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Overexpression of ubiquitin-specific peptidase 15 in
systemic sclerosis fibroblasts increases response to
transforming growth factor b
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Abstract

Objective. Ubiquitination of proteins leads to their degradation by the proteasome, and is regulated by ubiquitin ligases

and substrate-specific ubiquitin-specific peptidases (USPs). The ubiquitination process also plays important roles in the

regulation of cell metabolism and cell cycle. Here, we found that the expression of several USPs is increased in SSc

tenosynovial and skin biopsies, and we demonstrated that USP inhibition decreases TGF-b signalling in primary fibroblast

cell lines.

Methods. High-density transcriptomic studies were performed using total RNA obtained from SSc tenosynovial

samples. Confirmatory immunostaining experiments were performed on tenosynovial and skin samples. In vitro

experiments were conducted in order to study the influence of USP modulation on responses to TGF-b stimulation.

Results. Tenosynovial biopsies from SSc patients overexpressed known disease-associated gene pathways: fibrosis,

cytokines and chemokines, and Wnt/TGF-b signalling, but also several USPs. Immunohistochemistry experiments

confirmed the detection of USPs in the same samples, and in SSc skin biopsies. Exposure of primary fibroblast cell

lines to TGF-b induced USP gene expression. The use of a pan-USP inhibitor decreased SMAD3 phosphorylation, and

expression of COL1A1, COL3A1 and fibronectin gene expression in TGF-b-stimulated fibroblasts. The effect of the USP

inhibitor resulted in increased SMAD3 ubiquitination, and was blocked by a proteasome inhibitor, thereby confirming the

specificity of its action.

Conclusion. Overexpression of several USPs, including USP15, amplifies fibrotic responses induced by TGF-b, and is

a potential therapeutic target in SSc.
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Rheumatology key messages

. Ubiquitin-specific peptidases are overexpressed in SSc tenosynovial and skin biopsies.

. Ubiquitin-specific peptidases 15 amplifies TGF-b stimulation of fibroblasts through inhibition of SMAD3 ubiquiti-
nation and degradation.

. Ubiquitin-specific peptidases inhibition decreases collagen production by TGF-b-stimulated fibroblasts.

Introduction

SSc is a connective tissue disease affecting skin and in-

ternal organs, characterized by a triad of inflammation, vas-

culopathy and progressive fibrosis, due to deposition of

mainly type I collagen. Out of the intricate mechanisms

involved in the pathogenesis of the disease, evidence indi-

cates that TGF-b signalling plays a central role in mediating

the effects of several pro-fibrotic effectors (tribbles homo-

logue 3, IL-6, Ubiquitin-conjugating enzyme 9 (Ubc9),

thrombospondin 1, integrins) [1�9]. In addition, TGF-b is

induced by hypoxia in cultured fibroblasts, an observation

suggesting a role for this cytokine in linking vasculopathy
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and fibrosis in the disease [10, 11]. Not surprisingly, TGF-b
and wingless mouse mammary tumour virus integration

(Wnt) signalling are among the most prevalent pathways

found in global gene expression studies performed on

SSc skin biopsies [12�16]. In this perspective, modulation

of TGF-b activity remains a top therapeutic target in SSc

drug development [17].

We recently performed whole-body MRI studies in SSc

patients, and evidenced deep connective tissue infiltrates

surrounding tendons in patients with active disease, and

tendon friction rubs [18]. Tenosynovitis and arthritis were

also found by MRI in one-third of the patients. We per-

formed tenosynovial biopsies in patients with clinically

active tenosynovitis, in order to evaluate whether such

samples would provide additional information on disease

mechanisms. Here, we report that these samples are

characterized by the overexpression of genes involved in

fibrosis, TGF-b/Wnt signalling, and chemokines and cyto-

kines, but also by the concurrent overexpression of sev-

eral ubiquitin-specific peptidases (USPs).

Ubiquitinated proteins are addressed to proteasomes

where they are degraded. The ubiquitination process is

controlled by the concerted action of three (E1, E2 and

E3) ubiquitin ligases, and a large number of substrate-

specific USPs. In normal cells, regulation of the ubiquiti-

nation/deubiquitination balance plays a role in numerous

cellular pathways, such as cell cycle, regulation of tran-

scription and response to stress [19]. In tumours, over-

expression of specific USPs is associated with

increased proliferation, and USP inhibitors are currently

developed for oncological purposes [20�24]. Among the

USPs overexpressed in SSc tenosynovial biopsies,

USP15 is known to specifically deubiquitinate SMAD3,

and TGF-b Receptor 1 (TGF-bR1) [24�30]. We therefore

wanted to test the hypothesis that USP15 overexpression

plays a role in the pathogenesis of SSc via decreased

ubiquitin-mediated degradation of proteins involved in

TGF-b signalling.

Methods

Tenosynovial and skin biopsy samples

Five tenosynovial biopsies were obtained from diffuse SSc

patients undergoing surgical procedures due to refractory

pain and/or loss of function caused by tenosynovitis. These

samples were used in high-density transcriptomic and

immunohistochemistry experiments. Paired cutaneous

biopsies were obtained from clinically affected and clinically

normal skin from 20 patients with diffuse SSc. All patients

fulfilled the LeRoy and Medsger criteria [31], and were in the

active phase of the disease. Ten normal cutaneous biopsies

were used as negative control (from breast and abdominal

wall reduction specimens). The study was approved by the

ethics committee of the Université catholique de Louvain.

All subjects provided written informed consent.

High-density transcriptomic analyses

RNA was extracted from the tenosynovial biopsy samples

using a NucleoSpin RNA II extraction kit (Macherey-Nagel,

Düren, Germany), including DNase treatment of the sam-

ples. RNA quality was assessed using an Agilent 2100

Bioanalyzer and RNA nanochips. All samples had an

RNA integrity number >7. Complementary RNA was

synthetized from 1mg total RNA, and biotin-labelled ac-

cording to a standard Affymetrix procedure (GeneChip� 3’

IVT express kit, ThermoFisher Scientific, Waltham, MA,

USA). GeneChip Human Genome U133 Plus 2.0 arrays

were hybridized overnight at 45�C with 10 mg fragmented

biotinylated complementary RNA. The slides were then

washed and stained using a EukGE-WS2v5 fluidics proto-

col on a GeneChip Fluidics Station 450, before being

scanned on a GeneChip Scanner 3000 (Affymetrix,

ThermoFisher Scientific). The Affymetrix .CEL and .CHP

files were deposited in the Gene Expression Omnibus of

the National Center for Biotechnology Information (http://

www.ncbi.nlm.nih.gov/geo) and are accessible through

Gene Expression Omnibus accession number GSE93698.

USP15, USP16, USP37 and USP48 immunostaining

Fresh tissue samples were fixed overnight in 10% formalin

buffer at pH 7.0 and embedded in paraffin for histological

and immunohistochemical analyses. Formalin-fixed, paraf-

fin-embedded 5mm sections were incubated for 30 min in

citrate buffer (pH 5.8) at 95�C for antigen retrieval, next

incubated overnight at 4�C with the following primary anti-

bodies: anti-USP15 (1/800, NovusBio, Centennial, CO,

USA), anti-USP16 (1/1500, Proteintech, Chicago, IL, USA),

anti-USP37 (1/500, NovusBio) and anti-USP48 (1/1000,

Proteintech). Bound antibodies were labelled with

EnVision + system horseradish peroxidase-labelled poly-

mer (Dako, Santa Clara, CA, USA). Serous ovarian tumour

sections were used as positive control for USP15 and

USP16, prostatic adenocarcinoma for USP37 and pancre-

atic adenocarcinoma for USP48.

Evaluation of optical parameters (density of collagen

bundles and inflammatory cell infiltrates) was performed

using a semi-quantitative score on a 0�3 scale, where 0

indicates absence, 1 weak and very focal staining, 2 mod-

erate and focal staining, and 3 moderate in several foci.

Perivascular fibroblastic densification was assessed as

present or not. USP15-, USP16-, USP37- and USP48-

stained slides were digitalized on a SCN400 slide scanner

(Leica), and quantification of the stains was performed

using FRIDA software v1.1.0 (average of the quantification

of 6 pictures/slide at a 40� magnification, normalized for

the surface of the nuclei).

Fibroblast cell cultures

Short-term human fibroblasts cell lines were isolated from

synovial biopsies obtained in patients with OA. Cells were

maintained at 37�C in a 8% CO2 atmosphere, in DMEM

(ThermoFisher Scientific), supplemented with 10% fetal

bovine serum, 1% sodium pyruvate (Gibco) and 1% anti-

biotic-antimycotic (Gibco), and used between passages 4

and 12. For the experiments themselves, cells were

washed, then plated in X-VIVO 10 medium (Lonza,

Basel, Switzerland) in order to avoid interferences from

fetal bovine serum with responses to TGF-b.
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In some experiments, cells were plated in 12-well plates,

at 120 000 cells/well and cultured in duplicates in the pres-

ence or the absence of TGF-b (4ng/ml, R&D Systems,

Minneapolis, MN, USA), or dimethyloxalylglycine (DMOG)

(500mM, Sigma-Aldrich, Darmstadt, Germany). After 16 h,

cells were harvested and pelleted for RNA extraction and

quantitative PCR (qPCR) evaluation of USP gene expres-

sion. In other experiments, cells were incubated for 16 h

with or without TGF-b (4 ng/ml), in the presence or absence

of USP inhibitor NSC632839 (10mM, LifeSensors, Malvern,

PA, USA) for qPCR analyses of COL1A1, COL3A1 and

fibronectin gene expression.

In order to evaluate the effects of USP inhibition on

SMAD3 phosphorylation in response to TGF-b stimula-

tion, cells were plated in 24-well plates at 30 000 cells/

well in X-VIVO 10, in the presence or absence of 10 mM

NSC632839, and left to adhere overnight, then stimulated

with TGF-b (4 ng/ml) for 15 min before being harvested in

50 ml RIPA buffer (ThermoFisher Scientific) with 1% Halt

protease and phosphatase inhibitor cocktail

(ThermoFisher Scientific). In this experimental setting,

SMAD3 ubiquitination was evaluated by adding 125 nM

epoxomicin (Sigma-Aldrich), an inhibitor of proteasome

degradation, to the cell cultures 1 h before the overnight

incubation step with NSC632839, and subsequent TGF-b
stimulation. Whole-cell lysates were prepared by lysing

cells in cold lysis buffer (Tris-HCl 50 mM, pH 8; NaCl

150 mM; NP40 1%; EDTA 2 mM) supplemented with pro-

tease and phosphatase inhibitor cocktail tablets

(PhosSTOP, Roche).

Finally, for the small interfering RNA (siRNA) experi-

ments, cells were plated at 30 000 cells/well in 24-well

plates, and transfected in duplicate wells with 50 nM

USP15 or 50 nM non-targeting siRNA pools (On-Target

Plus siRNA, Dharmacon, Lafayette, CO, USA), using the

DharmaFECT1 siRNA Transfection Reagent, according

the to the manufacturer’s protocol. After 24 h, the culture

medium was switched to serum-free X-VIVO 10. After

30 h, cells were stimulated with 4 ng/ml TGF-b for

15 min, and then harvested in 50 ml RIPA buffer with 1%

Halt protease and phosphatase inhibitor cocktail. All ex-

periments were repeated three times. Due to low trans-

fection efficiency, USP15 gene expression was never

down-regulated by more than 60% after transfection of

USP15 siRNA compared with non-targeting siRNA pools.

Plasmids and transfection of human embryonic
kidney cells

In order to test the effects of selected USPs on SMAD3

expression and phosphorylation in response to TGF-b, we

constructed USP15, USP37, USP48 and USP16 expres-

sion plasmids, as described in the supplementary mater-

ials and methods, available at Rheumatology online.

Because of the low transfection efficiency of short-term

human fibroblasts cell lines in the previous experiments,

human embryonic kidney (HEK293) cells were used in

these experiments. HEK293 cells were maintained in X-

VIVO 10 serum-free medium for 24 h, then transfected in

triplicate wells with 1mg of each plasmid separately, using

Lipofectamin 2000 (Invitrogen, Carlsbad, CA, USA).

Negative controls were transfected with the correspond-

ing empty plasmids. After 24 of 48 h, cells were stimulated

using 4 ng/ml TGF-b for 15 min, and then harvested in

50 ml RIPA buffer (Pierce) with 1% Halt protease and phos-

phatase inhibitor cocktail (ThermoFisher Scientific). All ex-

periments were repeated two or three times.

Real-time qRT-PCR

Total RNA was extracted from the fibroblast cell cultures

using the NucleoSpin RNAII kit. cDNA was synthesized

from 500 ng total RNA using RevertAid Moloney murine

leukaemia virus RT (Fermentas, Waltham, MA, USA) and

oligo(dT) primers. qPCRs and analyses were carried out

on a Light Cycler 480 real-time PCR system (Roche,

Basel, Switzerland) using SYBR Green PCR Master mix

(BioRad, Hercules, CA, USA), as further described in the

supplementary materials and methods, available at

Rheumatology online.

Western blot and immunoprecipitation experiments

SMAD3, phospho-SMAD3, USP15, USP16, USP37 and

USP48 western blots were performed as described in

the supplementary materials and methods, available at

Rheumatology online. In order to evaluate SMAD3 ubiqui-

tination, SMAD3 was immunoprecipitated from whole-cell

lysates using an anti-SMAD3 antibody (Rockland,

Limerick, PA, USA) with Protein A/G UltraLink Resin

(ThermoFisher Scientific). The immunoprecipitates were

dissolved in 20 ml protein loading buffer (ThermoFisher

Scientific), loaded on 10% Tris-glycine gels and trans-

ferred to nitrocellulose membranes as above. An anti-

polyubiquitinylated conjugate (Enzo Life Sciences, diluted

1/2000 in Tris-buffered saline, 0.1% Tween 20, 5% non-

fat milk) was used as primary antibody, and an anti-

mouse-horseradish peroxidase (Santa Cruz

Biotechnology, Dallas, TX, USA, diluted at 1/2000) as sec-

ondary antibody. After quantification of the ubiquitin

signal, membranes were stripped for 5 min at room tem-

perature in Restore PLUS Western Blot Stripping Buffer

(ThermoFisher Scientific), and re-stained with an anti-

SMAD3 antibody as above, in order to normalize the

amount of ubiquitinated proteins to total SMAD3.

Statistical analyses

Analysis of gene expression data was performed on

GeneSpring (Agilent, Santa Clara, CA, USA) after normal-

ization by robust multi-array analysis [32]. SSc tenosyno-

vial samples were compared with synovial biopsy

samples harvested previously by our group in patients

with several rheumatic conditions [33, 34]. ANOVA and

t-tests were performed, using OA samples as the com-

parator in the latter case. GOTERM pathway analyses

were done (on all transcripts overexpressed in SSc com-

pared with OA samples, with a fold-change threshold >2)

using DAVID [35, 36].

Other statistical tests were run on Prism (GraphPad,

San Diego, CA, USA), using paired or unpaired

Student’s t-tests, as indicated in the figure legends.
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Results

In our first experiments, we performed global transcrip-

tomic studies in tenosynovial biopsy samples (n = 5) from

patients with SSc. Gene expression in these specimens

was compared with synovial biopsy samples from pa-

tients with several rheumatic conditions known to induce

fibroblast activation and/or proliferation (RA, OA, PsA,

gout).

As expected, tenosynovial SSc samples were character-

ized by a strong overexpression of collagen transcripts, tran-

scripts encoding chemokines and cytokines, and transcripts

involved in Wnt/TGF-b signalling. Intriguingly, we also found

concurrent overexpression of numerous transcripts encod-

ing USPs in these samples: USP15, -16, -18, -25, -31, -36,

-37, -45 and -48 (Fig. 1, supplementary Table S1, available

at Rheumatology online). Immunohistochemistry experi-

ments, performed on the same tenosynovial samples, con-

firmed the presence of USP15 in all samples, located in

parts of the biopsy showing abundant collagen deposits,

or around small vessels (supplementary Fig. S1, available

at Rheumatology online). USP15, USP16, USP37 and

USP48 stains were also performed in independent superfi-

cial paired (clinically affected and unaffected) skin biopsies

obtained from patients with diffuse SSc, compared with

normal skin biopsies. Of note, collagen bundles, peri-vascu-

lar fibroblasts and inflammatory cell aggregates were still

observed in clinically unaffected skin samples from diffuse

SSc patients, albeit significantly less than in their clinically

affected counterparts (supplementary Fig. S2, available at

Rheumatology online). Although the USP15, USP16,

USP37 and USP48 stains were patchy (Fig. 2A), they were

significantly increased in SSC affected and unaffected skin

compared with control biopsies, with a gradient between

affected and unaffected SSc skin specimens (Fig. 2B).

We wondered whether hypoxia or TGF-b were involved

in the induction of USP gene expression. Synovial fibro-

blasts (from non-SSc individuals) were cultured overnight

in the presence of DMOG, a hypoxia-inducible factor 1a-

hydroxylase inhibitor that mimics the effects of hypoxia, or

TGF-b. Our results confirmed the stimulatory effects of

DMOG on TGF-b gene expression, but we did not observe

consistent in vitro effects on overall USP gene expression.

By contrast, TGF-b itself induced a significant overexpres-

sion of most USP transcripts tested in the panel (Fig. 3).

USP15 specifically deubiquitinates SMAD3 and TGF-

bR1, which suggests that USP15 overexpression in SSc

tissues could play a pathogenic role through increased

responses to TGF-b stimulation via inhibition of ubiqui-

tin-mediated degradation of these proteins. In order to

support this hypothesis, we evaluated the in vitro effects

of NSC632839, a pan-USP inhibitor, on SMAD3 phos-

phorylation and collagen gene expression in synovial

fibroblasts exposed to TGF-b. Western blot experiments

showed that NSC632839 significantly inhibited expression

of total SMAD3 protein and SMAD3 phosphorylation in

TGF-b-stimulated cells (Fig. 4A and B). As shown by

qPCR experiments, this was paralleled by a significant

decrease in COL1A1, COL3A1 and fibronectin gene ex-

pression in response to TGF-b stimulation (Fig. 4C). In

order to verify that the effects of NSC632839 were

mediated by modulation of the ubiquitination process,

we immunoprecipitated SMAD3 from treated vs untreated

cells. We found that the use of NSC632839 in TGF-b-sti-

mulated fibroblasts is associated with increased SMAD3

ubiquitination (Fig. 5A and B). Additional experiments indi-

cated that the inhibitory effects of NSC632839 on SMAD3

phosphorylation were not observed in the presence of

epoxomicin, a proteasome inhibitor (Fig. 5C and D),

thereby indicating that the mode of action of

NSC632839 involves increased ubiquitination and protea-

somal degradation of SMAD3.

We finally transfected USP15 siRNAs in synovial fibro-

blasts. In these cells, USP15 inhibition using siRNAs was

not able to down-regulate SMAD3 phosphorylation in re-

sponse to TGF-b stimulation (Fig. 6A and B). Although the

absence of noticeable effects in the presence of USP15

siRNAs is probably due to resistance of fibroblasts to

transfection and incomplete USP15 inhibition, these re-

sults prompted us to test the possibility that other USPs,

in particular those overexpressed in SSc tenosynovial

biopsies, are involved in regulation of TGF-b responses.

In order to address this question, we transfected expres-

sion plasmids in HEK293 cells (rather than in synovial

fibroblasts, given their resistance to transfection). As ex-

pected, USP15 overexpression in HEK293 cells induced a

significant increase in TGF-b-induced SMAD3 phosphor-

ylation and total SMAD3 (Fig. 6C and D). However, we

could not demonstrate any significant effect of USP16,

USP37, USP45 or USP48 on SMAD3 phosphorylation in

HEK293 cells exposed to TGF-b (data not shown).

Discussion

We found that SSc tenosynovial biopsies are character-

ized by the overexpression of transcripts involved in fibro-

sis, TGF-b/Wnt signalling, and chemokines and cytokine,

but also transcripts encoding several USPs. In particular,

USP15 is overexpressed in SSc tenosynovial, but also in

skin biopsy specimens. USP15, a TGF-b-induced gene,

amplifies TGF-b signalling, and in vitro USP inhibition

using a pharmacological inhibitor decreases collagen

and fibronectin gene expression by TGF-b-stimulated

fibroblasts.

Several reports described gene expression profiles in

SSc skin biopsies and found consistent results, i.e. over-

expression of transcripts involved in fibrosis, inflammation

and proliferation, with a high level of sample-to-sample

variations in the amplitude of the changes for each of

these pathways [12�16]. Overexpression of fibrosis- and

TGF-b/Wnt signalling-associated transcripts in our sam-

ples is in line with these previous observations, and is

correlative to the significant levels of fibrosis observed

on histological examination of the biopsies. Our samples

were not characterized by the overexpression of numer-

ous transcripts found in inflammatory or immune cells, but

this is because the comparators we used were synovial

biopsies from patients with rheumatic disorders, them-

selves characterized by fluctuating levels of expression

of these transcripts. Yet, overexpression of several
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FIG. 1 Overexpression of USPs in SSc tenosynovial biopsies

Genes differentially expressed in SSc tenosynovial compared with synovial tissue samples from patients with inflam-

matory joint disorders. Student’s t-tests indicated that 2549 transcripts were significantly overexpressed in SSc com-

pared with OA samples, with a fold-change >2. Pathway analyses showed that these transcripts were significantly

enriched in the indicated GOTERM pathways (all pathways and enrichment scores are listed in supplementary Table S1,

available at Rheumatology online). The data are displayed as log2-transformed, mean-centered values. MIC: micro-

crystalline arthritis; PSO: psoriatic arthritis; USP: ubiquitin-specific peptidase.
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FIG. 2 Overexpression of USP15, USP16, USP37 and USP48 in SSc skin biopsies

Biopsies were obtained from clinically affected and unaffected skin regions in 20 patients with diffuse SSc and 10 healthy

controls. (A) Characteristic images of USP15, USP16, USP37 and USP48 stains, showing positive fibroblasts, endothelial

and some inflammatory cells, mainly in perivascular areas. (B) Immunoquantification show significant overexpression of

the stained USPs in SSc compared with healthy skin samples. *P < 0.05; **P < 0.005; ***P < 0.0005 using Mann�Whiney

tests. USP: ubiquitin-specific peptidase.
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chemokines (CXCL9, CXCL10, CCL2, CCL13, CCL18) and

cytokines (IL-7, IL-15, IL-33, TNFSF4/OX40L) was

observed in the SSc samples, pointing at specific patterns

of immune cell recruitment and activation, known to be

involved in the pathogenesis of the disease [37, 38].

Increased expression of several USP-encoding tran-

scripts in our samples is a novel finding, of potential inter-

est for the pathogenesis of the disease in view of the

known role of USP15 on SMAD3 and TGF-bR1 deubiqui-

tination. Immunohistochemistry experiments confirmed

overexpression of USP15 not only in tenosynovial biopsy

fragments, but also in superficial biopsies obtained from

diseased skin areas of patients with diffuse SSc. In these

samples, the patchy staining pattern probably explains

why overexpression of USP15 fails to be detected in

global gene expression approaches performed on

superficial SSc skin biopsies. Of note, the control skin

samples used in the latter confirmatory experiments

were not obtained from the arm but from breast and ab-

dominal reduction specimens. Gene expression profiles in

normal fibroblasts is influenced by their anatomical loca-

tion (changes in expression of transcripts involved in pos-

itional identity, cell fate determination, cell migration,

extracellular matrix remodelling). Yet, there is no indication

that ubiquitin-related transcripts belong to these pathways

in normal skin [39]. In SSc skin samples, it should also be

noted that the predominant perivascular stain opens the

possibility that USP15 is overexpressed in heterogeneous

cell populations, including endothelial cells.

It is not obvious why USP overexpression in SSc tissues

displays a gradient of expression from skin to tenosyno-

vium. Differences in tissue oxygenation between skin and

tendon sheets is a plausible feature of the disease, in view

of the dense fibrotic changes observed in the latter sam-

ples, and it was therefore tempting to look at the effects of

hypoxia on induction of USP gene expression. However,

we could not evidence any consistent effect of hypoxia-

inducible factor 1a inhibition on USP expression by cul-

tured fibroblasts. In contrast, TGF-b did display significant

effects on USP expression in fibroblast cell cultures, and

the presence of active TGF-b in SSc teguments is well

documented. Yet, there is no formal evidence of locore-

gional variations in bioactive TGF-b concentrations in the

affected skin of patients with the disease. Our group did

show the presence of focal deep connective tissue infil-

trates by whole-body MRI imaging of SSc patients [18],

which might translate into local biological variations, invol-

ving TGF-b or other cytokines with potential effects on

USP expression, but additional work is needed in order

to confirm this hypothesis.

Our experiments indicate that USP15 expression in SSc

fibroblasts is part of an amplification loop leading to

increased responses to TGF-b through inhibition of

SMAD3 phosphorylation. As such, these results were ex-

pected, given the known effects of USP15 on SMAD3 and

TGF-bR1 deubiquitination. Yet, our work, by demonstrat-

ing the significant effect of pharmacological USP inhibition

on the production of collagen genes by TFGb-stimulated

fibroblasts, points at potential therapeutic developments

in the modulation of fibrosis, at least in tenosynovial struc-

tures (considering that our ex vivo experiments were per-

formed on synovial fibroblasts). Additional experiments in

pre-clinical models of the disease will be needed in order

to further substantiate the role of USP15 in dermal or lung

fibrosis. Of note, USP15 is not the only USP overex-

pressed in SSc samples, and it is possible that several

of the other overexpressed USPs also play a role in dis-

ease-associated mechanisms. According to in silico pre-

diction algorithms, USP45 would have the ability to

deubiquinate SMAD3 as well. However, we could not

find any significant effect of USP45 overexpression on

SMAD3 phosphorylation in response to TGF-b stimulation

in HEK293 cells, and this was also the case for other USPs

tested: USP16, USP37 and USP48. Whether not only

TGF-b signalling but also additional cellular processes

FIG. 3 Regulation of USP expression by DMOG and TGF-

b in fibroblast cell lines

Synovial fibroblasts (n = 6 cell lines), obtained from the

knee of patients with OA, were cultured for 24 h in dupli-

cate wells with DMOG, a hypoxia-inducible factor 1a
hydroylase inhibitor, or TGF-b. Expression of the indicated

USP was evaluated by quantitative PCR. Results are

displayed as mean (± S.E.M.) fold-changes compared with

unstimulated cells from three different experiments. *P <

0.01; **P < 0.005; ***P < 0.0001 using unpaired Student’s

t-tests. Mean value for USP37 induction by DMOG, 19.1.

DMOG: dimethyloxalylglycine; ND: not done; USP: ubi-

quitin-specific peptidase.
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FIG. 4 Effects of USP inhibition on SMAD3 phosphorylation and collagen gene expression in TGF-b-stimulated fibroblasts

(A, B) Total and phospho-SMAD3 western blots in unstimulated or TGF-b-stimulated synovial fibroblasts, cultured in

multiplicate wells in the presence or the absence of NSC632839, a pan-USP inhibitor. (A) Representative experiment.

(B) b-actin-normalized SMAD3 and phospho-SMAD3 quantification in four different experiments. P-values were calcu-

lated using paired Student’s t-tests. *P < 0.01; ***P < 0.0001. (C) Quantitative PCR evaluation of COL1A1, COL3A1 and

fibronectin (FN1) gene expression in unstimulated or TGF-b-stimulated synovial fibroblasts, cultured in duplicate wells in

the presence or the absence of NSC632839. Results are displayed as mean (± S.E.M.) fold-changes in b2-microglobulin-

normalized gene expression compared with unstimulated cells, from four different experiments. P-values were calculated

using paired Student’s t-tests. **P < 0.005; ***P < 0.0001. USP: ubiquitin-specific peptidase.
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are impacted by overexpression of USPs in SSc tissues

needs to be further studied using proteome ubiquitination

(‘ubiquitome’) assessment tools.

Our observations are not the first documentation of the

presence of amplificatory mechanisms leading to

increased response to TGF-b in SSc tissues. Thus,

Khodzhigorova et al. [6] evidenced a significant increase

in sumoylated proteins in SSc skin compared with control

biopsies. Addition of Small Ubiquitin-like MOdifyer-1 tags

is a post-translational modification of proteins mediated

by the Small Ubiquitin-like MOdifyer E2-conjugating

enzyme Ubc9, and the authors found that in vivo Ubc9

inhibition using siRNA led to decreased fibrosis and

decreased nuclear accumulation of phosphorylated

SMAD3 in two mouse models of the disease (bleomycin-

induced dermal fibrosis, and fibrosis induced by overex-

pression of a constitutively active TGF-bR1). Overall, their

results indicate that increased sumoylation in SSc may

contribute to the pathogenesis of SSc through mechan-

isms involving TGF-b/SMAD signalling. Similarly,

Bhattacharyya et al. [40] modulated the expression of

A20 in cultured skin fibroblasts. A20 is a ubiquitin-editing

enzyme with both E3 ubiquitin ligase and deubiquitinating

functions, and its expression is down-regulated by TGF-b
in fibroblast cell lines. In vitro A20 inhibition using siRNA

led to increased TGF-b-induced COL1A1 and COL1A2

gene expression, and myofibroblast differentiation.

Conversely, overexpression of A20 led to decreased col-

lagen and �-smooth muscle actin gene expression, and

decreased myofibroblast differentiation in response to

TGF-b stimulation, together with decreased TGF-b-

induced SMAD2 phosphorylation and nuclear localization.

In conclusion, the strong in vitro decrease in collagen

and fibronectin gene expression by TGF-b-stimulated

fibroblasts after exposure to an USP inhibitor illustrates

the regulatory role of protein ubiquitination/deubiquitina-

tion on TGF-b signalling and fibroblast effector functions.

Overexpression of several USPs in SSc tenosynovial biop-

sies suggests that this mechanism also operates in vivo,

and further investigations will indicate whether USP

modulation has the potential to translate in new thera-

peutic options in this severe disease.

FIG. 5 NSC632839 induces SMAD3 ubiquitination, and its effects are proteasome-dependent

(A, B) Total SMAD3 was immunoprecipitated from unstimulated or TGF-b-stimulated synovial fibroblasts, cultured in

duplicate wells in the presence or the absence of NSC632839. All cells were pre-incubated with epoxomicin, in order to

inhibit proteosomal degradation of ubiquitinated SMAD3. The presence of ubiquitinated chains was studied by western

blot (Ub-SMAD3) and normalized for total SMAD3 in the immunoprecipitates. (A) Representative experiment. (B) Total

SMAD3-normalized quantification of SMAD3 ubiquitination. The results are displayed as the mean (± S.E.M.) from three

different experiments. *P < 0.05 using unpaired Student’s t-tests. (C, D) Total and phospho-SMAD3 western blots (C) and

b-actin-normalized quantification (D) in unstimulated or TGF-b-stimulated synovial fibroblasts, pre-incubated with

epoxomicin, and cultured in duplicate wells in the presence or the absence of NSC632839. Results are displayed as the

mean (± S.E.M.) values from three different experiments.
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