably, mice injected
with AAV-shNUPR1 showed reduced synovial fibrosis
after DMM compared with those injected with control
shRNA (Fig. 2E). Western blotting and RT-qPCR also
revealed increased expression of 4 crucial synovial fibro-
sis markers: a-SMA, COL1A1, CTGF, Vimentin, and this
effect was attenuated upon NUPRI knockdown (Fig. 2F-]
and S2C-F). In summary, these findings suggest that

(See figure on next page.)
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NUPRI deficiency relieves synovial fibrosis in the DMM-
induced KOA model.

NUPR1 deficiency inhibits synovial hyperplasia

and synoviocyte proliferation

Next, we stained knee joint tissue with hematoxylin
and eosin (HE) to assess synovial hyperplasia [33]. The
synovial thickness of mice in the DMM+AAV-shNC
group was considerably higher than that of mice in the
Sham +AAV-shNC. Remarkably, the synovial thickness
in the DMM+AAV-shNUPRI group was dramatically
reduced compared with the DMM +AAV-shNC group
(Fig. 3A, B). In the pathological process of KOA, exces-
sive synoviocyte proliferation is one of the chief causes
of synovial fibrosis [10, 34]. Fibroblast-like synoviocytes
(FLSs) were isolated from the synovium of the knee joint,
and cell proliferation was induced by TGE-B [35]. The
expression levels of NUPR1 protein and mRNA, along
with the fibrosis markers a-SMA and COL1A1, were
evaluated in TGF-B-stimulated FLSs. It was observed
that the expression of these three genes—NUPRI,
a-SMA, and COL1Al—increasingly enhanced with time
of TGF-B intervention (0-24 h) (Fig. S3A-G). Next, we
transduced FLSs with a lentivirus expressing control
(shCtrl) or NUPRI shRNA (shNUPRI) to investigate the
role of NUPRI in TGF-p-induced synoviocyte prolifera-
tion. After TGF-p stimulation, more EdU-positive cells
(indicated by red fluorescence) were observed among
shNUPRI-transduced FLSs than among the shCtri-trans-
duced. Conversely, a significant decrease in EQU-positive
cells was found among shNUPR1-transduced FLSs versus
the shCtri-transduced FLSs following TGF-p +shNUPRI
treatment (Fig. 3C, D). These data suggest that NUPR1
deficiency inhibits synovial hyperplasia and limits FLS
cell proliferation.

NUPRT1 is essential for TGF-B-induced fibrotic response

in FLSs by promoting SMAD3 signaling

Evidence indicates that NUPR1 and SMAD3 signal-
ing mediates the expression of fibrotic markers a-SMA,
COL1A1l, and Vimentin [31, 32]. Therefore, we hypothe-
sized that NUPR1 regulates the expression of these genes

Fig. 2 NUPR1 deficiency attenuates synovial fibrosis in the KOA mouse model. A Timeline of animal experiment. B The effectiveness

of adeno-associated virus (AAV) carrying NUPR1-specific ShRNA (AAV-shNUPRT) was determined by RT-gPCR. Synovium was obtained 10 weeks
after intra-articular injection of AAV-shNC (AVV bearing scramble shRNA) or AAV-shNUPR1 (n=6 mice per group). C Vernier calipers were used

to measure the degree of swelling in mouse knee joints on days 28, 42, and 56 following DMM surgical intervention (n=6 mice per group).

D Representative Masson staining images of mouse knee joints at X200 magnification (n=6 mice per group). Scale bar, 50 um. Two weeks

before surgery, male 10-week-old C57/BL6J mice were injected intra-articularly with AAV-shNUPR1 and analyzed 8 weeks after surgery. E
Quantification of the percentage of fibrotic area (%) of mouse synovial tissue (n=6 mice per group). F-J Immunoblotting analysis of a-SMA,
COL1AT1, CTGF, and Vimentin protein expression in synovial tissues (n=6 mice per group). **P<0.01, ***P<0.001. Unpaired 2-tailed t test (B); 1-way

ANOVA (C-I)
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Fig. 3 NUPR1 deficiency inhibits synovial hyperplasia and synoviocyte proliferation. A Representative images showing HE staining of the synovium
of mouse knee joints at X200 magnification (n=6 mice per group). Scale bar, 50 um. B Synovial hyperplasia was assessed by measuring synovial
thickness (n=6 mice per group). C FLSs were transduced with a lentivirus carrying shNC (scramble shRNA) or shNUPRT (NUPR1 shRNA) followed

by vehicle (-) TGF-B treatment for 24 h, as indicated. Representative images of EdU staining of FLSs at X200 or x400 magnification (n=6 mice

per group). EdU-positive cells are depicted in red, while DAPI-stained nuclei are in blue. Scale bar, 100 ym or 50 um. D Quantification of EdU-positive

cells (n=6 mice per group). ***P<0.001. 1-way ANOVA (A-D)

through the SMAD3 signaling pathway. To evaluate our
hypothesis, we used a lentiviral vector containing shC-
trl (scramble shRNA) or NUPR1 shRNA (shNUPRI) to
infect FLSs and stimulate them with TGF-B. We quanti-
fied NUPRI mRNA expression in FLSs, uncovering it was
upregulated in the TGF-$ +skCtrl group but downregu-
lated after NUPRI knockdown (Fig. 4A). Subsequently,
we examined the expression of the a-SMA protein, a
myofibroblast marker, using immunofluorescence stain-
ing. The results indicated that the expression of a-SMA
was reduced when FLSs were transduced with shNUPR1
and subsequently exposed to TGF-f stimulation (Fig. 4B,
C). Moreover, consistent with our observation in the

synovium of NUPRI knockdown KOA mice, shNUPRI-
transduced synoviocytes exhibited reduced TGF-p-
induced fibrosis that was also reflected in decreased
a-SMA, COLIA1L, CTGF and Vimentin protein levels.
Thus, the results demonstrate that NUPRI knockdown
significantly blocks TGF-B-induced a-SMA, COLIAI,
CTGF and Vimentin expression (Fig. 4D—H and S4A-D).
Furthermore, TGF-B-induced SMAD3 phosphoryla-
tion in FLSs was inhibited following NUPRI knockdown
(Fig. 41, J), indicating that NUPR1 regulates a-SMA,
COL1AI, CTGF and Vimentin expression via SMAD3
signaling. Since a 30-min TGF-B treatment induces
SMAD3 nuclear translocation [16], we investigated
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Fig. 4 NUPR1 is essential for TGF-B-induced fibrotic response in FLSs by promoting SMAD3 signaling. A FLSs were stimulated with 50 ng/mL TGF-$3
for 24 h. Relative expression of NUPRT in FLSs (n=6 mice per group) quantified with RT-qPCR. B FLSs were stimulated with 50 ng/mL TGF-{ for 24 h.
Representative immunofluorescence staining images of a-SMA (green) in FLSs at X630 magnification (n=6 mice per group). Scale bar, 100 um. C
Quantification of fluorescence intensity (n=6 mice per group). D-J FLSs were stimulated with 50 ng/mL TGF-{3 for 24 h. Immunoblotting analysis
of a-SMA, COL1A1, CTGF, Vimentin, pSmad3, and Smad3 protein expression in FLSs (n=6 mice per group). K FLSs were stimulated with 50 ng/mL
TGF-B for 0.5 h. Representative immunofluorescence staining of SMAD3 cellular location (red) in the FLSs at X200 or X400 magnification (n=6 mice

per group). Scale bar, 100 um or 50 um. ***P<0.001. 1-way ANOVA (A-J)

whether NUPR1 contributes to SMAD3 nuclear localiza-
tion by immunofluorescence staining. When FLSs were
exposed to a 30-min TGEF-p activation, the SMAD3 pro-
tein translocated to the FLS nuclei. However, FLSs treated
with TGF-B+shNUPRI showed significantly reduced

SMAD3 nuclear localization compared with cells treated
with TGF-B+shCtrl (Fig. 4K). These data imply that
silencing NUPRI not only reverses the TGF-B-induced
fibroblast differentiation into myofibroblasts and low-
ers a-SMA expression but also mitigates TGF-B-induced
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synovial fibrosis by inhibiting SMAD3 phosphorylation
and affecting SMAD3 nuclear localization in FLSs.

Trifluoperazine (TFP) reduces synovial fibrosis

in DMM-induced mouse KOA

Trifluoperazine (TFP) is a robust calmodulin inhibitor
that effectively targets central dopamine receptors and
is an FDA-approved conventional antipsychotic used to
relieve anxiety. It also binds NUPR1 and prevents it from
associating with other proteins, abrogating NUPR1 func-
tion and mimicking the effects of NUPR1 deficiency [36,
37]. TFP administration presents a substantial therapeu-
tic prospect in ameliorating fibrotic disorders since it
hinders apoptosis and inflammatory cascades, attenuat-
ing fibrotic progression in cardiac and renal tissues [37,
38]. Because our investigation revealed that NUPRI is
indispensable in synovial fibrosis pathogenesis, we inves-
tigated whether TFP-induced NUPR1 inactivation ame-
liorates the pathological alterations induced by DMM.
As expected, whereas collagen deposition significantly
increased in DMM-operated mice, TFP treatment sig-
nificantly decreased collagen deposition (Fig. 5A, B).
Moreover, TEP treatment significantly lessened synovial
hyperplasia, as evidenced by HE staining quantification
of synovial thickness (Fig. 5C, D). Western blotting and
RT-qPCR quantification also revealed enhanced expres-
sion of a-SMA, COLIAI, CTGF and Vimentin after
DMM operation, and this effect was further attenuated
by TFP treatment (Fig. 5E-I and S5A-D). Further inves-
tigation is required to delineate the molecular pathways
implicated in the TFP-induced NUPR1 downregulation.
In conclusion, these findings indicate that pharmacologic
NUPR1 inhibition reduces synovial fibrosis, potentially
establishing NUPR1 as a viable therapeutic target for
clinical trials.

Materials and methods

Experimental KOA model

Wildtype 10-week-old male C57BL/6] mice (20-22 g)
were purchased from the Nanjing University of Chinese
Medicine Laboratory Animal Center and bred in strict
accordance with laboratory animal feeding guidelines.
The experimental KOA model was induced in mice by
surgical destabilization of the medial meniscus (DMM)
that involves dissecting the medial meniscus ligament of
the right knee [39]. Mice in the Sham group underwent a
similar surgical procedure but without the medial menis-
cus ligament dissection. Mice were randomly assigned
into 4 groups: Sham+AAV-shNC, Sham+AAV-shN-
UPR1, DMM +AAV-shNC, and DMM +AAV-shNUPRI.
Mice were randomly allocated into 3 groups before
trifluoperazine (TFP) administration: Sham, DMM,
and DMM+TEP. Vehicle solution or 1.5 mg/kg TEP
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(MedChemExpress, USA) was intraperitoneally injected
into mice with DMM for 3 days [31]. The mice were euth-
anized 7 days following DMM.

All experimental procedures were ethically approved
by the Institutional Animal Care and Use Committee of
Nanjing University of Chinese Medicine (ethics regis-
tration No. 202302A016) and performed following the
governmental recommendations for the Care and Use of
Laboratory Animals. All efforts to minimize pain and dis-
tress in C57BL/6 ] mice were used.

Adeno-associated virus (AAV) shRNA production

and injection

For knockdown experiments, constructs AAV-shNC
(Hanbio Biotechnology Co., Ltd, China) and AAV-shN-
UPRI (Hanbio) were used. A scramble (negative control,
NC) or NUPRI-targeting shRNA sequence was sub-
cloned into the pHBAAV-U6-MCS-CMV-EGFP vector
(AAV serotype 5, AAV5) by Hanbio (shRNA sequences
are shown in Supplementary Table S1). The pHBAAV-
ShNUPRI-CMV-EGFP, pHelper, and pAAV-RC vectors
were co-transfected into AAV-293 cells using LipoFi-
terTM transfection reagent (Hanbio) to generate the
recombinant adeno-associated virus. Before injecting
AAV into the knee joint cavity, mice were anesthetized
with 0.5% pentobarbital, and the skin over the joint area
was shaved. Mice were injected intra-articularly with 10
uL of 1x 10" vg/mL AAV-shNC or AAV-shNUPRI using
0.26-mm gauge needles and 10 pL microliter syringes
(Shanghai Bolige Industry & Trade Co., Ltd., China)
14 days before DMM. The doses of AAV joint injections
were chosen as reported previously [39, 40]. After treat-
ment administration, the mice were placed on a 37 °C
temperature-controlled surface and monitored until they
regained consciousness and recovered. After a 56-day
treatment period, euthanasia was performed on all mice
by inhaling a lethal dose of CO,, and the knee joints
were harvested following the respective experimental
protocols.

Measurement of knee joint swelling

The degree of swelling was quantified on the day of
modeling and 28, 42, and 56 days after the surgical pro-
cedure. The transverse diameter (mm) of the right knee
joint within each group was measured by vernier calipers
(Mitutoyo Corporation). The swelling percentage of the
knee was computed using the formula: Knee Swelling
(%) =([Diameter of Right Knee Joint — Diameter of Left
Knee Joint]/Diameter of Left Knee Joint) X 100.

Histological analysis
Synovial or knee joint tissue sections were deparaffi-
nized and hydrated with gradient alcohol, stained with
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Fig.5 Trifluoperazine (TFP) reduces synovial fibrosis in DMM-operated mice. A Representative Masson staining images of mouse knee joints

at x200 magnification (n=6 mice per group). Scale bar, 50 pm. Mice that underwent DMM received intraperitoneal injections of 1.5 mg/kg TFP
for 3 days and were euthanized 7 days following DMM. B Quantification of the percentage of fibrotic area (%) in mouse synovial tissue (n =6 mice
per group). C Representative HE staining images of the synovium from mouse knee joints at X200 magnification (n=6 mice per group). Scale
bar, 50 um. D Synovial hyperplasia was assessed by measuring synovial thickness (n=6 mice per group). E-l Immunoblotting analysis of a-SMA,
COL1A1, CTGF, and Vimentin protein expression in synovial tissues (n=6 mice per group). ***P<0.001. 1-way ANOVA (A-H)

hematoxylin and eosin (HE) (Solarbio, China) or Mas-
son’s trichrome solution (Solarbio), dehydrated with
gradient alcohol, and sealed with neutral gum. Subse-
quent histopathologic changes were monitored and
recorded using an optical microscope (PerkinElmer
Vectra 3.0). Each synovial tissue sample was prepared
as 10 sequential HE-stained sections, and these were
used to identify the thickest part of the synovium for
thickness evaluation. These measurements were done

using the Fiji software (Image] v. 1.74, NIH, USA;
http://rsbweb.nih.gov/ij/). Synovial hyperplasia was
determined by 2 blinded observers to assess pathologi-
cal alterations in the synovial tissue [10]. Semiquantita-
tive evaluation of synovitis was done using the Krenn
scoring system with a 0 to 9 range [41]. The degree of
synovial fibrosis was assessed by calculating the fibrotic
area percentage (%) and the collagen I-positive areas
(%) with the Fiji software.
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Fibroblast-like synoviocyte (FLSs) isolation and culture
Knee-derived primary FLSs were isolated from the syn-
ovium of C57BL/6] mice (aged 8—12 weeks) by enzymatic
digestion, as reported previously [42]. In brief, the syn-
ovium was removed from the anterior, medial, and lateral
parts of the knee and the fat pad [43]. It was diced into
1-mm? fragments, enzymatically digested using 0.2% col-
lagenase I (Solarbio) for 1 h while agitating at 500 rpm at
37 °C and vortexing at 20-min intervals. Subsequently, it
was centrifuged at the appropriate speed, and the FLSs
pellet was resuspended in DMEM (Biochannel, China)
supplemented with 10% fetal bovine serum (FBS) (Bio-
channel), and 1Xxantibiotic—antimycotic (Solarbio). To
preserve the FLS phenotype, cells were passaged when
the primary FLS cultures attained approximately 80%
confluence. For consecutive experiments, FLSs from 3d
to 5th passage were selected. A portion of the extracted
FLSs were cryopreserved in liquid nitrogen using serum-
free cell cryopreservation solution (Cellregen Life Sci-
ence and Technology Co., Ltd., China) for subsequent
experimental use.

Lentiviral shRNA transduction

The mouse NUPR1 shRNA (Hanbio) or scramble shRNA
(negative control, shCtrl, Hanbio) was synthesized and
inserted into the lentiviral vector pHBLV-U6-MCS-
CMV-ZsGreen-PGK-PURO (Hanbio). Packaging vector
PSPAX2, envelope vector pMD2.G, and pHBLV-U6-shN-
UPRI1-CMV-ZsGreen-PGK-PURO were co-transfected
into HEK293 cells using LipoFiterTM transfection rea-
gent (Hanbio) to generate an infectious lentiviral parti-
cle. For lentiviral transduction, FLSs were seeded onto
6-well plates at a seeding density of 2x 10° cells per well
for 24 h and transduced with lentivirus-carrying shRNA
constructs to establish a stable NUUPRI downregulation
(shRNA sequences are listed in Supplementary Table S2).
Cells were exposed to the lentivirus at a 1x10® TU/mL
titer in the presence of 10 pg/mL polybrene (Hanbio) fol-
lowing the manufacturer’s instructions [44]. The valida-
tion of the mouse NUPRI downregulation vector was
confirmed with sequencing analysis. After infection,
FLSs were stimulated with 50 ng/mL TGF-f (MedChem-
Express) for 0.5 or 24 h under serum-starved (0.5% FBS)
medium conditions [16].

5-Ethynyl-2’-deoxyuridine proliferation assay

Synoviocyte proliferation was assessed by 5-ethynyl-2’-
deoxyuridine (EdU) staining performed with the Beyo-
Click EdU Cell Proliferation Kit with Alexa Fluor 594
(Beyotime, China). Fibroblast-like synoviocytes were
washed 3xwith PBS, followed by adding a sequence of
reagents: fresh DMEM with 10 pM EdU working solu-
tion, 4% paraformaldehyde, 0.3% Triton X-100, Click
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reaction solution, and DAPI (Absin). The incubation time
in each reagent was done following the manufacturer’s
instructions. Cells were washed in PBS and observed
under an inverted fluorescence microscope (#D3000,
Leica, Germany).

Immunofluorescence staining

Immunofluorescence (IF) staining of mouse synovial tis-
sues or FLSs was performed as described previously [45].
Tissues or cell slides were incubated overnight with pri-
mary antibodies: anti-NUPR1 (Bioss, China), anti-a-SMA
(Abcam, USA) or anti-SMAD3 (Abcam). An incubation
with corresponding CoraLite594- or Fluor488-conju-
gated secondary antibodies was done at 4 °C, followed by
labeling the nuclei with DAPI (Absin) for 10 min. Images
of target proteins were visualized and captured by an
inverted fluorescence microscope (#D3000, Leica) or a
Confocal Laser Scanning Microscope (#FV3000, Olym-
pus). Quantification of IF staining results was performed
using Image] software.

Western blotting

An appropriate amount of synovial tissue or FLSs was
added to a RIPA Lysis Buffer (APExBIO, USA) contain-
ing phosphatase and proteinase inhibitors (10X V) (New
Cell & Molecular Biotech Co., Ltd., China), followed by
homogenization, ice-cold lysis, and centrifugation at 4 °C
and 12,000 rpm from 5 to 10 min. The supernatant was
collected, and the protein concentration was determined
using a Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific Inc., USA). Next, proteins were separated on
an SDS-PAGE gel (sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis) (Vazyme Biotech Co., Ltd.,
China) and transferred onto polyvinylidene fluoride
membranes (Merck, USA). The membranes were blocked
for 1 h in 10 mM Tris-buffered saline (TBS) (Beyotime)
containing 5% skimmed milk powder (Beyotime). They
were probed for 12 h at 4 °C with one of the following
antibodies diluted in 5% milk-TBS blocking buffer: anti-
NUPR1 (Bioss), anti-a-SMA (Abcam), SMAD3 Anti-
body (Cell Signaling Technology), anti-phospho-SMAD3
(HUABIO), anti-COL1A1 (Proteintech Group, Inc.),
anti-CTGF (Signalway Antibody LLC.), anti-Vimentin
(ZEN-BIOSCIENCE, China), or anti-B-actin (Signalway
Antibody LLC., USA). Membranes were washed 3Xin
TBS containing 0.1% Tween 20 and incubated for 1 h
at room temperature with HRP conjugated secondary
antibodies diluted in 5% milk-TBS blocking buffer: anti-
rabbit (40 ng/mL; Sigma-Aldrich, Germany) and anti-
mouse (1:10,000; Sigma-Aldrich). After multiple washes
with Tween 20, membranes were treated with an ECL
chemiluminescence substrate (Keygen BioTECH, China),
and protein bands were visualized using an ImageQuant
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imaging system (#800, GE HealthCare). Band signal
intensity was quantified by normalizing the bands of
interest to B-actin using Image Lab software (#6.1, Bio-
Rad Laboratories, Inc.). Detailed information about the
antibodies is presented in Supplementary Table S3.

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was extracted from cellular and tissue sam-
ples using TRIzol reagent (Yeasen Biotechnology Co.,
Ltd., China), adhering to the manufacturer’s protocol.
Total RNA concentration and purity were assessed.
Subsequently, total RNA was reverse transcribed into
c¢DNA using the Hifair III 1st Strand cDNA Synthesis Kit
(Yeasen). The cDNA was subjected to quantification with
the Hieff qPCR SYBR Green Master Mix (Yeasen) in an
ABI-7500 detection system (Applied Biosystems). The
relative expression of each gene was normalized using
the Gapdh gene as an internal reference and calculated
with the 2724¢t method (see Supplementary Table S4
for primer sequences). All primers were procured by
Generay.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 9.0 (GraphPad Software, Inc., La Jolla, CA, USA),
and data were presented as means * standard deviation.
When 2 groups were compared, an unpaired 2-tailed ¢
test was used. More than 2 groups were evaluated with
a 1-way analysis of variance (ANOVA). Tukey’s post-test
was performed to compare differences between groups.
A difference was significant when P values were *P<0.05,
**P<0.01, and **P<0.001.

Discussion

Knee osteoarthritis (KOA) is the most common chronic
degenerative disease in the middle-aged and older pop-
ulation [1]. Synovial fibrosis usually occurs in the late
stages of KOA progression and is characterized by pro-
gressive deterioration of the surrounding soft tissue,
especially synovial tissue, as articular cartilage degen-
eration worsens. Consequently, joint pain, swelling, stiff-
ness, functional impairments, and even disability arise
[3]. Accumulating evidence shows that synovial fibrosis is
highly associated with joint swelling, pain, and impaired
motion [5, 6], demanding investigation of its specific
pathological mechanism.

Human genes, such as COLIA1, CTGF, Vimentin, and
a-SMA, are highly expressed in KOA fibrotic synovium
and used as markers of KOA synovial fibrosis [9, 10]. The
COL1A1 gene produces the al chain of type I collagen,
essential for forming collagen fibrils and an integral part
of the ECM [46]. Its expression is upregulated in numer-
ous fibrotic diseases, such as idiopathic pulmonary and
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endometrial fibroses [47, 48]. The CTGF gene encodes a
newly discovered multifunctional secretory protein that
stimulates fibroblast proliferation and collagen deposi-
tion. It is significantly enriched in almost all fibrotic dis-
eases, and its overexpression causes various diseases,
such as glomerulosclerosis, scleroderma, liver, and pul-
monary fibroses [49, 50]. The Vimentin gene encodes a
type III intermediate filament protein widely distributed
in the cytoskeleton with the primary role of preserv-
ing movement and integrity [51]. Its expression is also
associated with many fibrotic diseases, including pulmo-
nary fibrosis [52]. The a-SMA gene is now identified as a
marker of myofibroblasts, known for their active prolifer-
ation and collagen secretion capabilities, contributing to
fibrosis through increased ECM deposition [53]. We pre-
viously reported that significant synovial fibrosis emerges
in the anterior cruciate ligament transaction (ACLT)-
induced KOA rat model, as evidenced by upregulated
expression of fibrosis markers TGF-f, COL1Al, and
TIMP metallopeptidase inhibitor 1 (TIMP1) [54]. There-
fore, interventions targeting disease-critical genes could
be a vital component of therapeutic strategies against
KOA synovial fibrosis.

Transforming growth factor beta (TGF-p) is a common
pro-fibrotic mediator, and the key signaling pathways it
activates are SMAD and the mitogen-activated protein
kinase (MAPK) pathways [55]. The SMAD protein fam-
ily is highly conserved, and SMAD3 is a central mediator
of TGF-p signaling and is closely associated with fibrotic
development in multiple organs [11]. We previously dis-
covered that synovial macrophage pyroptosis promotes
translocation of the high mobility group box 1 (HMGB1)
protein from the nuclei of FLSs and binding to the renal
tumor antigen (RAGE) cell surface receptor, activating
the TGF-B/SMAD3 signaling pathway and attenuating
synovial fibrosis [56]. The core function of TGE-p is to
regulate ECM deposition and fibrosis [11] and upregu-
late NUPRI mRNA expression, which in turn enhances
the transactivation potential of SMAD proteins [57].
Since TGF-B activates NUPR1 transcription through
the SMAD signaling cascade [58], further investigations
are needed on the role and mechanisms of NUPR1 and
TGE-B/SMAD3 in KOA synovial fibrosis.

In this study, we established a model of synovial fibro-
sis in mice with KOA with surgical destabilization of
the medial meniscus (DMM). The affected mouse joints
showed obvious pathological changes of knee osteoar-
thritis on radiographs. Moreover, NUPR1 expression
positively correlated with the pathological changes of
synovial fibrosis and was upregulated in synovial tissues
of mice with KOA. Next, 10-week-old male C57BL/6]
mice were given an intra-articular injection of AAV
expressing NUPR1-specific sShRNA to determine whether
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Fig. 6 A scheme depicting the role of NUPR1 in KOA synovial fibrosis. Surgical DMM in mice induces NUPR1 expression in fibroblast-like
synoviocytes. Consequently, the SMAD3 signaling pathway is activated, triggering fibroblast activation and myofibroblast transdifferentiation.

Myofibroblasts, in turn, increase the extracellular matrix in synovial fibrosis

NUPRI plays a role in synovial fibrosis. The shRNA-
mediated NUPRI deficiency attenuated synovial fibrosis
in DMM-induced synovial fibrosis. Additionally, NUPR1
deficiency inhibited synovial hyperplasia and synoviocyte
proliferation. Most strikingly, silencing NUPR1 reversed
the TGF-B-triggered myofibroblast activation and miti-
gated TGF-B-induced synovial fibrosis by inhibiting
SMAD3 phosphorylation and affecting SMAD3 nuclear
localization. Ultimately, a NUPR1 inhibitor TFP allevi-
ated synovial fibrosis by suppressing NUPRI1 activity,
showing pharmacologic NUPR1 inhibition may be used
against synovial fibrosis (Fig. 6). However, the mecha-
nisms by which NUPRI influences SMAD3 phospho-
rylation and SMAD3 nuclear localization and additional
pathological pathways driving synovial fibrosis, present
unanswered questions for future research.

Conclusions

This study found that NUPR1 expression increases in
mouse synovium after surgical DMM, and NUPR1 medi-
ates DMM-induced synovial fibrosis. Mechanistically, it

shows that NUPRI1 deficiency mitigates TGF-p-induced
synovial fibrosis and reverses the TGF-B-induced myofi-
broblast activation by inhibiting SMAD3 phosphoryla-
tion and affecting SMAD3 nuclear localization. Finally,
our study demonstrates that pharmacological NUPR1
inhibition is a potential strategy to treat synovial fibrosis.
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