',\' frontiers

in Immunology

ORIGINAL RESEARCH
published: 18 October 2017
doi: 10.3389/fimmu.2017.01341

OPEN ACCESS

Edited by:

Jixin Zhong,

Case Western Reserve University,
United States

Reviewed by:

Xuhui Feng,

Indiana University System,
United States

Junjie Zhang,

University of Southern California,
United States

Yinghong Hu,

Emory University,

United States

*Correspondence:
Salahuddin Ahmed
salah.ahmed@wsu.edu

*Present address:

Salahuddin Ahmed,

Department of Pharmaceutical
Sciences, College of Pharmacy,
Washington State University,
Spokane, Washington, United States.

Specialty section:

This article was submitted
to Inflammation,

a section of the journal
Frontiers in Immunology

Received: 14 July 2017
Accepted: 03 October 2017
Published: 18 October 2017

Citation:

Agere SA, Akhtar N, Watson JM and
Ahmed S (2017) RANTES/CCL5
Induces Collagen Degradation by
Activating MMP-1 and MMP-13
Expression in Human Rheumatoid
Arthritis Synovial Fibroblasts.

Front. Immunol. 8:1341.

doi: 10.3389/fimmu.2017.01341

®

Check for
updates

RANTES/CCLS5 Induces Collagen
Degradation by Activating MMP-1
and MMP-13 Expression in Human
Rheumatoid Arthritis Synovial
Fibroblasts

Solomon A. Agere’, Nahid Akhtar', Jeffery M. Watson? and Salahuddin Ahmed"**

" Department of Pharmaceutical Sciences, College of Pharmacy, Washington State University, Spokane, WA, United States,
2Department of Chemistry and Biochemistry, Gonzaga University, Spokane, WA, United States, ° Division of Rheumatology,
University of Washington School of Medicine, Seattle, WA, United States

Regulated on activation, normal T expressed, and secreted (RANTES)/CC ligand 5
(CCL5) participates in rheumatoid arthritis (RA) pathogenesis by facilitating leukocyte
infiltration, however, its other pathological functions are not fully defined in RA. In the
present study, we evaluated the effect of RANTES/CCLS5 on tissue degrading enzymes
matrix metalloproteinase-1 (MMP-1) and MMP-13 expression and its contribution to
the progressive joint damage by RA synovial fibroblasts (RASFs). Our results showed
that RANTES/CCL5 dose dependently induced MMP-1 and MMP-13 expression
in monolayers and three-dimensional (3D) micromass of human RASFs, which cor-
related with an increase in collagenase activity. This activation by RANTES/CCL5 was
observed in RASF, but not in osteoarthritis SFs (OASFs). Evaluation of the signaling
events showed that RANTES/CCLS5 selectively activated PKC8, JNK, and ERK proteins
to induce MMP expression in human RASFs. Pretreatment with a functional antagonist
(Met-RANTES) or heparinase Ill [an enzyme that selectively digests heparan sulfate
proteoglycans (HSPGs)] completely abrogated RANTES/CCL5-induced MMP-1 and
MMP-13 expression. Interestingly, the inhibition of RANTES/CCL5 using small-inter-
fering RNA approach reduced the ability of interleukin-1p (IL-1p) to induce MMP-1
and MMP-13 expression, asserting its mediatory role in tissue remodeling. In the
inhibitor study, only the selective inhibition of HSPGs or PKC8, ERK, and JNK markedly
inhibited RANTES/CCL5-induced MMP-1 and MMP-13 production. Circular dichroism
spectroscopy results demonstrated the degradation of collagen triple-helical structure
upon exposure to the conditioned media from RANTES/CCL5 stimulated RASFs,
which was reverted by a broad-spectrum MMP inhibitor (GM6001). These findings
suggest that RANTES/CCL5 not only upregulates MMP-1 and MMP-13 expression
by partly utilizing HSPGs and/or PKC8-JNK/ERK pathways but also mediates IL-1p-
induced MMP-1 and MMP-13 expression.

Keywords: rheumatoid arthritis, synovial fibroblasts, regulated on activation, normal T expressed, and secreted/
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INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease in which
activated synovial fibroblasts (SFs) produce chemokines to
facilitate infiltration of inflammatory cells (1-4). Chemokines
are classified in to four subfamilies (C, CC, CXC, and CX;C)
depending on the number and spacing of cysteine motif
(1, 5). Chemokines exert their effect through the recruitment
and retention of monocytes and T lymphocytes in the joints,
leading to hyperplasia of the synovial lining, and causing the
destruction of bone and articular cartilage (4, 6, 7). In response to
interleukin-1p (IL-1p) and tumor necrosis factor o (TNF-a), RA
synovial fibroblasts (RASFs) release chemokines that bind to their
receptors to recruit inflammatory cells at the site of inflammation
(8). Among these chemokines, regulated on activation, normal
T expressed and secreted (RANTES)/CC ligand 5 (CCLS5) is a
potent CC chemokine shown to play an important role in RA
pathogenesis (9); however, its role beyond chemotactic activity is
not well defined in RA. RANTES/CCLS5 primarily attracts lym-
phocytes and monocytes as well as other cell types (1, 2). RASFs
produce RANTES/CCL5 upon stimulation with TNF-a, IL-1f, or
interferon gamma (10).

Matrix metalloproteinases (MMPs) are matrix degrading
enzymes that have high affinity to destroy or remodel extracel-
lular matrix (ECM) (1, 11, 12). Among different MMPs, the
collagenases are of particular importance as they are able to
efficiently cleave collagen. MMP-1 and MMP-13 are collagenases
that play a significant role in bone and cartilage degradation (13).
In RA, the transformation of normal synovial lining into a hyper-
plastic, invasive tissue pannus utilizes MMP-1 and MMP-13 to
erode joint tissue (11, 14). In particular, MMP-1 and MMP-13
are capable of degrading intact fibrillary collagen that provides
strength to cartilage (11, 15).

In the present study, we evaluated the effect of RANTES/
CCLS5 in inducing MMP-1 and MMP-13 expression in human
RASFs and its underlying mechanism of action. Furthermore, we
examined the effect of RANTES/CCL5-induced MMPs on the
structure of native collagen.

MATERIALS AND METHODS

Reagents and Antibodies

Recombinant human RANTES/CCL5, Met-RANTES and IL-1,
and MMP-1 ELISA Duoset were purchased from R&D systems
(Minneapolis, MN, USA). MMP-13 ELISA was purchased from
Ray Biotech (Norcross, GA, USA). MMP-1 and MMP-13 SYBR
Green primers were purchased from Qaigen (Valencia, CA, USA).
SMARTpool ON-TARGETplus RANTES small-interfering RNA
(siRNA) and On-target plus non targeting siRNA (D-001810-
10) control were purchased from GE Dharmacon (Lafayette,
CO, USA). MMP-1, MMP-13, type I collagen, and lamin A/C
antibodies were purchased from Santa Cruz Biotech (Santa Cruz,
CA, USA). Rabbit monoclonal or polyclonal antibodies against
p-p38 (Thr'®/Tyr'®?), p-ERK (Thr?®/Tyr**), p-JNK(Thr'®*/Tyr'®),
p-PKCS (Thr*®), total p-38, total JNK, total ERK, p-c-Jun (Ser”),
and p-ATF-2 (Thr®"™) were from Cell Signaling Technologies
(Beverly, MA, USA). Rabbit polyclonal antibodies against CCR1

and CCR5 were from BioVision (Milpitas, CA) and GeneTex
(Irvine, CA, USA), respectively. Heparinase III (flavobacterium
heparinum derived), heparan sulfate degrading lyase was pur-
chased from Sigma (St. Louis, MO, USA). Type I collagen was
purchased from Advanced Biometrix (Carlsbad, CA, USA).
Inhibitors of JNK (SP600125), ERK (PD98059), p38 (SB 02190),
PKCS (Rottlerin), and NF-kB (PDTC) were purchased from
EMD Millipore (Billerica, MA, USA).

Culture of Human RASFs

Deidentified RA synovial tissues were procured under a protocol
approved by the Washington State University IRB (IRB#14696)
from patients with diagnosed RA or OA who had undergone
total joint replacement surgery or synovectomy and in compli-
ance with the Declaration of Helsinki. No consent was needed
because investigators had access only to deidentified human
materials that were not collected specifically for the purpose of
this research and for which they do not have ready means to link
back to living individuals. The deidentified human normal (NL),
RA, or OA synovial tissues were obtained from the Cooperative
Human Tissue Network (Columbus, OH, USA) and the National
Disease Research Interchange (Philadelphia, PA, USA). Some
RASF patient cell lines were provided by our rheumatologist col-
laborator Dr. David A. Fox (University of Michigan, Ann Arbor,
USA). RASFs were isolated through enzymatic digestion and
grown in RPMI 1640 containing 2 mM L-glutamine with 10%
FBS growth medium at 37°C in a humidified atmosphere with 5%
CO; as described earlier (16, 17). RASFs between passages 5 and
10 were used in the experiments. All treatments were performed
in serum-free medium.

Treatment of RASFs

To evaluate the effect of RANTES/CCL5 on MMP-1 and MMP-13
expression, human NLSFs, RASFs or OASFs were treated with
recombinant human RANTES/CCLS5 (20, 50, or 100 ng/ml) for
24 h. Human RASFs were also pretreated with Met-RANTES
(a functional antagonist of RANTES; 50, 100, and 200 ng/ml)
for 30 min and then stimulated with RANTES/CCL5 or IL-1§
for 24 h. Total RNA and conditioned media was used to study
the MMP-1 and MMP-13 expression using qRT-PCR, ELISA,
and Western immunoblotting, respectively. Effect of RANTES/
CCL5 on the activation of NF-kB, MAPK, and PKCS signaling
pathways was determined in RASF lysates treated with RANTES/
CCL5 (100 ng/ml) for 5, 15, and 30 min using Western immu-
noblotting. For some experiments, RASFs were pretreated with
the inhibitor of p38 (SB203980; 10 M), ERK (PD98059; 10 uM),
JNK (SP600125; 10 uM), NF-KB (PDTC; 200 uM), or PKCd
(Rottlerin; 10 pM) for 2 h followed by RANTES/CCLS5 treatment
for 24 h. Culture supernatants were concentrated using Amicon®
Ultra centrifugal filters (Millipore) and MMP-1 and MMP-13
expression was determined using Western immunoblotting.

To study the effect of Met-RANTES on IL-1B-induced
signaling pathways, we pretreated RASFs with Met-RANTES
(100 ng/ml) for 30 min, followed by IL-1p (10 ng/ml) stimula-
tion for 30 min. Cell lysates were prepared to be used for the
analysis of the phosphorylated proteins (p-PKC9, p-JNK, and
p-ERK).
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To study the role of heparan sulfate proteoglycans (HSPGs)
in RANTES/CCL5-induced MMP production, RASFs were pre-
treated with heparinase III (0.5 U/ml), an enzyme that recognizes
HSPGs as its primary substrate, for 2 h and then stimulated with
RANTES/CCL5 (100 ng/ml) for 24 h. Conditioned media was
concentrated to determine MMP-1 and MMP-13 expression by
Western immunoblotting.

To verify whether heparinase III affects the binding of
RANTES to its receptor to inhibit the biological activity, we
pretreated RASFs with heparinase III for 2 h and then stimulated
with RANTES/CCL5 (100 ng/ml) for 1 h. We ran this experiment
in two sets both in triplicate. In the first set, we terminated the
reaction without cross-linking proteins by washing with ice-cold
PBS three times. In the second set, we cross-linked proteins with
1% formaldehyde for 10 min followed by 125 mM glycine neu-
tralization for 5 min, and then washed three times with cold PBS.
Whole cell lysates were prepared using RIPA buffer and an equal
amount of protein in 25 ul was used for detecting bound RANTES
using a commercially available kit (R&D Systems). RANTES/
CCL5 levels were normalized with per mg of cellular protein.

Human RASFs Three-Dimensional (3D)

Micromass Cultures

Micromass organ cultures were constructed as described by Kiener
etal. (18). Briefly, RASFs were released from the culture dish using
0.02% (weight/volume) TPCK-treated trypsin (Worthington,
Lakewood, NJ, USA) in HEPES buffered saline solution (20 mM
HEPES, 137 mM NaCl, and 3 mM KCl, pH 7.4) containing 2 mM
CaCl,. Cells were resuspended in ice-cold Matrigel Matrix (BD
Biosciences) at a density of 5 X 10° cells/ml. Droplets of the cell
suspension (25 ul) were placed onto 12-well culture ultralow
attachment dishes (Corning, NY, USA). Thereafter, RASFs were
cultured in basal culture medium (DMEM supplemented with
penicillin, streptomycin, L-glutamine, nonessential amino acid
solution, insulin—transferrin-selenium (BioWhittaker, Rockland,
ME, USA), 0.1 mM ascorbic acid, and 10% heat-inactivated FBS).
The floating 3D culture was maintained for 3 weeks; the medium
was routinely replaced twice weekly. For experiments, RASFs
were pretreated with Met-RANTES (200 pg/ml) for 30 min fol-
lowed by stimulation with RANTES/CCL5 (100 ng/ml) for 24 h.
IL-1P (10 ng/ml) for 24 h was used as a positive control. Culture
supernatant were concentrated using Amicon® Ultra Centrifugal
filters (Millipore) and MMP-1 and MMP-13 expression was
determined using Western immunoblotting.

Transient Transfection of siRNA

To study the effect of RANTES/CCL5 knockdown on MMP-1 and
MMP-13 production, RASFs were transfected with ON-TARGET
plus SMART pool RANTES/CCL5 siRNA (GE Dharmacon,
Lafayette, CO, USA) using Lipofectamine® RNAIMAX (Life
Technologies) for 48 h and then stimulated with IL-1f (5 ng/ml)
for 24 h. Conditioned media was used to study the effect of
MMP-1 and MMP-13 production using ELISA.

Western Immunoblot Analyses
Western blot analysis on the cell lysates and conditioned media
was performed as described in our earlier studies (16, 19). Images

were analyzed using the GELDOC or Image-J software. Each
band was scanned using Image lab 5.1 software and the expres-
sion values (pixels/band) were presented as mean =+ SE.

In-Gel Zymography

Collagenase activity in the RANTES/CCL5-treated conditioned
media was determined by the in-gel zymography method as
described earlier (19). Fifteen microliter of the conditioned
media was resolved under non-reducing conditions on SDS-
polyacrylamide gels loaded with collagen (1 mg/ml: type A
from porcine skin; Sigma, St. Louis, MO, USA) as a substrate.
Following electrophoresis, the gels were washed with 2.5% Triton
X-100 for 30 min with gentle shaking, followed by a 30 min
or overnight wash in developing buffer (50 mM Tris-HCI, pH
8.0, 5 mM CaCl,, and 0.02% NaN;). Finally, gels were stained
in Coomassie blue (R-250) and images of the digested regions
representing MMPs activity were captured and analyzed using
Image-J software.

Quantitative Real-time PCR Analysis

Total RNA was reverse-transcribed using SuperScript™ first
Strand synthesis kit (Life Technologies, Carlsbad, CA, USA)
according to the manufacturer instruction. The mRNA expres-
sion using validated primers for MMP-1 (NM_002421; Cat. No.
QT00014581, Qiagen) and MMP-13 (NM_002427; Cat. No.
QT00001764, Qiagen) was quantified using the power SYBR®
Green PCR master mix (Life Technologies) and QuantiTect
primer assay (Qiagen). GAPDH mRNA expression was used as
endogenous control. Quantification of the relative expression was
determined by AACt method.

Preparation of Nuclear Extracts

To study activation and nuclear translocation of p-c-Jun and
p-ATF-2, RASFs were treated with RANTES/CCLS5 (100 ng/ml)
for 5,15, and 30 min. Nuclear fractions were prepared as described
before (1) and evaluated for p-c-Jun and p-ATF2 expression using
Western immunoblotting.

In Vitro JNK/SAPK Kinase Assay

Rheumatoid arthritis synovial fibroblasts were pretreated
with Met-RANTES for 30 min and stimulated with or without
RANTES/CCLS5 (100 ng/ml) for 30 min. Cells were washed twice
with ice-cold PBS and scrapped directly into 0.25 ml of lysis buffer
provided with the kinase assay kit. In vitro JNK/SAPK kinase
assay was performed using a non-radioactive kinase assay kit
according to the instruction of the manufacturer (Cell Signaling
Technology) as described earlier (12).

Collagen Degradation Assay

Human RASFs were pretreated with or without GM6001
(a broad-spectrum MMP inhibitor; 20 uM) for 2 h and then
stimulated with RANTES/CCL5 (100 ng/ml) or IL-1f (10 ng/ml).
A modified collagen degradation assay method was followed (20)
in which the conditioned media from the above experiments were
added onto a 96-well plate coated with type I collagen (200 pg/
well) and incubated for 24 h at 37°C. After removing the condition
media, the plates were stained with Coomassie R250, washed to
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remove soluble stain, and analyzed by ChemiDoc™ XRS Imager
(Bio-Rad). In addition, the conditioned media (500 pl) collected
after treating type I collagen was concentrated using Amicon 10K
ultra 0.5 ml centrifugal filters and resolved on 7.5% SDS-PAGE
using for COL1AL1 detection by immunoblotting.

Circular Dichroism (CD) Spectroscopy
Condition media from RANTES/CCL5 or IL-1f stimulated
RASFs was applied on collagen-coated 96-well plates in triplicate
as described above for 8 and 48 h. Condition media was removed
and plates were carefully washed with PBS to remove media
residue. Remaining digested collagen was collected using 200 pl
of 0.1% acetic acid. CD spectroscopy was performed using a Jasco
J-815 spectropolarimeter outfitted with a Peltier temperature-
controlled cell holder. All spectra were collected at 25°C in a
1 mm cuvette. CD signal was monitored between 200 and 250 nm
wavelengths (21). Samples were normalized with 0.1% acetic acid
as a blank. Native type I collagen was used as standard to compare
the damage. We also performed a separate experiment to test
whether there is any difference in the CD spectra when collagen
is exposed to the conditioned media from untreated NLSFs and
RASFs.

Statistical Analysis

Statistical analysis was performed for the protein and mRNA
in vitro data using one-way analysis of variance test, followed by
Dunnett’s multiple comparison post hoc test with p < 0.05 chosen
as the level of significance.

RESULTS

RANTES/CCL5 Dose Dependently Induces
MMP-1 and MMP-13 Expression in Human

RASFs
Human RASFs treated with RANTES/CCLS5 (20, 50, and 100 ng/ml)
for 24 h showed a significant increase in MMP-1 (~2.3-fold)
and MMP-13 (~2.1-fold) mRNA expression when compared to
the untreated control (Figure 1A). A similar dose-dependent
increase in the MMP-1 and MMP-13 protein production was
observed upon RANTES/CCL5 stimulation (Figure 1B).
Interestingly, RANTES/CCL5 had no inducing effect on MMP-1
and MMP-13 expression in OASFs (Figure 1C) or in the human
dermal fibroblasts (data now shown), suggesting that RANTES/
CCLS5 preferentially inflicts tissue damage in RA. Surprisingly,
RANTES/CCL5 marginally induced MMP-1 production, but
dose-dependently reduced MMP-13 production in NLSFs
(Figure 1D). To further validate that RANTES/CCL5-induced
MMP-1 and MMP-13 expression in not due to differences in the
expression of its receptor CCR5, and also CCR1, we performed
Western blot analysis on the whole cell lysates prepared from
untreated NLSFs and RASFs. Our results showed expression
levels of CCR1 in RASFs was ~20% lower than NLSFs, however,
there was no significant difference observed in the expression
levels of CCR5 (Figure S1 in Supplementary Material).

To further verify the effect of RANTES/CCL5 on the enzymatic
activity in RASFs, collagenase activity in RANTES/CCL5-stimulated

conditioned media was determined using in-gel zymography.
Densitometric analysis of the developed zymograms showed that
RANTES/CCLS5 dose dependently induced collagenase activity in
RASFs (Figure 1E), without affecting RASF’s viability (Figure 1F).
These findings suggest that RANTES/CCL5 selectively activates
RASFs to produce MMP-1 and MMP-13 expression.

Met-RANTES Inhibits RANTES/CCL5-
Induced MMP-1 and MMP-13 Expression

by RASFs

To study the effect of Met-RANTES on RANTES/CCL5-induced
MMP-1 and MMP-13 production, human RASFs were pretreated
with Met-RANTES (50, 100, and 200 ng/ml) for 30 min prior
to RANTES/CCL5 stimulation for 24 h (Figure 2). MMP-1
and MMP-13 expression was determined using qRT-PCR and
ELISA or Western immunoblotting. Met-RANTES significantly
reduced RANTES/CCL5-induced MMP-1 (~53%) and MMP-
13 (~66%) mRNA expression (Figures 2A,B). Analysis of the
conditioned media from the same treatment showed a similar
decrease in MMP-1 and MMP-13 production by Met-RANTES
(Figures 2C,D). We also developed the 3D micromass culture
of RASFs (Figure 2E) to verify the effect of Met-RANTES on
RANTES/CCL5-induced MMP-1 and MMP-13 production in a
synovial tissue-like environment, which showed a similar signifi-
cant reduction of MMP-1 and MMP-13 in the condition media
obtained from human RASFs micromass cultures (Figure 2F).

RANTES/CCL5 Mediates IL-1g-Induced
MMP-1 and MMP-13 Expression in RASFs

Interleukin-1p causes inflammation and tissue destruction in
RA (1, 22). While IL-1p is a potent inducer of RANTES/CCL5
(22, 23), the contribution of RANTES/CCLS5 in its tissue destruc-
tive property is not clear. Thus, we pretreated RASFs with Met-
RANTES (50, 100, and 200 ng/ml) for 30 min, followed by IL-1f
(5 ng/ml) stimulation for 24 h. Results showed that Met-RANTES
markedly reduced the ability of IL-1p to produce MMP-1 (~79%)
and MMP-13 (~64%) in RASFs (Figure 3A). Confirmation of
these findings by siRNA approach showed that IL-1f-induced
MMP-1 and MMP-13 production was indeed reduced by ~45%
in RANTES/CCL5 siRNA-treated group when compared to their
respective values in the negative control (NC) siRNA group
(Figure 3B). We observed that siRNA targeting RANTES/CCL5
was capable of inhibiting IL-1p-induced RANTES/CCL5 produc-
tion by almost 75% (Figure 3C).

RANTES/CCL5 Requires HSPGs to Induce
MMP-1 and MMP-13 Expression in RASFs

In addition to their critical role in developing chemokine gradient
around activated endothelium, HSPGs cooperate with integrins
and other cell adhesion receptors to facilitate cell-ECM attach-
ment, cell-cell interactions, and cell motility (24). To determine
their possible role in RANTES/CCL5-induced MMP-1 and
MMP-13 production, RASFs were pretreated with heparinase
I for 2 h followed by RANTES/CCL5 stimulation for 24 h.
Analysis of the conditioned media showed that heparinase III
significantly inhibits RANTES/CCL5-induced MMP-1 and
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FIGURE 1 | Regulated on activation, normal T expressed, and secreted (RANTES)/CC ligand 5 (CCL5) induces matrix metalloproteinase (MMP)-1 and MMP-13
expression in rheumatoid arthritis synovial fibroblasts (RASFs). (A) Effect of RANTES/CCL5 on MMP-1 and MMP-13 mRNA and (B) protein expression was studied
in RASFs. (C,D) Human OASFs and NLSFs were treated with different concentrations of recombinant RANTES/CCLS5 (20, 50, and 100 ng/ml) and MMP-1 and
MMP-13 expression was analyzed using Western immunoblotting, respectively. Gels described for (B-D) were stained with Commassie Blue stain to ensure equal
loading of the supernatants. (E) Effect of RANTES/CCLS5 on collagenase activity in RASFs. RASFs were treated with different concentration (20, 50, and 100 ng/ml)
of RANTES/CCLS5 for 24 h and conditioned media was concentrated using Amicon® Ultra Centrifugal filters (Millipore) and resolved on polyacrylamide gel loaded
with collagen. Zymography image of digested regions representing MMPs activity is shown. Fold changes on developed zymograms was determined using
densitometric analysis. (F) Effect of RANTES/CCLS5 on the cell viability of RASFs was determined using MTT assay. RASFs were treated with RANTES/CCLS5 (20,
50, and 100 ng/ml) for 24 h. Cell viability of cultured RASFs in the presence of RANTES/CCL5 was measured by optical densities at 570 nm. Values are represented
as mean = SE from three to four independent experiments using cells from different donors under similar conditions. “p < 0.05; **p < 0.01 for NS versus RANTES/

MMP-13 expression (Figure 3D). To confirm whether hepari-
nase IIT inhibits RANTES/CCLS5 binding to the cell membrane
receptor, we analyzed whole cell lysates from RASFs treated
with RANTES/CCL5 (100 ng/ml) with or without heparinase
III pretreatment for bound RANTES/CCL5 using ELISA Kits.
Our results showed that the levels of cell-membrane bound
RANTES/CCL5 remained unaltered with heparinase III treat-
ment (Figure 3E), suggesting that heparinase III may be able to
block or interfere with RANTES/CCLS5 signaling by a mechanism
independent of RANTES/CCLS5 binding.

RANTES/CCLS5 Selectively Activates PKC3,

JNK, and ERK Pathways in Human RASFs

To study the signaling pathways involved in RANTES/CCL5-
induced MMP-1 and MMP-13 production, RASFs were pretreated
with the inhibitor of p38 (SB202192), ERK (PD98059), JNK
(SP600125), NF-xB (PDTC), or PKCS (Rottlerin) for 2 h, followed

by RANTES/CCLS5 stimulation for 24 h. The conditioned media
was concentrated and used to determine MMP-1 and MMP-13
production using Western immunoblotting. Our results showed
that only the inhibition of PKCS, JNK, or ERK markedly reduced
RANTES/CCL5-induced MMP-1 and MMP-13 production in
RASFs (Figure 4A). In light of these observations, we evaluated the
effect of RANTES/CCL5 (100 ng/ml) on the activation of MAPK
(p38, JNK, and ERK) and PKCS pathways at different time points
(5, 15, and 30 min). Western blot analysis of the cell lysates and
further densitometric analysis showed that RANTES/CCLS5 selec-
tively activates p-PKC9, p-JNK, and p-ERK in RASFs (Figure 4B).

PKC5S Is an Important Upstream Mediator
of RANTES/CCL5-Induced Signaling

Pathways in RASFs

To determine the hierarchy of signaling proteins in RANTES/
CCL5 mediated activation of PKC and MAPK pathways, RASFs
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were pretreated with PKCS inhibitor (Rottlerin) or JNK inhibitor
(SP600125) for 2 h and then stimulated with RANTES/CCL5
(100 ng/ml) for 30 min. Cell lysates were evaluated for phos-
phorylation of JNK, ERK, and PKCJ. Rottlerin markedly sup-
pressed RANTES/CCL5-induced phosphorylation of JNK, ERK,
and PKCS in RASFs (Figure 5A; Figure S2A in Supplementary
Material). We also observed that the phosphorylation of PKCS
was partially affected by JNK inhibitor, suggesting PKCS lies
upstream of JNK/ERK in RANTES/CCL5-induced signaling
cascade is RASFs (Figure 5A; Figure S2A in Supplementary

Material).

Rheumatoid arthritis synovial fibroblasts were treated with
RANTES/CCLS for 5, 15, and 30 min and the expression of p-c-Jun
and p-ATF-2 was determined in the nuclear extracts. Our results
showed a time-dependent increase in the nuclear translocation
of p-ATF-2 and p-c-Jun in RANTES/CCL5 stimulated RASFs
(Figure 5B). Furthermore, we evaluated the effect of RANTES/

CCL5 (100 ng/ml) alone or with

Met-RANTES on SAPK/

JNK in vitro kinase activity. Our results showed that RANTES/
CCL5 significantly induced JNK kinase activity compared to the
unstimulated control, which was completely inhibited by Met-

RANTES pretreatment (Figure 5C).

To further understand the signaling mechanisms through
which Met-RANTES was able to inhibit IL-1p-induced MMP-1
and MMP-13 production in RASFs (seen in Figure 3A), we
pretreated RASFs with Met-RANTES (100 ng/ml) for 30 min,
followed by IL-1p (10 ng/ml) stimulation for 30 min. Western
blotting followed by the densitometric analysis of the cell lysates
showed that Met-RANTES was able to inhibit p-JNK activation
by roughly 30%, whereas it elicited modest inhibitory effects on
p-PKCS and p-ERK activation by IL-1p stimulation (Figure 5D;
Figure S2B in Supplementary Material). These findings suggest
that Met-RANTES inhibits IL-1f-induced MMP-1 and MMP-13
production by directly inhibiting JNK pathway in human RASFs
in vitro.

RANTES/CCLS Induces Collagenolytic
Activity in RA

To determine the collagenolytic potential of RANTES/CCL5,
RASFs were stimulated with RANTES/CCL5 (100 ng/ml) or
IL-1p (10 ng/ml) for 24 h. Condition media (200 pul) was added to
typeI collagen coated 96-well plates and incubated for 24 h. At the
time of termination, media was collected and plates were stained
with Coomassie blue R250. Our results showed that collagen was
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digested and eroded from the wells exposed to RANTES/CCL5
or IL-1p-treated conditioned media compared to unstimulated
control, indicating their collagenolytic potentials (Figure 6A).
When these stained plates were further analyzed for absorb-
ance at 570 nm, both RANTES/CCL5 and IL-1p-treated RASFs
showed significant loss of collagen further confirming the ability
of RANTES/CCL5 and IL-1p to induce collagen degradation
by MMP-1 and MMP-13 production (Figure 6B). Western blot
evaluation of the conditioned media for the digested/released col-
lagen fragments from the coated plates for COL1A1 expression
showed a marked increase in the collagen fragments, in addition
to the native 220 kDa, generated in both RANTES/CCL5 and
IL-1p stimulated samples (Figure 6C).

To further confirm collagen degradation, the conditioned
media from similar experiments (8 h as early and 48 h as a late
time point) were evaluated for structural changes in collagen and
compared to the native collagen standard using CD spectroscopy
(Figure 6D). Compared to the native collagen, exposure to
unstimulated conditioned media, obtained from RA-affected

samples, showed a marked change in the structure of collagen
(Figure 6D). In addition, RANTES/CCL5 or IL-1p-treated
conditioned media showed further conformational changes
to collagen structure as evident by the loss of the characteristic
collagen peaks at 200 (negative) and 225 (positive) nm (21),
suggesting collagen degradation (Figure 6D). We also compared
the untreated conditioned media from NLSFs with untreated
RASFs to identify that while there were modest structural
changes brought by RASF’s compared to NLSF’s untreated media
(Figure S3 in Supplementary Material). These findings suggest
that chronic activation of RASFs by RANTES/CCLS5 or cytokines
such as IL-1f during the disease progression leads to the subtle
structural changes in the native collagen of the cartilage that
eventually contribute to the tissue destruction in RA.

To verify whether this damage to collagen by RANTES/CCL5
or IL-1p were mediated by MMPs, RASFs were pretreated with
a broad-spectrum MMP inhibitor (GM6001; 20 uM) for 2 h
and then stimulated with RANTES/CCL5 or IL-1f for 24 h. The
conditioned media was added on to type I collagen-coated plates
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FIGURE 4 | Regulated on activation, normal T expressed, and secreted (RANTES)/CC ligand 5 (CCL5) selectively activates PKC8 and JNK pathways to induce
matrix metalloproteinase (MMP)-1 and MMP-13 production in rheumatoid arthritis synovial fibroblast (RASFs). (A) RASFs were pretreated with p-38 inhibitor
(SB203980; 10 uM), ERK inhibitor (PD98059; 10 pM), JNK inhibitor (SP600125; 10 uM), NF-KB inhibitor (PDTC; 200 uM), or PKC$§ inhibitor (Rottlerin; 10 pM) for 2 h
followed by stimulation with RANTES/CCLS5 for 24 h. Culture supernatant were concentrated to determine MMP-1 and MMP-13 expression using Western
immunoblotting. Densitometry was performed to determine the relative changes. Gels were stained with Commassie Blue R250 stain to ensure equal loading.

(B) Effect of RANTES/CCL5 (100 ng/ml) on the MAPK (p38, JNK and ERK) and PKC& pathways was studied in human RASFs. RASFs were treated with RANTES
(100 ng/ml) for different time (5, 15, and 30 min) and effect on phosphorylation of p38, JNK, ERK, and PKC8 was determined using Western immunoblotting. Total
forms of p-38, JNK, ERK, and PKC8 were used as normalizing controls, respectively. Densitometry was performed to show the relative changes. Values are
represented as mean + SE from three or more independent experiments using cells from different donors under similar conditions. **p < 0.01 for RANTES/CCL5 vs.
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as described above. A significantly higher degradation of type I
collagen was found in both RANTES/CCL5 or IL-1p alone treated
as evidenced by the reduced Coomassie staining (Figure 6E).
However, pretreatment with GM6001 showed a marked inhibi-
tion of collagen degradation in RANTES/CCLS5 or IL-1f-treated
group (Figure 6E). These results suggest that the effect of both
RANTES/CCL5 and IL-1p on type I collagen degradation are
orchestrated by MMP-1 and MMP-13 production in RASFs.

DISCUSSION

This study provides a novel mechanistic insight to the role of
RANTES/CCLS5 in inducing MMP-1 and MMP-13 expression
in human RASFs and its damaging impact on the structure of
native collagen. Furthermore, the study also showed that IL-1p-
induced MMP-1 and MMP-13 is partly mediated via RANTES/
CCLS5 and there exists an opportunity to therapeutically limit
the role of RANTES/CCL5 in the process of tissue destruction
in RA by reducing its interaction with HSPGs found on the cell
surface and ECM, or inhibiting the signaling proteins such as
PKCS in RASFs.

Regulated on activation, normal T expressed, and secreted
(RANTES)/CCLS5 is produced by the majority of cell types that
participate in pathogenesis of RA, including SFs, endothelial cells,
chondrocytes, monocyte/macrophages, and activated T cells
(11, 12). RANTES/CCL5 among other CC chemokines is an
established regulator of migration, cell proliferation, and leuko-
cyte trafficking. In our previous studies, we have shown that IL-1f
is a potent inducer of RANTES/CCL5 and other chemokines in
human RASFs (1, 23). Administration of Met-RANTES has been
shown to ameliorate experimental arthritis by reducing joint
inflammation and bone destruction (25, 26). Our results showing
that RANTES/CCLS5 is capable of inducing MMP-1 and MMP-13
expression and collagenase activity and may also contribute to
IL-1p-induced destruction further implicates RANTES/CCLS5 as
a potent mediator of bone and cartilage damage in RA. Whether
RANTES/CCLS5 acts together, in a synergistic manner, with IL-1f
to exacerbate inflammation and tissue destruction by RASFs
require further experiments.

An extensive joint destruction in RA, as well as OA, is
mediated by an intense action of various proteinases, the most
important among them being collagenases (14, 27). MMP-1 and
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FIGURE 5 | Regulated on activation, normal T expressed, and secreted (RANTES)/CC ligand 5 (CCL5)-mediated phosphorylation of PKC8 causes JNK and ERK
activation to induce matrix metalloproteinase (MMP)-1 and MMP-13 production in rheumatoid arthritis synovial fibroblasts (RASFs). (A) RASFs were pretreated with
the inhibitor of JNK (SP 600125; 10 puM) or PKC$ (Rottlerin; 10 uM) for 2 h followed by RANTES/CCLS5 stimulation (100 ng/ml) for 30 min to determine the hierarchy
of signaling proteins (p-PKC8, p-JNK, and p-ERK) in RANTES/CCL5-mediated signal transduction using Western immunoblotting. (B) Effect of RANTES/CCL5 on
nuclear translocation of p-ATF-2 and p-c-Jun in RASFs was determined using Western immunoblotting. RASFs were stimulated with RANTES/CCL5 (100 ng/ml) for
5, 15, and 30 min and nuclear fraction were used to study the effect on p-ATF-2 and p-c-Jun. Lamin A/C was used as loading control. (C) Effect of Met-RANTES
on RANTES/CCLS5 induced SAPK/JINK activity in RASFs. RASFs were pretreated with Met-RANTES for 30 min followed by RANTES/CCLS5 treatment for 30 min.
Immunoprecipitation was performed using p-SAPK/JNK antibody and antagonizing effect of Met-RANTES was determined by Western immunoblotting.
Densitometry was performed to show the relative changes in SAPK/JNK activity and values are represented as mean + SE from independent experiments
performed on RASFs obtained from different donors. (D) RASFs were pretreated with Met-RANTES for 30 min followed by IL-1p treatment for 30 min. Cell lysates
were used for the detection of p-PKC8, p-JNK, and p-ERK. ##p < 0.01 NS vs. RANTES/CCLS5; **p < 0.01 RANTES vs. RANTES + Met-RANTES.

MMP-13 are produced by RASFs and their elevated levels in the
synovial fluid and enhanced expression in synovial tissue biopsies
from RA patients provide an evidence for their active role in tis-
sue destruction (28, 29). Firestein et al. have demonstrated that
JNK pathway mediates cytokine-induced MMP-1 and MMP-13
expression in SFs and murine inflammatory arthritis model
(30, 31). The promoter region of MMP-1 and MMP-13 hosts
several AP-1-binding sites, which makes it an important tran-
scriptional regulator of these MMPs (32). In addition, IL-1p has
been shown to be a more potent inducer of MMP-1 compared to
TNF-a partly due to its ability to induce ERK pathway concomi-
tantly (33), suggesting that ERK may play a supportive role in the
transcriptional activation of MMP-1, and possibly MMP-13. In
fact, the regulation by PKCS of its downstream signaling proteins
JNK/ERK and the inhibition of RANTES/CCL5-induced MMP-1
and MMP-13 expression by Rottlerin suggest that PKCS might be
arelevant therapeutic target in RA. This is further supported by a
previous study, in which RANTES/CCL5 induced IL-6 production

in human OASFs via PKCS and Src pathways (27). Recent clini-
cal studies using JAK inhibitor (tofacitinib) or anti-TNF therapy
have also shown efficacy in reducing tissue destruction, in part by
downregulating MMP-1 and MMP-13 expression (34, 35).

We observed the inhibition of IL-1B-induced MMP-1 and
MMP-13 expression by Met-RANTES, which may partly be
due to its ability to inhibit the activation of JNK pathway. While
these findings are open to different interpretations, we hypoth-
esize that Met-RANTES is effective in blocking IL-1p in a two-
pronged approach: by blocking the contribution of RANTES/
CCLS5 produced in response to IL-1p stimulation of RASFs and
by inhibiting the phosphorylation and kinase activity of JNK,
thereby producing a profound decrease in MMP-1 and MMP-13
production. Our previous findings have shown PKCS as one of
the key molecules in IL-1p signaling pathway (1, 23), however,
other studies suggest that the regulation of JNK activation that
eventually reduces AP-1 nuclear translocation and DNA-binding
activity may exhibit significant inhibition of MMP activity in
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(C) Condition media from the same treatment was concentrated using Amicon 10K ultra 0.5 centrifugal filters and analyzed for type | collagen by Western blotting.
(D) Condition media from RANTES/CCL-5 or IL-1f stimulated RASFs, was applied on collagen coated 96-well plates for 8 and 48 h. Digested collagen was
collected and CD spectroscopy was performed using a Jasco J-815 spectropolarimeter. (E) RASFs were pretreated with GM6001 (20 pM) for 2 h and then
stimulated with RANTES/CCLS5 (100 ng/ml) or IL-1p (10 ng/ml). Collagen type | plates were exposed for 24 h, media aspirated, and then stained with Coomassie
R250 and analyzed as described in Section “Materials and Methods.” Densitometry was performed to show the relative changes. Values are represented as
MEAN =+ SE from experiments performed using cells from four to five donors. *p < 0.05 or **p < 0.01.

RASFs (30, 31, 33). Further detailed studies are warranted to
confirm the effect of Met-RANTES or any other commercially
available structural anatagonists of RANTES/CCL5 on cytokine
signaling network in RA pathogenesis.

Heparan sulfate proteoglycans not only protect cytokines and
chemokines from proteolysis, they also facilitate the formation
of chemokine gradients involved in leukocyte recruitment and
homing (36). Recent study showed that the selective induction
of a CXCL8-binding site on endothelial syndecan-3, a trans-
membrane HSPG, is increased in RA synovium, which may be
involved in leukocyte trafficking into RA synovial tissue (37).
The syndecan family of transmembrane proteoglycans are the
major source of cell surface HS in all cell types and provides
complex role in inflammation (38, 39). The inhibition of
RANTES/CCL5-induced MMP-1 and MMP-13 production by
the depletion of HSPGs using heparinase IIT in RASF cultures,
further confirms that in addition to CC receptor-mediated
signaling, RANTES/CCLS5 also utilizes HSPGs to activate signal

transduction pathways in RASFs. However, our results showed
that heparinase IIT has no effect on RANTES/CCL5 binding to
the cell surface, which suggests that RANTES/CCLS5 utilizes
other proteoglycans present on the cell surface to bind and acti-
vate its signaling. Since RASFs are a major source of RANTES/
CCLS5 in the affected joints, there is a possibility that it may
not rely on HSPGs to activate its signal transduction pathways.
On the contrary, it can also be postulated that besides HSPGs,
heparinase III may also affect other cell surface receptors by
proteolytic shedding or structural modification that impairs
their signaling and downstream catabolic events. These findings
further warrant more elaborate study for a better therapeutic
understanding of heparinase III and MMP axis. The effector
molecules capable of degrading type I and II collagen within
the triple helix structure are known to be attributed largely to
MMPs and cysteine proteases (38). It is also known that human
RASFs invade and degrade collagen rich structures associated
with joints, including bone, cartilage, tendons, and ligaments
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(39). Here, we demonstrated that RASFs, when stimulated
with RANTES/CCL5 express MMP-1 and MMP-13 that have
profound collagenase activity to directly degrade cross-linked
collagen networks.

In conclusion, our results from this study suggest that RANTES/
CCL5 plays a role of an active mediator, not a passive bystander,
in RA pathogenesis by activating RASFs to promote MMP-1
and MMP-13 mediated ECM destruction. While the therapeutic
strategies aimed at exclusively targeting RANTES/CCL5 or CCR5
were not successful in RA, these findings provide a rationale for
testing HSPGs or signaling proteins as an adjunct therapeutic
target to limit RASF participation in disease pathogenesis.
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