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Lumican promotes joint fibrosis through TGF-§ signaling
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Joint contracture (also known as arthrofibrosis) is a fibrotic joint disorder
characterized by excessive collagen production to form fibrotic scar tissue
and adhesions within joint capsules. This can severely affect day-to-day
activities and quality of life because of a restricted range of motion in
affected joints. The precise pathogenic mechanism underlying joint contrac-
tures is not fully understood. Lumican belongs to the class II small leucine-
rich repeat proteoglycan superfamily, which makes up collagen fibrils in
the extracellular matrix. Lumican is ubiquitously expressed in the skin,
liver, heart, uterus and articular cartilage and has reported roles in cell
migration, proliferation, angiogenesis and Toll-like receptor 4 signaling.
Previous research has suggested that lumican is involved in the pathogene-
sis of several fibrotic diseases. Because joint contracture resembles a fibrotic
disease, we aimed to investigate the role of lumican in the development of
joint contracture in vitro. Here, we showed that protein levels were up-reg-
ulated in the fibrotic joint capsule versus control. We observed that lumi-
can significantly enhanced the proliferation, migration and fibroblast—
myofibroblast transition of synovial fibroblasts. Moreover, lumican led to
increased transcription of alpha-smooth muscle actin, matrix metallopepti-
dase 9, Collagen I, plasminogen activator inhibitor 1 and transforming
growth factor-P in vitro. Lumican treatment promoted collagen lattice con-
traction in a dose-dependent manner as early as 24 h after treatment. Thus,
our studies reveal that lumican could promote fibroblast-myofibroblast
transition and joint contracture.

Joint contracture (also known as arthrofibrosis) is a
fibrotic joint disorder characterized by excessive colla-
gen production to form fibrotic scar tissue and adhe-
sions within joint capsules, leading to a limitation in
the range of motion (ROM) [1], severely affecting daily
living activities [2] and quality of life [3]. Causative
factors of joint contracture include arthritis, trauma,
chronic or repetitive injuries, or joint surgery [4] that
leads to dysregulation of the immune response and
fibrosis in a joint [1]. The conventional treatments for

Abbreviations

joint contracture include rehabilitation and surgery
resection of fibrotic tissue; however, only 36% of
patients can achieve full recovery, so the efficacy is still
unsatisfactory [5,6]. At present, the precise pathogenic
mechanism underlying joint contractures remains not
fully understood. Better understanding the pathogenic
mechanism may help to develop a novel therapeutic
strategy.

Lumican is a member of the class II small leucine-
rich repeat proteoglycans superfamily, which constitutes

ECM, extracellular matrix; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IHC, immunohistochemistry; MMP-9, matrix
metallopeptidase 9; PAI-1, plasminogen activator inhibitor 1; PCNA, proliferating cell nuclear antigen; ROM, range of motion; SD, standard
deviation; a-SMA, alpha-smooth muscle actin; Smad3, mothers against decapentaplegic homolog 3; TGF-, transforming growth factor-p.
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collagen fibrils in the extracellular matrix (ECM) [7].
Lumican is ubiquitously expressed in a variety of tis-
sues, such as skin [8], liver [9], intervertebral discs [10],
kidney [11], bone [12], cornea [7], heart [13], uterus,
pancreas [14], intestine, placenta and articular cartilage
[15]. Lumican plays a crucial role in the regulation of
collagen fibrillogenesis [7] in several tissues, such as skin
[8] and cornea [16]. In addition to the functions of col-
lagen fibrillogenesis and water balance in the ECM,
lumican has been reported to have important roles in
cell migration, cell proliferation [17], wound healing [7],
angiogenesis [18], cell migration [19] and Toll-like recep-
tor 4 signaling [20]. Several lines of evidence suggest
that lumican is involved in the pathogenesis of several
fibrotic diseases, such as myocardial fibrosis [21], hep-
atic fibrosis [22], corneal collagen fibrillogenesis [23] and
pulmonary fibrosis [24]. Lumican double-knockout mice
have markedly reduced the extent of hepatic fibrosis
[22]. Lumican knockout mice exhibit significant corneal
posterior opacity, and the lamellar structure was par-
tially disrupted in the posterior stroma with disorga-
nized fibrils [23]. Because joint contracture is also a
kind of fibrotic disease, we hypothesized that lumican
may have an effect on the pathogenesis of joint contrac-
ture.

By using a rabbit model of chronic joint contrac-
tures, Hildebrand er al. [25] have revealed that the
lumican mRNA is up-regulated in the joint capsules of
the contracture knees. This observation suggests that
lumican may be implicated in the development of joint
contracture. However, the precise role of lumican in
the development of joint contracture remains to be
investigated. Therefore, the purpose of this study was
to elucidate the function of lumican in the develop-
ment of joint contracture.

Materials and methods

Human joint capsule specimens

The joint contracture was one of the complications after
elbow replacement. Human fibrosis capsule of elbows were
obtained from 18 patients (15 men, 3 women) during opera-
tion when we released it. The average age was 50 years
[standard deviation (SD), 44 years; range, 46-54 years] at
the time of contracture release, and the release was per-
formed at an average of 12 + 6 months (range, 6—
18 months) after replacement. The average preoperative
ROM in the flexion—extension arc was 47°+ 23° (range, 24—
70°). The control capsule tissues were collected from 18 nor-
mal human knee joint capsules (12 men, 6 women), which
were obtained through arthroscopy from the patients’ injured
meniscus or anterior cruciate ligament. The tissues were
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immediately frozen for immunohistochemistry (IHC) analysis
using liquid nitrogen. The joint capsule tissue samples were
stored at —80 °C until sections were further processed for
immunostaining with antibodies. This study was carried out
in compliance with the Declaration of Helsinki. All clinical
samples were collected in our department, with written
informed consent provided by each patient. Ethical approval
was granted by the ethical committee of our hospital.

Cell culture and reagents

Human joint capsule synovial fibroblasts were obtained
from the normal knee joint capsule and cultured with Dul-
becco’s modified Eagle’s medium (Nanjing, Jiangsu Key-
GEN BioTECH Corp Ltd, China) with 10% FBS (Logan,
Utah, Hyclone, USA). Human recombinant lumican pro-
tein was purchased from Sino Biological Inc. (Beijing,
China) and dissolved in PBS.

IHC

The sections from joint capsule tissues of the fibrotic joint
capsule or normal tissues were immunostained with anti-
bodies against transforming growth factor-f [TGF-f; cata-
log number (cat#): GB11271-1, 1 : 500 dilution; Wuhan,
Servicebio, China], proliferating cell nuclear antigen
(PCNA; cat#: GB11010, 1 : 400 dilution; Wuhan, Service-
bio), lumican (cat#: abl168348, 1 : 250 dilution; Eugene,
Oregon, Abcam, USA) and alpha-smooth muscle actin
(a-SMA; 1: 200 dilution; Boston, Massachusetts, Abclo-
nal, USA), as well as Masson trichrome staining to observe
the fibrous structure. The sections were visualized by an
optical microscope (Eclipse 80i; Nikon Inc., Tokyo, Japan).

The cell nucleus is blue, and the positive result is shades
of brown. Finally, quantification of a positive result was
achieved with the software IMAGEJ (BETHESDA, MARYLAND,
NIH, USA) .

Cell viability assay

Human synovial fibroblasts (5 x 10° cells in 100 pL) were
seeded into flat-bottomed 96-well plates in 100 mL of
growth medium per well and allowed to attach and grow
overnight. The medium was then replaced with 100 pL of
growth medium containing 0, 10, 50, 100 or 200 nM recom-
binant lumican and cultured at 37 °C for 12, 24 or 48 h.
Untreated cells (0 nm) were used for controls. Cell prolifer-
ation viability was assessed by using the Cell Counting Kit-
8 kit according to the manufacturer’s protocol (Kumamoto,
Kyushu, DOJINDO Laboratories, Japan). The absorbance
was measured at 450 nm using a microplate reader (New
York 14831, Corning Incorporated, USA). The experiment
was repeated three times.
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Cell migration assay

Human synovial fibroblasts (5 x 10* cells) were seeded onto
the upper layer of the chamber (24-well Transwell, 8-pum
pores chamber; Franklin Lake, New Jersey, BD Bioscience,
USA) and cultured with 100 pL of the serum-free medium
containing 0, 50, 100 or 200 nM recombinant lumican,
whereas 600 uL of complete medium with 10% FBS was
added to the lower chamber. After culturing for 24 h, the
cells on the side of the chamber were wiped off with a small
cotton swab, followed by being fixed with 90% methanol for
10 min and stained with 500 pL of 0.1% crystal violet stain-
ing solution at 37 °C for 15 min. The chamber was observed
under an inverted Olympus microscope (Tokyo, Olympus,
Japan). Five fields of view were randomly selected and pho-
tographed, and the number of migrated cells was counted.
The experiment was repeated three times.

Immunofluorescence staining

Human synovial fibroblasts (1 x 10° cells) were cultured in
growth medium containing 0, 50, 100 and 200 nm recombi-
nant lumican. After 48-h incubation, cells were washed
with PBS three times. Then cells were fixed in 4%
paraformaldehyde for 30 min. The slide was blocked with
100 pL of 20% goat serum for 20 min at room tempera-
ture, then by incubation with primary antibodies (1 : 100
dilution) at 37 °C for 2 h, followed by FITC-conjugated
secondary antibody (1 : 100 dilution; Wageningen, Key-
Gene, the Netherlands) at 37 °C for 1 h in the dark. The
slide was then stained with DAPI staining solution at room
temperature for 5 min in the dark. The slide was observed
by using a fluorescence microscope (Leica MPS30; Wetzlar,
Germany). Three fields of view were randomly selected and
photographed. Finally, we used the software IMAGEJ for
quantification of a positive result.

Quantitative real-time PCR

Human synovial fibroblasts (2 x 10° cells/well) in six-well
plates were incubated with the serum-free medium contain-
ing 0, 50, 100 or 200 nm recombinant lumican for 48 h.
The total RNA was extracted from the fibroblasts using
the TRIzol reagent (Carlsbad,California,Invitrogen, USA),
according to the manufacturer’s protocol as previously

Table 1. The sequences of the primers used in this study.
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described [26]. The first-strand cDNA was synthesized by
using the PrimeScript™ RT Master Mix Kit (Tokyo,
Takara, Japan). Quantitative real-time PCR was performed
with the One Step TB Green™ PrimeScript™ RT-PCR Kit
II (SYBR Green) (Takara) on the ABI StepOnePlus real-
time PCR system (Carlsbad, California, Applied Biosys-
tems, USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used for internal control for normalization.
The sequences of the primers used in this study were sum-
marized in Table 1.

Western blot analysis

Western blot was carried out as has been described previ-
ously [17]. In brief, human synovial fibroblasts were stimu-
lated with serum-free medium for 48 h, in the
concentrations of 0, 50, 100, or 200 nM recombinant lumi-
can. Total protein extraction from fibroblasts was extracted
by using the total protein extraction kit (Jiangsu KeyGEN
BioTECH Corp., Ltd) according to the manufacturer’s pro-
tocol. Protein concentration was determined by the bicin-
choninic acid method (Jiangsu KeyGEN BioTECH Corp).
The same amount of protein sample was electrophoresed
and transferred to the nitrocellulose membrane (Boston,
Massachusetts, Millipore, USA). The membrane was
blocked with 5% skim milk for 1 h at room temperature
and incubated with the primary antibody against TGF-
(1 : 1000; Jiangsu KeyGEN BioTECH Corp., Ltd.), moth-
ers against decapentaplegic homolog 3 (Smad3; cat#:
A16913; Abclonal), plasminogen activator inhibitor-1 (PAI-
1; cat#: A6211; Abclonal), Collagen 1 (cat#: abl138492;
Abcam), matrix metallopeptidase 9 (MMP-9; Abclonal)
and GAPDH (cat#: A0289; Abclonal) at 4 °C overnight.
After washing, the membrane was incubated with the goat
anti-rabbit IgG-horseradish peroxidase secondary antibod-
ies (Jiangsu KeyGEN BioTECH Corp.) at room tempera-
ture for 1 h. The membranes were developed with the
chemiluminescent substrate kit (Jiangsu KeyGEN Bio-
TECH Corp) and visualized wusing a G-BOX
ChemiXRS5 imaging system (Syngene, Cambridge, UK).

Collagen lattice contraction assay

Human synovial fibroblasts were cultured with serum-free
medium for 24 h. Rat-tail collagen gel was diluted four

Forward (5"-3') Reverse (5'-3')
Collagen GAGAGCATGACCGATGGATTC CTTCTTGAGGTTGCCAGTCTG
MMP-9 GGCACCACCACAACATCACCTA CGGGCAAAGGCGTCGTCAAT
PAI-1 GTTCCAGTCACATTGCCATCA GGACATTCACTCTGCCACCT
SMAD3 GACCACCAGATGAACCACAGCAT AGTAGGAGATGGAGCACCAGAAGG
TGF-B CTATGACAAGTTCAAGCAGAGT TGAGGTATCGCCAGGAATTG
GAPDH AGATCATCAGCAATGCCTCCT TGAGTCCTTCCACGATACCAA
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times with incomplete medium, and 1 mL of diluted rat tail
collagen gel (250 pL of rat tail collagen gel; 20 uL of 0.1 N
NaOH; 630 uL of RPMI 1640; 100 puL of FBS) was added
to a well of the 12-well plate and incubated at 37 °C for
60 min to polymerize the gel to form the collagen lattice.
Synovial fibroblasts (1 x 10* cells in 100 pL serum-free
medium) without or with recombinant lumican at final con-
centrations of 0, 50, 100 or 200 nm were added onto a well
of collagen lattice, followed by incubation in 37 °C incuba-
tor for 12, 24 or 48 h. The extent of collagen matrix con-
traction was then photographed.

Statistical analysis

Data were represented as the mean + SEM in three sepa-
rate experiments performed in triplicate. The Student’s -
test was conducted when comparing two groups, and one-
way ANOVA was conducted when comparing more than
two groups, using GRAPHPAD PRISM 7.0 software (GraphPad
Software, Inc., La Jolla, CA, USA). P < 0.05 was consid-
ered to indicate a statistically significant difference.

Results

Lumican protein was up-regulated in the fibrotic
joint capsule

To investigate whether lumican is involved in the
development of joint contracture, we compared the
protein level of lumican between human contracture
joint capsule with fibrotic contracture and normal tis-
sues by THC analysis (Fig. 1A). The results showed
that lumican was significantly up-regulated in the
fibrotic joint capsule as compared with normal tissues
(Fig. 1B, P < 0.001). Meanwhile, the protein level of
a-SMA was also significantly up-regulated in the fibro-
tic contracture tissues compared with the normal tis-
sues (Fig. 1A,B, P <0.001). Finally, the protein level
of PCNA and TGF-P were also increased in the fibro-
tic contracture tissue compared with control, but this
does not indicate a statistically significant difference.

Exogenous lumican treatment promoted
proliferation and migration of human joint
capsule synovial fibroblasts

Because lumican was up-regulated in fibrotic contrac-
ture tissue, we addressed whether lumican has an
effect on the biological activity of human synovial
fibroblasts. Cell Counting Kit-8 assay demonstrated
that compared with the untreated control, exogenous
lumican treatment (100 and 200 nm) significantly
enhanced proliferation of synovial fibroblasts at 12 h
(both P <0.01; Fig.2). At 24 and 48 h, the
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proliferation of synovial fibroblasts was significantly
up-regulated in all of the lumican treatment groups
(10, 50, 100 and 200 nm) in a dose-dependent man-
ner as compared with the control group (all
P < 0.05; Fig. 2).

Cell migration was assessed by Transwell assay. As
shown in Fig. 3, lumican treatment significantly pro-
moted cell migration of synovial fibroblasts in a dose-
dependent manner (all P < 0.001).

Lumican promoted fibroblast transition to
myofibroblast

Fibroblast transition to myofibroblast is a key event in
the onset of fibrosis, and myofibroblasts are responsi-
ble for producing ECM proteins (such as collagen) in
the fibroproliferative diseases [27]. To investigate
whether lumican affects fibroblast-myofibroblast tran-
sition, we performed immunofluorescence to assess the
protein level of a-SMA (a myofibroblast marker). The
results revealed that lumican treatment significantly
up-regulated o-SMA proteins in a dose-dependent
manner (Fig. 4A,B), suggesting that lumican treatment
enhanced fibroblast-myofibroblast transition.

Lumican treatment increased the expression of
TGF-g, MMP-9, collagen and PAI-1

Next, we attempted to address the molecular mecha-
nism underlying the promotive effect of lumican on
fibroblast—-myofibroblast transition. Real-time RT-
PCR showed that lumican treatment significantly up-
regulated mRNA expressions of TGF-, MMP-9, col-
lagen and PAI-1 in synovial fibroblasts in a dose-de-
pendent manner (all P < 0.001; Fig. 5). However, the
level of SMAD3 was not affected by lumican treat-
ment (P > 0.05; Fig. 5). In addition, western blot anal-
ysis consistently demonstrated that lumican treatment
considerably up-regulated protein levels of TGF-,
MMP-9, collagen and PAI-1, but not SMADS3
(Fig. 6). These results suggested that lumican may
enhance fibroblast—-myofibroblast transition via TGF-$
signaling.

Lumican treatment promoted collagen
contraction in vitro

Because lumican treatment enhanced fibroblast-myofi-
broblast transition, we investigated whether lumican
directly induces tissue contraction. To this end, the
collagen lattice contraction assay was performed with
different concentrations of Iumican (50, 100 and
200 nm; Fig. 7A). It was found that lumican treatment
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Fig. 1. The expression levels of a-SMA,
lumican, PCNA and TGF-B in vivo. (A)
Masson staining and IHC analysis for o-
SMA, lumican, PCNA and TGF- in the
joint capsule tissues from the fibrotic joint
capsule and normal tissues. Scale bars:
100 pum. (B) Bar chart showed quantitative
results of the Masson staining (Collagen)
and IHC analysis. Data were presented as
mean =+ SD for three independent
experiments. The Student’s t-test was
conducted. ***P < 0.001, compared with
the normal groups.
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Fig. 2. Lumican promotes the proliferation of fibroblasts. Synovial
fibroblasts were treated with lumican (0, 10, 50, 100 and 200 nwm)
for 12, 24 or 48 h. Data were presented as mean + SD for three
independent experiments. The Student’s ttest was conducted.
*P < 0.05; **P <0.01; ***P < 0.001, compared with the control
group.

(50, 100 and 200 nm) started to induce significantly
collagen lattice contraction at 24 h and became more
significant at 48 h as compared with the control group
(Fig. 7B, all P <0.001). Moreover, in comparisons
among the 50, 100 and 200 nm groups, it was found
that the contraction becomes more severe as the con-
centration of lumican increased (Fig. 7B, all
P < 0.001). These results suggested that lumican treat-
ment promoted collagen contraction in a dose-depen-
dent manner.

Discussion

Lumican is a widely distributed small leucine-rich
repeat proteoglycan with diverse functions [28]. Several
knockout mouse studies reveal that lumican is
involved in the pathogenesis of fibrotic diseases [21—
23]. Because joint contracture is also a kind of fibrotic
disease, lumican may also have an effect on the patho-
genesis of joint contracture. To test this hypothesis,
this study aimed to investigate the role of lumican in
the development of joint contracture. IHC showed that
protein levels of lumican, «-SMA, PCNA and TGF-8
were up-regulated in the human fibrotic joint capsule
as compared with normal tissues. In vitro cell culture
study showed that exogenous lumican treatment (10—
200 nm) significantly enhanced proliferation of
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Fig. 3. Lumican promotes the migration of fibroblast. (A) Transwell
assay showed the myofibroblast migration ability in different
groups. Scale bars: 100 pm. (B) Bar chart showed the quantitative
results. Data were presented as mean + SD for three independent
experiments. The Student's ttest was conducted. ***P < 0.001,
compared with the control group.

synovial fibroblasts at 24 and 48 h in a dose-dependent
manner. Lumican treatment significantly promoted cell
migration of synovial fibroblasts in a dose-dependent
manner. Immunofluorescence revealed that lumican
treatment significantly up-regulated a-SMA proteins in
synovial fibroblasts in a dose-dependent manner. Real-
time RT-PCR and western blot showed that lumican
treatment significantly up-regulated mRNA and pro-
tein levels of TGF-B, MMP-9, collagen and PAI-1 in
synovial fibroblasts in a dose-dependent manner. How-
ever, lumican treatment did not affect the expression
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Fig. 4. Lumican promotes the activation of fibroblasts. (A) Cell
nuclei were stained with DAPI (left panels). a-SMA proteins were
stained as green fluorescence (right panels). The right panels
showed the merged image of DAPI and o-SMA staining. Scale
bars: 100 um. (B) The quantitative result of immunofluorescence
staining for «-SMA was shown in the bar chart. Data were
presented as mean + SD for three independent experiments. The
Student's ttest was conducted. **P < 0.001; ***P<0.001,
compared with the normal group.

of SMAD3. Furthermore, the in vitro collagen lattice
contraction assay showed that lumican treatment
induced significant collagen lattice contraction at 48 h
in a dose-dependent manner. Taken together, these
in vitro findings suggested that lumican promoted

D. Xiao et al.
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Fig. 5. Lumican promotes the expression of mRNA in fibrosis. The
chart showed the expression levels of PAI-1, collagen, MMP-9,
TGF-B and Smad3 with human synovial fibroblasts treatment with
lumican (0, 50, 100 or 200 nwm) for 48 h. Data were presented as
mean + SD for three independent experiments. The Student's t
test was conducted. *P < 0.05; ***P < 0.001, compared with the
control group.
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Fig. 6. Lumican promotes the expression of protein level in
fibrosis. The protein expression levels of TGF-B, SMAD-3, PAI-1,
Collagen I, MMP-9 and GAPDH of human synovial fibroblasts
treatment with lumican (0, 50, 100 or 200 nm) for 48 h. The
experiment was repeated three times.

fibroblast—myofibroblast transition (myofibroblast acti-
vation) and collagen contracture, which was probably
via activating TGF-B1 signaling. To the best of our
knowledge, this study reported the role of lumican in
the pathogenesis of joint contracture for the first time.

Interestingly, lumican exhibits two completely oppo-
site functions in the fibrotic diseases of different tissues
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>

100 nm 50 nm Control

200 nm

Fig. 7. Lumican promotes the contractile
ability of human synovial fibroblast in 3D
collagen gels. (A) Representative images
of collagen gel contraction after treatment
with lumican (0, 50, 100 or 200 nwm) for 12,
24 or 48 h. The white spots outline the
gels. (B) The gel area was quantitatively
determined and presented as percentage
of initial area. Data were presented as
mean + SD for three independent
experiments. The Student’s t-test was
conducted when comparing two groups,
and one-way ANOVA was conducted
when comparing more than two groups.
***P < 0.001, compared with the 12 h
within the same group; ##P < 0.001,
compared with the control group with the
same time point.

or organs. In the study by Krishnan et al. [22] on hep-
atic fibrosis, lumican is up-regulated in clinical tissue
samples with hepatitis C virus infection. Lumican-null
mice have a significantly less severe extent of hepatic

Gel area (% from initial)

Lumican promotes joint fibrosis
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@ 48h
100- KKK ***m LA
HH
k%%
504

B & oS
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fibrosis and significantly higher protein level of a-SMA
and MMP-13 [22]. These findings suggest a profibrotic
role of lumican in the pathogenesis of hepatic fibrosis.
Supporting this notion, our results also suggested a
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profibrotic function of lumican in the development of
joint contracture. By contrast, lumican exhibits an
antifibrotic function in the cornea. It is known that
lumican maintains corneal transparency by inhibiting
corneal collagen fibrillogenesis [16], promoting corneal
epithelial wound healing [29,30], regulating gene
expression and maintaining corneal homeostasis [§].
Likewise, lumican-null mice are susceptible to aging or
isoproterenol-induced myocardial fibrosis, suggesting
that lumican plays an antifibrotic role in the pathogen-
esis of myocardial fibrosis [21]. The earlier-mentioned
findings suggest that lumican exerts opposite functions
in the pathogenesis of varying fibrotic diseases. It is
worth further elucidating the detailed molecular mech-
anism underlying the profibrotic and antifibrotic
effects of lumican in these fibrotic diseases.

During pathological fibrosis, prolonged tissue injury
or chronic inflammation can induce the proliferation
of fibroblasts and myofibroblast activation [31]. Myofi-
broblast activation is a key event in the pathological
fibrosis and tissue repair [32], in which myofibroblasts
are the primary cells producing excessive ECM [31,33].
Myofibroblasts have better contractile properties than
fibroblasts [8], rendering these cells profibrotic prop-
erty. It has been found that myofibroblasts are
increased in the joint capsule after joint immobilization
[7]. Hildebrand et al. [35] have reported that both
myofibroblasts and a-SMA (a myofibroblast marker)
[34] protein are up-regulated in the capsule tissue from
human contractures elbows [35]. Consistently, their
animal study reported that myofibroblast numbers and
a-SMA levels are also elevated in capsules from con-
tractures knees of a rabbit model of joint contractures
[36]. In this study, human fibrotic joint capsule tissues
showed elevated levels of a-SMA protein, which is in
line with the observation from the animal model or
clinical findings of joint contractures [25,35,36]. Never-
theless, our in vitro study further demonstrated that
lumican-treated synovial fibroblasts had elevated pro-
tein levels of a-SMA, suggesting that exogenous lumi-
can treatment can effectively induce myofibroblast
activation from fibroblasts. Our results also showed that
lumican-treated synovial fibroblasts had increased levels
of collagen. Increased production of ECM proteins (e.g.
type I collagen) in the joint capsule is involved in the
pathogenesis of joint contractures [37,38].

In this study, we found that TGF-B1 levels were
elevated in human fibrotic joint capsule tissues. TGF-
B is an autocrine cytokine that can be produced by
fibroblasts and then acts on fibroblasts to promote
fibrotic responses [39], as well as increase the levels of
myofibroblasts and o-SMA [34,40]. TGF-f acts on
fibroblasts and  myofibroblasts to  promote
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proliferation, migration, ECM production, fibrosis
and myofibroblast activation [31,41]. Our results
showed that lumican treatment promoted prolifera-
tion, migration, a-SMA expression and TGF-B pro-
duction in human synovial fibroblasts, suggesting that
lumican treatment induced TGF-B production by
human synovial fibroblasts, which can stimulate pro-
liferation, migration and myofibroblast activation in
fibroblasts via an autocrine manner. Similarity, our
IHC also found that PCNA protein was up-regulated
in the human fibrotic joint capsule, suggesting an
increase in cell proliferation.

Our collagen lattice contraction assay showed that
lumican treatment induced markedly collagen lattice
contraction at 48 h in a dose-dependent manner, sug-
gesting that lumican can induce tissue contraction. The
collagen lattice contraction assay is an in vitro model
of tissue contraction with good reproducibility [42,43].
Different from the animal model of joint contracture,
the collagen lattice contraction assay can determine
whether cell-populated collagen hydrogels contract
over time in a predictable and consistent manner [42].

Several limitations of this study should be pointed
out. First, although we found that lumican and TGF-
B proteins were up-regulated in human fibrotic joint
capsule tissue and exogenous lumican-treated synovial
fibroblasts, we did not further elucidate the down-
stream molecules in TGF-f signaling. It is known that
lumican can stimulate cardiac fibrosis through
increased TGF-B production and phosphorylation of
SMAD?3 in cardiac fibroblasts [44]. Even though our
data showed that lumican treatment did not affect the
expression of SMAD3, we did not further determine
the protein level of phosphorylated SMAD3. Thus, it
remains unclear whether SMAD3 is a downstream
molecule of lumican-induced activation of TGF-f sig-
naling. In addition, although the in vitro collagen lat-
tice contraction assay is a predictable and reliable
method to evaluate tissue contraction, the in vitro
observations of this study still need to be validated in
an animal model of joint contracture. All of these
limitations should be addressed in future studies.

In summary, our study suggested that lumican had
a profibrotic function promoting the pathogenesis of
joint contracture, which may activate the TGF-
signaling pathway. These findings indicated that lumi-
can might be a potential target for the treatment or
prevention of joint contracture.

Acknowledgements

This study was supported by grants from the National
Natural Science Foundation of Young Scholars

2486 FEBS Open Bio 10 (2020) 2478-2488 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



D. Xiao et al.

(81802163), the National Natural Science Foundation
of China (81772368), the Guangdong Natural Science
Foundation (2015A030313099), the Science and Tech-
nology Planning Project of Guangdong Province
(2014A020211014), the Guangdong Science and Tech-
nology Department Planning Project (2016A020215225)
and the Guangdong Natural Science Foundation
(2017A030313889).

Conflict of interest

The authors declare no conflict of interest.

Data Accessibility

The datasets generated and/or analyzed during the
study are included within the article and are available
from the corresponding authors on reasonable request.

Author contributions

DX and TL contributed equally to this work. DS and
KW conceived the study. TL drafted and wrote the
manuscript. DX performed the experiments. ZZ con-
tributed to the interpretation of data and review of the
manuscript. RH performed the literature search. JR
and SJ collected and assembled the data. LZ con-
tributed to the language editing. All authors read and
approved the final manuscript.

References

1 Usher KM, Zhu S, Mavropalias G, Carrino JA, Zhao J
and Xu J (2019) Pathological mechanisms and
therapeutic outlooks for arthrofibrosis. Bone Res 7, 9.

2 Bot AGJ, Souer JS, van Dijk CN and Ring D (2012)
Association between individual DASH tasks and
restricted wrist flexion and extension after volar plate
fixation of a fracture of the distal radius. Hand 7,
407-412.

3 Wong K, Trudel G and Laneuville O (2015)
Noninflammatory joint contractures arising from
immobility: animal models to future treatments. BioMed
Res Int 2015, 848290.

4 Fischer U, Miiller M, Strobl R, Bartoszek G, Meyer G
and Grill E (2015) Prevalence of functioning and
disability in older patients with joint contractures: a cross-
sectional study. Eur J Phys Rehabil Med 51, 269-279.

5 Pujol N, Boisrenoult P and Beaufils P (2015) Post-
traumatic knee stiffness: surgical techniques. Orthop
Traumatol Surg Res 101, S179-S186.

6 Nwachukwu BU, McFeely ED, Nasreddine A, Udall
JH, Finlayson C, Shearer DW, Micheli LJ and Kocher
MS (2011) Arthrofibrosis after anterior cruciate

Lumican promotes joint fibrosis

ligament reconstruction in children and adolescents. J
Pediatr Orthop 31, 811-817.

7 Karamanou K, Perrot G, Maquart FX and Brézillon S
(2018) Lumican as a multivalent effector in wound
healing. Adv Drug Deliv Rev 129, 344-351.

8 Chakravarti S, Magnuson T, Lass JH, Jepsen KJ,
LaMantia C and Carroll H (1998) Lumican regulates
collagen fibril assembly: skin fragility and corneal
opacity in the absence of lumican. J Cell Biol 141,
1277-1286.

9 Charlton M, Viker K, Krishnan A, Sanderson S, Veldt
B, Kaalsbeek AJ, Kendrick M, Thompson G, Que F,
Swain J et al. (2009) Differential expression of lumican
and fatty acid binding protein-1: new insights into the
histologic spectrum of nonalcoholic fatty liver disease.
Hepatology 49, 1375-1384.

10 Sztrolovics R, Alini M, Mort JS and Roughley PJ
(1999) Age-related changes in fibromodulin and
lumican in human intervertebral discs. Spine 24,
1765-1771.

11 Schaefer L, Grone H-J, Raslik I, Robenek H,
Ugorcakova J, Budny S, Schaefer RM and Kresse H
(2000) Small proteoglycans of normal adult human
kidney: distinct expression patterns of decorin,
biglycan, fibromodulin, and lumican. Kidney Int 58,
1557-1568.

12 Raouf B, Ganss C, McMahon C, Vary PJ and
Roughley A Seth (2002) Lumican is a major
proteoglycan component of the bone matrix. Matrix
Biol 21, 361-367.

13 Dupuis LE, Doucette L, Rice AK, Lancaster AE,
Berger MG, Chakravarti S and Kern CB (2016)
Development of myotendinous-like junctions that
anchor cardiac valves requires fibromodulin and
lumican. Dev Dyn 245, 1029-1042.

14 Lorenzo-Martin E, Gallego-Munoz P, Mar S,
Fernandez 1, Cidad P and Martinez-Garcia MC
(2019) Dynamic changes of the extracellular matrix
during corneal wound healing. Exp Eye Res 186,
107704.

15 Grover J, Chen XN, Korenberg JR and Roughley PJ
(1995) The human lumican gene. Organization,
chromosomal location, and expression in articular
cartilage. J Biol Chem 270, 21942-21949.

16 Rada JA, Cornuet PK and Hassell JR (1993)
Regulation of corneal collagen fibrillogenesis in vitro by
corneal proteoglycan (lumican and decorin) core
proteins. Exp Eye Res 56, 635-648.

17 Ishiwata T, Yamamoto T, Kawahara K, Kawamoto Y,
Matsuda Y, Ishiwata S and Naito Z (2010) Enhanced
expression of lumican inhibited the attachment and
growth of human embryonic kidney 293 cells. Exp Mol
Pathol 88, 363-370.

18 Albig AR, Roy TG, Becenti DJ and Schiemann WP
(2007) Transcriptome analysis of endothelial cell gene

FEBS Open Bio 10 (2020) 2478-2488 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 2487



Lumican promotes joint fibrosis

19

20

21

22

23

24

25

26

27

28

29

30

31

2488

expression induced by growth on matrigel matrices:
identification and characterization of MAGP-2 and
lumican as novel regulators of angiogenesis.
Angiogenesis 10, 197-216.

Seomun Y and Joo CK (2008) Lumican induces human
corneal epithelial cell migration and integrin expression
via ERK 1/2 signaling. Biochem Biophys Res Commun
372, 221-225.

Wu F, Vij N, Roberts L, Lopez-Briones S, Joyce S and
Chakravarti S (2007) A novel role of the lumican core
protein in bacterial lipopolysaccharide- induced innate
immune response. J Biol Chem 282, 26409-26417.
Chen S-W, Tung Y-C, Jung S-M, Chu Y, Lin P-J, Kao
WW-Y and Chu P-H (2017) Lumican -null mice are
susceptible to aging and isoproterenol-induced myocardial
fibrosis. Biochem Biophys Res Commun 482, 1304-1311.
Krishnan A, Li X, Kao W-Y, Viker K, Butters K,
Masuoka H, Knudsen B, Gores G and Charlton M (2012)
Lumican, an extracellular matrix proteoglycan, is a novel
requisite for hepatic fibrosis. Lab Investig 92, 1712-1725.
Chen S, Young MF, Chakravarti S and Birk DE (2014)
Interclass small leucine-rich repeat proteoglycan
interactions regulate collagen fibrillogenesis and corneal
stromal assembly. Matrix Biol 35, 103-111.

Pilling D, Vakil V, Cox N and Gomer RH (2015) TNF-
o—stimulated fibroblasts secrete lumican to promote
fibrocyte differentiation. Proc Natl Acad Sci USA 112,
11929-11934.

Hildebrand KA, Zhang M and Hart DA (2006) Joint
capsule matrix turnover in a rabbit model of chronic
joint contractures: correlation with human contractures.
J Orthop Res 24, 1036-1043.

Jiang S, He R, Zhu L, Liang T, Wang Z, Lu Y, Ren J,
Yi X, Xiao D and Wang K (2018) Endoplasmic
reticulum stress-dependent ROS production mediates
synovial myofibroblastic differentiation in the
immobilization-induced rat knee joint contracture
model. Exp Cell Res 369, 325-334.

Wynn TA (2007) Common and unique mechanisms
regulate fibrosis in various fibroproliferative diseases. J
Clin Invest 117, 524-529.

Naito Z (2005) Role of the small leucine-rich
proteoglycan (SLRP) family in pathological lesions and
cancer cell growth. J Nippon Med Sch 72, 137-145.

Liu CY and Kao WWY (2012) Lumican promotes
corneal epithelial wound healing. Methods Mol Biol
836, 285-290.

Saika S, Shiraishi A, Saika S, Liu CY, Funderburgh
JL, Kao CWC, Converse RL, Kao WWY (2000) Role
of lumican in the corneal epithelium during wound
healing. J Biol Chem 275, 2607-2612.

Kendall RT and Feghali-Bostwick CA (2014)
Fibroblasts in fibrosis: novel roles and mediators. Front
Pharmacol 5, 123.

32

33

34

35

36

37

38

39

40

41

42

43

44

D. Xiao et al.

Hinz B (2007) Formation and function of the
myofibroblast during tissue repair. J Invest Dermatol
127, 526-537.

Klingberg F, Hinz B and White ES (2013) The
myofibroblast matrix: implications for tissue repair and
fibrosis. J Pathol 229, 298-309.

Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C and
Brown RA (2002) Myofibroblasts and mechano-
regulation of connective tissue remodelling. Nat Rev
Mol Cell Biol 3, 349-363.

Hildebrand KA, Zhang M, Van Snellenberg W, King
GJW and Hart DA (2004) Myofibroblast numbers are
elevated in human elbow capsules after trauma. Clin
Orthop Relat Res 189-197.

Hildebrand KA, Sutherland C and Zhang M (2004)
Rabbit knee model of post-traumatic joint contractures:
the long-term natural history of motion loss and
myofibroblasts. J Orthop Res 22, 313-320.

Campbell TM, Trudel G, Wong KK and Laneuville
O (2014) Genome wide gene expression analysis of
the posterior capsule in patients with osteoarthritis
and knee flexion contracture. J Rheumatol 41, 2232~
2239.

Wong K, Sun F, Trudel G, Sebastiani P and
Laneuville O (2015) Temporal gene expression
profiling of the rat knee joint capsule during
immobilization-induced joint contractures. BMC
Musculoskelet Disord 16, 25.

Scotton CJ and Chambers RC (2007) Molecular targets
in pulmonary fibrosis: the myofibroblast in focus. Chest
132, 1311-1321.

Vaughan MB, Howard EW and Tomasek JJ (2000)
Transforming growth factor-f1 promotes the
morphological and functional differentiation of the
myofibroblast. Exp Cell Res 257, 180—189.

Evans RA, Tian YC, Steadman R and Phillips AO
(2003) TGF-B1-mediated fibroblast-myofibroblast
terminal differentiation - the role of Smad proteins. Exp
Cell Res 282, 90-100.

Ngo P, Ramalingam P, Phillips JA and Furuta GT
(2006) Collagen gel contraction assay. Cell-Cell Interact
Heal Dis 341, 103-110.

Liu X-J, Kong F-Z, Wang Y-H, Zheng J-H, Wan W-D
et al. (2013) Lumican accelerates wound healing by
enhancing a2B1 integrin-mediated fibroblast
contractility. PLoS One 8 (6), €67124.

Engebretsen KVT, Lunde IG, Strand ME, Waehre A,
Sjaastad I, Marstein HS, Skrbic B, Dahl CP, Askevold
ET, Christensen G et al. (2013) Lumican is increased in
experimental and clinical heart failure, and its
production by cardiac fibroblasts is induced by
mechanical and proinflammatory stimuli. FEBS J 280,
2382-2398.

FEBS Open Bio 10 (2020) 2478-2488 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.



	Outline placeholder
	feb412974-aff-0001
	feb412974-aff-0002

	 Mate�ri�als and meth�ods
	 Human joint cap�sule spec�i�mens
	 Cell cul�ture and reagents
	 IHC
	 Cell via�bil�ity assay
	 Cell migra�tion assay
	 Immunoflu�o�res�cence stain�ing
	 Quan�ti�ta�tive real-time PCR
	 Western blot anal�y�sis
	 Col�la�gen lat�tice con�trac�tion assay
	feb412974-tbl-0001
	 Sta�tis�ti�cal anal�y�sis

	 Results
	 Lumi�can pro�tein was up-reg�u�lated in the fibrotic joint cap�sule
	 Exoge�nous lumi�can treat�ment pro�moted pro�lif�er�a�tion and migra�tion of human joint cap�sule syn�ovial fibrob�lasts
	 Lumi�can pro�moted fibrob�last tran�si�tion to myofi�brob�last
	 Lumi�can treat�ment increased the expres�sion of TGF-&bgr;, MMP-9, col�la�gen and PAI-1
	 Lumi�can treat�ment pro�moted col�la�gen con�trac�tion in&thinsp;vitro
	feb412974-fig-0001

	 Dis�cus�sion
	feb412974-fig-0002
	feb412974-fig-0003
	feb412974-fig-0004
	feb412974-fig-0005
	feb412974-fig-0006
	feb412974-fig-0007

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Data Acces�si�bil�ity
	 Author con�tri�bu�tions
	feb412974-bib-0001
	feb412974-bib-0002
	feb412974-bib-0003
	feb412974-bib-0004
	feb412974-bib-0005
	feb412974-bib-0006
	feb412974-bib-0007
	feb412974-bib-0008
	feb412974-bib-0009
	feb412974-bib-0010
	feb412974-bib-0011
	feb412974-bib-0012
	feb412974-bib-0013
	feb412974-bib-0014
	feb412974-bib-0015
	feb412974-bib-0016
	feb412974-bib-0017
	feb412974-bib-0018
	feb412974-bib-0019
	feb412974-bib-0020
	feb412974-bib-0021
	feb412974-bib-0022
	feb412974-bib-0023
	feb412974-bib-0024
	feb412974-bib-0025
	feb412974-bib-0026
	feb412974-bib-0027
	feb412974-bib-0028
	feb412974-bib-0029
	feb412974-bib-0030
	feb412974-bib-0031
	feb412974-bib-0032
	feb412974-bib-0033
	feb412974-bib-0034
	feb412974-bib-0035
	feb412974-bib-0036
	feb412974-bib-0037
	feb412974-bib-0038
	feb412974-bib-0039
	feb412974-bib-0040
	feb412974-bib-0041
	feb412974-bib-0042
	feb412974-bib-0043
	feb412974-bib-0044


