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Purpose: This in vitro study was designed to determine the effect of the pan-Janus kinase inhibitor, Tofacitinib, on basal and
interleukin-6 (IL-6)-induced signal transducers and activators of transcription (STAT) phosphorylation and matrix metalloproteinase
(MMP) gene expression and MMP production by C28/12 human chondrocytes.

Methods: C28/12 chondrocytes were grown to a confluent high-density and treated either with recombinant human IL-6 (rhIL-6; 10—
20ng/mL) or maintained in the basal state for up to 60 min. MMP gene expression was determined using RT-PCR and MMP
production by semi-quantitative immunohistochemistry. The effect of IL-6 with or without Tofacitinib on activation of STAT proteins
was determined from quantitative Western blots.

Results: C28/12 chondrocytes produced STAT1, STAT3 and STAT5SAB which were phosphorylated (p) following treatment with rhIL-
6 for 30 min. Tofacitinib (2.5nM—100nM) decreased rhIL-6-induced activation of STAT1, STAT3, and STATSAB as well as decreasing
the expression of MMP3 and MMP13 but not MMP9, MMP1 or MMP2. In addition, Tofacitinib (50nM) reduced the number of rhIL-
6-induced MMP3-, and MMP13- antibody-positive C28/I12 chondrocytes. However, Tofacitinib did decrease the number of MMP9-
antibody-positive C28/I12 chondrocytes.

Conclusion: Taken together, these data showed that Tofacitinib, a pan-JAK small molecule inhibitor employed for the medical
therapy of rheumatoid arthritis was a potent inhibitor of rhIL-6-induced STAT phosphorylation that appeared to be coupled to the
inhibition of MMP-3, -9 and -13 production by C28/12 chondrocytes.
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Introduction
Matrix metalloproteinases (MMPs) play a crucial role in the pathogenesis and progression of rheumatoid arthritis (RA).!
At the cellular level, RA is characterized by the migration of immune and non-immune cells from the peripheral
circulation to the synovium and synovial joint fluid where activated synovial fibroblasts, T-cells, B-cells, dendritic cells,
macrophages and neutrophils®® contribute to an elevated level of pro-inflammatory cytokines, several of which [eg
interleukin-1p (IL-1pB), IL-6, IL-17, tumor necrosis factor-a (TNF-a)] are intimately involved in upregulating matrix
metalloproteinase (MMP) gene expression. In effect, the upregulation of MMP gene expression occurs mainly through
the capacity of these pro-inflammatory cytokines to activate the stress-activated/mitogen-activated protein kinase (SAPK/
MAPK) and/or the Janus Kinase/Signal Transducers and Activators of Transcription (JAK-STAT) signaling pathways by
activated immune cells, synovial tissue fibroblasts and articular chondrocytes.*®

In RA, the biological activity of the MMP family is principally involved in the degradation of cartilage extracellular
matrix (ECM) proteins, typically, Type II collagen, the sulfated proteoglycan, aggrecan, the “minor” proteoglycans,
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including decorin, and biglycan, all of which are synthesized by chondrocytes.” These ECM proteins provide the
biochemical/biomechanical mechanism crucial for the maintenance of cartilage homeostasis and therefore, synovial
joint integrity.” As such, their loss from articular cartilage results in cartilage degradation in RA, as well as in
osteoarthritis (OA) pathology.

The MMP messenger RNAs (mRNAs) produced by cells involved in the RA process are translated and produced as
latent pro-enzymes. The pro-MMPs must be activated to be fully functional and MMPs have been implicated in this
process as well.® In addition, in RA a faulty endogenous MMP inhibitor system has been reported. Thus, under
homeostatic conditions the biological activity of MMPs are regulated by a protein family referred to as tissue inhibitors
of metalloproteinases (TIMPs)."

Importantly, the pro-MMPs that were previously shown to be produced by chondrocytes in vitro in response to
stimulation by various pro-inflammatory cytokines, were pro-MMP-1 (collagenase-1), pro-MMP-2 (72kDa gelatinase),
pro-MMP-3 (stromelysin-1), pro-MMP-9 (92kDa gelatinase) and pro-MMP-13 (collagenase-3)* '* as well as
A disintegrin and metalloproteinase/A disintegrin and A disintegrin metalloproteinase with thrombospondin motif
(ADAM/ADAMTS) families of metalloproteinases.®’

Several previous “pre-clinical” studies were designed to address the progression of cartilage ECM degradation in RA
using MMP small molecule inhibitors (SMIs) (eg p38 MAPK inhibitors)."* This strategy was successfully employed
in vitro.'>™'® Furthermore, the development of SAPK/MAPK SMIs was then moved ahead into RA clinical trials, after
they met several pre-clinical in vitro and in vivo primary endpoints as evidenced by the inhibition of MMP activity and
amelioration of the severity of arthritis in a well-validated mouse model of inflammatory arthritis, respectively.'’
However, a p38 MAPK SMI then failed to provide clinical efficacy in human RA clinical trials and elicited untoward
adverse events such that they were not further developed for clinical use reviewed in.'® Then, more recently,
Tocilizumab, a fully humanized monoclonal antibody that blocks the binding of IL-6 to its receptor, IL-6Ra as well as
the interaction of IL-6 with the soluble IL-6R'®, both pathways requiring gp130 to facilitate signal transduction and,
Tofacitinib, a pan-JAK SMI was tested in vitro and in RA animal models.”® At present, both drugs have been
successfully employed as drug therapies for human RA.?'2?

Based on these findings as well as other experimental evidence, we first determined the extent to which recombinant
human IL-6 (rhIL-6) activated STAT proteins, respectively, in the C28/I2 line of immortalized human chondrocytes. In
that regard, we had previously shown that blocking IL-6/IL-Ra or IL6/sIL-6R with Tocilizumab inhibited STAT protein
activation as well as the production of MMP-9 by C28/I2 chondrocytes.?* Thus, the present study of MMP gene
expression was stimulated by these previous experimental outcomes, and here we addressed the hypothesis that
Tofacitinib would inhibit human chondrocyte MMP gene expression by blocking STAT protein activation in vitro.

Materials and Methods
C28/12 Human Juvenile Chondrocytes

The C28/12 human chondrocyte line has been previously employed as a cell culture model for human chondrocytes in the
evaluation of chondrocyte-mediated changes associated with arthritis.”>*° This human chondrocyte line was donated
courtesy of Professor Mary B. Goldring; Hospital for Special Surgery/Weill Medical College of Cornell University,
New York, New York, USA. The short tandem repeat (STR) profile for C28/12 is published by Millipore-Sigma that sells
the C28/12 line to research laboratories.

Normal Human Chondrocytes
Normal Human Chondrocytes (NHC) were obtained from the commercial vendor ScienCell.

Cell Culture Protocol

In vitro studies with rhIL-6 or rhIL-1B (R&D Systems) activation of the JAK-STAT or SAPK/MAPK pathways were
conducted either with the C28/12 chondrocyte line or normal human chondrocytes (NHC) obtained from a commercial
source (ScienCell). C28/12 chondrocytes were maintained at 37°C in a 5% CO, humidified incubator in Dulbecco’s
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Modified Eagle Medium (DMEM)/Ham’s F-12 (1:1) supplemented with 10% fetal bovine serum (FBS; 10% v/v), 1%
penicillin/streptomycin, and 2mM L-glutamine (all purchased from Thermo Fisher Scientific). Previously published
studies”® indicated that C28/I2 chondrocytes were a suitable surrogate for human chondrocytes. NHC were maintained in
“chondrocyte medium” (ScienCell) consisting of basal medium containing Vitamin C, 5% FBS, 1% chondrocyte growth
supplement, 1% penicillin/streptomycin solution and grown to a confluent cell density. In this regard, NHC were
employed to test the extent to which the activation of STAT proteins by rhIL-6 was similar or different to C28/12.

Incubation with rhiL-6 and Tofacitinib

C28/12 chondrocytes or NHC were treated with Tofacitinib using a standard pre-incubation protocol in which chon-
drocytes were pre-incubated in medium supplemented with 0.1% FBS and Tofacitinib at varying concentrations (100nM,
50nM, 20nM, or 2.5nM; n=4 for each concentration) for 30 min. Following this “pre-incubation”, chondrocytes were
washed with Dulbecco’s phosphate-buffered saline (DPBS) (Thermo Fisher Scientific) and then treated again with
Tofacitinib (100nM, 50nM, 20nM, or 2.5nM) together with IL-6 (10ng/mL, 20ng/mL or 50ng/mL) in medium supple-
mented with 0.1% FBS for 30 min. The nanomolar concentrations of Tofacitinib employed in these studies were similar
to those found to be at the ICs, level for JAK3 (1nM), JAK2 (20nM) and JAK3 (112nM).%° For the control groups, C28/
12 chondrocytes or NHC were treated with DMEM/Ham’s F-12 supplemented with 0.1% FBS and 10 ng/mL or 20ng/mL
IL-6 (n=4) or “chondrocyte medium” for NHC supplemented with 0.1% FBS (n=4) for 30 min at 37°C. Following each
treatment, chondrocytes were washed with DPBS and lysed with RIPA buffer containing protease and phosphatase
inhibitors. The total cell lysate was then collected, and centrifuged at 16,000 x g for 10 min at 4°C yielding a cell pellet
and a supernatant containing the protein lysate.

STAT Protein Analysis by Western Blot

Following these various treatments, the abundance of specific STAT proteins produced by C28/12 chondrocytes or NHC
was then analyzed by a quantitative Western blotting protocol. Following the collection of final protein lysates, the
protein content in these supernatants was determined with the bicinchoninic acid protein assay (Thermo Fisher
Scientific). Equal amounts of protein were then diluted in gel loading buffer containing 375mM Tris-HCL, 6% sodium
dodecyl sulfate (SDS), 48% glycerol, 9% B-mercaptoethanol and 0.03% bromophenol blue, pH 6.8. The samples were
heated at 100°C for 5 min and then loaded onto pre-cast 4-20% Tris-glycine polyacrylamide gels for denaturing sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using the Novex electrophoresis system (Thermo Fisher
Scientific). Protein was then electro-transferred from the pre-cast gel to a polyvinylidene difluoride membrane (PVDF)
(Bio-Rad Laboratories). Immunodetection was achieved by first incubating PVDF membranes in a blocking buffer
consisting of 5% nonfat milk in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBST-20) at room temperature
for 1 hr and then washed 3 times for 5 min each in TBST. The membrane was incubated overnight at 4°C with primary
antibodies (Table 1) diluted in 5% w/v BSA, 1X TBST-20. The following day, the PVDF membrane was washed 3 times
for 5 min each in TBST-20 and incubated with horseradish peroxidase-conjugated secondary anti-mouse or anti-rabbit
antibody diluted in 5% nonfat milk in TBST-20 for 1 hr at room temperature. Finally, the PVDF membrane was washed 3
times in the TBST-20 and imaged using chemiluminescence Radiance Q (Azure Biosystems). The immunoblots were
quantified with ImagelJ software [developed by National Institutes of Health (NIH) and LOCI, University of Wisconsin].

Cellular Compartment Fractionation

C28/12 chondrocytes were incubated with 20ng/mL rhIL-6 in medium with 0.1% FBS for either 0 min (treatment placed
on the cells then immediately removed), 1 min, 5 min, 30 min or 60 min (n=4 for each time point) at 37°C in a 5% CO,
humidified incubator to determine the extent to which un-phosphorylated and/or phosphorylated STAT proteins were
translocated from the cytoplasm to the nucleus. Additionally, cells were treated with medium which was supplemented
with 0.1% FBS (n=4) or medium containing 0.1% FBS, 20ng/mL rhIL-6, and 50nM Tofacitinib (n=4) for 30 min at
37°C. Following these procedures, C28/12 chondrocytes were subjected to a subcellular fractionation protocol as

previously described by Baghirova et al.?’

Open Access Rheumatology: Research and Reviews 2022:14 htps: 197

Dove:


https://www.dovepress.com
https://www.dovepress.com

Thorpe et al Dove

Table | Antibodies Employed for Western Blotting or Immunohistochemistry

Protein Target Manufacturer Catalog Number Dilution
STAT3 Cell Signaling Technology 12640 1:1000
Phospho-STAT3 Cell Signaling Technology 9145 1:1000
STATI Cell Signaling Technology 9176 1:1000
Phospho-STAT | Cell Signaling Technology 9167 1:1000
Mouse IgG Cell Signaling Technology 7076 1:3000
Rabbit IgG Cell Signaling Technology 7074 1:3000
Mouse GAPDH Santa Cruz Biotechnology sc-32233 1:100000
Rabbit GAPDH Santa Cruz Biotechnology sc-25778 1:100000
SERCA2 Cell Signaling Technology 4388 1:1000
VDAC Cell Signaling Technology 4866 1:1000
LAMIN A/C Cell Signaling Technology 2032 1:1000
MMP-3 Cell Signaling Technology 14351 1:100
MMP-9 Invitrogen PA5-13199 1:100
MMP-13 Cell Signaling Technology 69926 1:100
SignalStain® Boost IHC Detection Reagent Cell Signaling Technology 8114 Not Diluted

Isolation of Subcellular Proteins

A fractionation protocol with minor modifications was employed”’ in order to enrich for proteins in a specific cellular
compartment. This protocol is a method for separating total cellular proteins into three cellular compartments, namely, cytosolic,
membrane-bound organelles, and nuclear compartments. Following the treatment of C28/12 cells as described above, the culture
media was decanted. Chondrocytes were washed with DPBS, and then 160uL of ice cold lysis buffer A [NaCl (150mM),
HEPES, pH 7.4 (50mM)), digitonin (25ug/mL), hexylene glycol, (1M)] was added to each dish. The cell layer was then scraped
off of the dish and the lysis buffer and chondrocytes were collected in a 1.7 mL centrifuge tube. Cells were incubated using an
end-over-end rotator for 10 min at 4°C and then centrifuged at 2000 x g for 10 min at 4°C. The resulting supernatant contained
cytosolic proteins which were collected leaving a residual cell pellet. Next, 110ul of lysis buffer B [NaCl 150mM), HEPES pH
7.4 (50mM), IGEPAL CA-640 (1% v/v), hexylene glycol, (IM)] was added. The cell pellet was re-suspended with a vortex
mixer. Samples were incubated on ice for 30 min and then centrifuged at 7000 % g for 10 min at 4°C. The resulting supernatant
contained proteins from membrane-bound organelles except for those proteins in the nuclear compartment. The supernatant was
collected and separated from the cell pellet. Lastly, 110uL of lysis buffer C [NaCl (150mM), HEPES, pH7.4 (50mM), sodium
deoxycholate (0.5% v/v), SDS (0.1%), hexylene glycol (1M)] was added and the cell pellet was re-suspended by vortex mixing.
Samples were incubated by end-over-end rotation for 30 min at 4°C and then centrifuged at 7800 x g for 10 min at 4°C. The
resulting supernatant containing proteins from the nuclear compartment was collected and saved at —80°C.

Proteins from each subcellular compartment were separated by SDS-PAGE as described above. Immune blotting for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH: marker for cytosolic and nuclear protein®®) sarco endoplasmic
reticulum calcium-ATPase 2 (SERCAZ2), voltage-dependent anion channel 1 (VDAC) were used as markers for
membrane-bound proteins, and lamin A/C (LMNA) was used as a maker for nuclear proteins to confirm the relative
purity of the subcellular fractions. The PDVF membrane was incubated overnight at 4°C with primary antibodies reactive
with these biomarkers (Table 1) diluted in 5% w/v BSA, 1X TBST-20. The following day the PDVF membrane was
washed 3 times for 5 min each in TBST-20 and incubated with horseradish peroxidase-conjugated secondary anti-mouse
or anti-rabbit antibody diluted in 5% nonfat milk in TBST-20 for 1 hr at room temperature. Finally, the PDVF membrane
was washed 3 times in TBST-20 containing chemiluminescence Radiance Q and quantified using Imagel.

MMP Gene Expression
The repertoire of MMP gene expression by chondrocytes was previously reported.**® In that regard, IL-1p a known
activator of MMP gene expression for cultured human chondrocytes’ regulated, in part, via activation of SAPK/MAPK
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signaling was employed to determine the extent to which the MMPI, 2, 3, 9 and 13 were expressed by C28/12
chondrocytes in response to the addition of IL-1p (Cell Signaling Technologies).

RNA Isolation

After C28/12 chondrocytes had reached a confluent state, they were sub-cultured into 24-well dishes at high density
(5x10°cells/mL; 10°cells/cm?). After ~3 days, the sub-cultured chondrocytes had again reached confluency. The medium
was decanted and C28/12 chondrocytes were rinsed with PBS, then pre-incubated for 30 min in DMEM/Ham’s F-12
supplemented with 0.1% FBS and Tofacitinib (50nM). Following that, C28/I12 chondrocytes were briefly washed with
PBS and then incubated with Tofacitinib (50nM) or Tofacitinib (50nM) together with rhIL-6 at either 10ng/mL, 20ng/mL
or 50ng/mL (n=4 for each concentration of Tofacitinib) for 1 hr. In addition, C28/I2 chondrocytes were treated with
medium alone as the primary control (n=4) or supplemented with Tofacitinib (50nM) (n=4). C28/12 chondrocytes were
then washed with PBS prior to RNA isolation.

Analysis of mMRNA by Quantitative Reverse Transcriptase Polymerase Chain Reaction

(qQRT-PCR)

A commercial kit (Total RNA Isolation/NucleoSpin® RNA; Macherey-Nagel) was used to isolate total RNA from C28/12
chondrocytes. The yield of RNA was analyzed by absorbance at 260nm. The SuperScript™ II Reverse Transcriptase kit
for RT-PCR (Thermo Fisher Scientific) with random hexamers was employed to reverse transcribe 387ng of total RNA.
Following that, the cDNA was used as a template for gqRT-PCR by employing MMP gene primer sets that were designed
with the PrimerExpress application; (Thermo Fisher Scientific) (Table 2).

The StepOnePlus real-time PCR system (Thermo Fisher Scientific) was employed for gqRT-PCR. Melting curves
estimated the relative specificity of the amplified products where SYBR Green (Thermo Fisher Scientific) was the
fluorescent detector for the measurements of amplicon abundance in real-time. In that regard, the abundance of specific
mRNA relative to GAPDH mRNA was calculated using the ACT method [relative mRNA abundance = 2 (CT tareet gene of
interest — CT GAPDH)] 31 The relative gene expression assays were conducted and validated for primer pair specificity and
each primer pair was optimized for equivalent qRT-PCR efficiency as previously described.®'

Immunohistochemical (IHC) Analysis of MMP3, MMP9 and MMPI3 Production in
Response to rhiL-6 or rhlL-6 Plus Tofacitinib (50nM)

Preparation of C28/I2 Chondrocytes for IHC

Confluent C28/12 chondrocytes were sub-cultured into 8-well Labtek dishes (10,000 cells/well; 14,300 cells/cmz). After
~3 days, the sub-cultured chondrocytes had again reached a confluent state at which time the medium was decanted and
C28/12 chondrocytes rinsed with PBS, then pre-incubated for 30 min in medium (DMEM/Ham’s F-12 supplemented with
0.1% FBS) containing Tofacitinib (50nM). C28/12 chondrocytes were then briefly washed with PBS followed by

Table 2 Primer Pair Sequences, Melting Temperatures, and Resultant Amplicon Size (Bp) for MMP/GAPDH Analysis by

qRT-PCR
Forward Primer Reverse Primer Melting Amplicon

Temperature Size (bp)
(FWDIREV) (°C)

MMP-1 CCTCGCTGGGAGCAAACA TTGGCAAATCTGGCGTGTAA 59/59 6l

MMP-2 CGTCTGTCCCAGGATGACATC ATGTCAGGAGAGGCCCCATA 59/58 59

MMP-3 TGATGAACAATGGACAAAGGATACA | TTTCATGAGCAGCAACGAGAA | 59/59 62

MMP-9 CGCCAGTCCACCCTTGTG CAGCTGCCTGTCGGTGAGAT | 60/60 63

MMP-13 | TTCTTGTTGCTGCGCATGA AGGGTCCTTGGAGTGGTCAA | 59/58 59

GAPDH | TTGCCATCAATGACCCCTTCA CGCCCCACTTGATTTTGGA 60/58 120

Notes: The primer pair sequences were from the NCBI accession sequences as follows: MMP-1, NM_002421.4;, MMP-2, NM_004530.6; MMP-3,
NM_002422.5; MMP-9, NM_004994.3; MMP-13, NM_002427.4; GAPDH, NM_002046.
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incubation with Tofacitinib (50nM) or Tofacitinib (50nM) plus rhIL-6 (10ng/mL) for 1 hr. In addition, C28/12
chondrocytes were treated with medium alone (primary control; n=4) or supplemented with Tofacitinib alone (50nM)
(n=4). C28/12 chondrocytes were then washed with PBS prior to being fixed in 4% paraformaldehyde (PF) for 15 min at
room temperature.

Antigen retrieval was initiated on PF-fixed C28/12 chondrocytes. The slides were placed in cold 10mM sodium citrate
containing 0.05% Tween20, pH 6.0, then brought to 125°C for 20 min in a “decloaking” chamber. Following antigen
retrieval, the slides were washed with PBS. The chondrocytes were then treated with 0.1% Triton-X100 in PBS for 5 min
at room temperature, and rinsed with PBS. Chondrocytes were then treated with “blocking serum” (Vectastain® ABC Kit;
Vector Laboratories) for 30 min at room temperature. Following that, 1:100 dilutions of the MMP-3, MMP-9, or MMP-
13 antibodies (Table 1) were added and the chondrocytes incubated at room temperature for 30 min, then rinsed with
PBS. Secondary antibody was added and incubated at room temperature for 30 min before being rinsed with PBS. The
Cell Signaling SignalStain(R) DAB Substrate Kit (Cell Signaling Technologies) was used to bind the second antibody.
Brown staining was monitored by microscopic inspection. A blank was produced with DAB and hematoxylin.

Slides were rinsed with deionized water then incubated for 30 sec with hematoxylin at room temperature, and then
rinsed again with deionized water. The samples were dehydrated using increasing concentrations of ethanol and then
mounted on a coverslip with xylene and Permount (Fisher Scientific).

Imaging and Semi-Quantitative Analysis of IHC

The slides were imaged at 40X magnification using a Keyence BZ-X800 microscope. Representative images of each of

the slides were collected. ImagelJ Fiji was employed to semi-quantify the presence of an MMP-positive antibody protein
. 32,33

signal.”

Statistical Analyses

Experiments on C28/12 chondrocytes were conducted in quadruplicate for each condition or for each of the Tofacitinib
concentrations used to determine the effect on responses to rhIL-6. Replicates were analyzed for outliers using Dixon’s
Q test where critical Q-values corresponded to a 95% confidence level. Normally distributed data were compared for
significance between various groups using the Analysis of Variance (ANOVA) One-Way ANOVA Calculator followed by
Tukey’s Honest Significant Difference test. Non-normally distributed data between groups was compared using the
Tukey—Kramer Method. A p value <0.05 implied a significant difference between a control group and various experi-
mental groups.

Results

MMP Gene Expression in Response to rhlL-6 and Effect of Tofacitinib

In a preliminary experiment, we tested the effect of Tofacitinib (2.5nM—100nM) on rhIL-6-treated (20ng/mL) C28/I12
chondrocytes. The results indicated no effect on the expression of any of the MMPs employing that experimental design.
Therefore, in a follow-up analysis, we first found that Tofacitinib (50nM) by itself did not alter MMP expression
(Figure 1). However, Tofacitinib (50nM) inhibited rhIL-6-induced expression of MMP3 (A%= —55.6) and MMP13 (A%=
—48.6) only when the concentration of rhIL-6 was maintained below 20ng/mL (Figure 1). There was also a trend towards
a reduction in MMP2 and MMP9. This result did not reach statistical significance (Figure 1).

Effect of Tofacitinb on MMP Gene Expression by C28/12 Chondrocytes Incubated with
rhiL-1

Cross-talk between a cytokine-activated SAPK/MAPK pathway and the JAK-STAT pathway has been a source of
conjecture.’ In that regard, we evaluated the possibility that Tofacitinib could inhibit rhIL-1p-mediated MMP expression
if activation of SAPK/MAPK signaling via rhIL-1f resulted in further activation of JAK-STAT signaling. In that case, we
found that rhIL-1 significantly increased the relative expression of MMP3 and MMP13 (Figure 2). However, Tofacitinib
did not inhibit rhIL-1B-induced expression of MMP3 or MMP13 (Figure 2). Of note, inhibition of JNK activation with
the JNKi, SP600125, significantly decreased rhIL-1B-induced expression of MMP13 (Figure 2).
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Figure | Effect of Tofacitinib on rhlLé-induced relative changes in MMP gene expression. C28/12 chondrocytes were grown to a confluent state and then treated under
control conditions, or with Tofacitinib (50nM) for 30 min. The medium was decanted and chondrocytes re-treated under control conditions or with Tofacitinib (50nM) in

presence or absence of rhlL-6 at either 10ng/mL, 20ng/mL, or 50ng/mL for | hr. Total RNA was then extracted and used to measure the relative abundance of MMP mRNA
by qRT-PCR. Average Act data is representative of Mean * Standard Deviation, N=4; *p<0.05.

Tofacitinib Reduced the Number of C28/12 Chondrocytes with Immunoreactive
MMP3, MMP9 and MMPI3

Incubation of C28/12 chondrocytes with rhIL-6 (10ng/mL) increased the number of MMP3, MMP9- and MMP13-
positive chondrocytes compared to the control (basal) conditions and these values were decreased by Tofacitinib
(Figure 3; Table 3). These results were derived from a semi-quantitative immunohistochemistry (IHC) analysis that
determined the extent to which Tofacitinib (50nM) altered the number of MMP3, MMP9 or MMP13 antibody-positive
chondrocytes in response to IL-6. In this analysis using the protocol of Crowe et al,>*** the higher value in each group
represents the number of chondrocytes that were antibody-positive for a particular MMP whereas the lower value is the
number of chondrocytes that were MMP-antibody-negative for a particular MMP (Table 3).
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Figure 2 Effect of Tofacitinib (TOFA) on rhiL-1B-Induced MMP Relative Gene Expression. C28/I2 chondrocytes were grown to confluency and then treated under basal
conditions (control) or with Tofacitinib (TOFA; 50nM or 100nM) or SP600125 (JNK inhibitor (JNKI/2); 100uM) for | hr. The medium was decanted and C28/12
chondrocytes were treated either under basal conditions, with Tofacitinib (as shown) or with the JNKi, SP600125 (100pM) in the presence or absence of rhiL-1§ (10ng/

mL) for | hr. Total RNA was extracted and used to measure the relative abundance of MMP mRNA by qRT-PCR. Average Act data is Mean * Standard Deviation; N=4;
*) o K
p<0.05; *p<0.02.

When primary MMP antibodies were omitted the chondrocytes looked identical in appearance to Figure 3J with a dull
brown stain similar to those chondrocytes that were read-out as MMP negative. Thus, no immunoreactive signal was
detected when primary antibody was replaced with non-immune IgG of the same isotype.

The results showed that rhIL-6 increased the proportion of cells staining positive for MMP3 (+80.4%), MMP9
(+67.6%) and MMP13 (+55.4%). Those values were decreased by Tofacitinib for each MMP. Thus, rhIL-6 effectively
increased MMP3, MMP9 and MMP13 production by C28/12 chondrocytes whereas Tofacitinib (50nM) decreased
MMP3, MMP3 and MMP13 production by C28/12 chondrocytes in response to rhIL-6.
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Figure 3 Immunohistochemistry of MMP3, MMP9 and MMP13 Antibody-Positive C28/12 Chondrocytes in Response to IL-6 and the Effect of Tofacitinib (50nM) on MMP
Antibody-Positive Chondrocytes. The scale is 50um (A-J). Confluent C28/I2 chondrocytes were pre-treated with Tofacitinib (50nM) for 30 min followed by incubation with
rhiL-6 (10ng/mL) or rhlL-6 plus Tofacitinib (50nM) for | hr. The “no-additions” group served as the control for rhlL-6-treated chondrocytes. The arrows in each panel
indicate an MMP3, MMP9 or MMP| 3-positive C28/12 chondrocyte. Panel | is a “blank” which shows the appearance of individual chondrocytes stained with hematoxylin.
MMP3 (A-C); MMP9 (D-F); MMPI3 (G-I); Appearance of confluent C28/12 chondrocytes stained with DAB and hematoxylin (J).

Tofacitinib Inhibited STAT Protein Phosphorylation in Response to rhiL-6

C28/12 chondrocytes and NHC were maintained in a basal state or induced with 20ng/mL rhIL-6 (R&D Systems) to activate
the JAK/STAT pathway. Analyses were conducted to determine the extent to which Tofacitinib affects the activation of STAT
proteins by C28/12 chondrocytes or NHC. Both non-phosphorylated (ie total STAT) as well as p-STAT1 and p-STAT3 were
detected by immunoblotting. For C28/12 chondrocytes, total STAT3 and STAT1 were detected in the “no additions” control
and in the rhIL-6 (20ng/mL)-treated groups (Figure 4A and B). By contrast, p-STAT3 and p-STAT1 were detected only at low

Table 3 3,3’-Diaminobenzidine (DAB) Staining Intensity Normalized to the Number
of Positively Brown-Stained C28/I2 Chondrocytes

No Additions IL-6 (10 ng/mL) IL-6+Tofacitinib (50 nM)

MMP-3 0.0054 0.0276 0.0074
MMP-9 0.0066 0.0204 0.0024
MMP-13 0.0121 0.0188 0.0109

Notes: The IHC images shown in Figure 3 were analyzed using ImageJ Fiji (GNU General Public License.Fiji).
The mean grey intensity value of each image was divided by the number of calculated nuclei to produce
a value representative of DAB staining intensity normalized to the number of calculated nuclei. 2>

Open Access Rheumatology: Research and Reviews 2022:14 httpsi/doi.org/10.2147/OARRR.S363736 203
DovePress


https://www.dovepress.com
https://www.dovepress.com

Thorpe et al Dove

A No Additions rhlL-6 (20 ng/mL) D No Additions rhiL-6 (20 ng/mL)
88 kDa TN s, e S e ...| p-STAT3 88 kDa A g p— — | p-STAT3
BBKDa | . S s s . A ...| Total STAT3  88kDa | e i—" S, SN SN SN SN, AN, | TOtol STAT3
37 kDa | “— —'| GAPDH 91 kDa G Ay A e~ | 0 STAT1
B p-STAT1  Total STATA B [ —————— | Total STAT1
-+ -+ N
— IL-6 (20 ng/ml) 37 kDa —.—.._._.—__——'|GAPDH
91 kDa | - || -— |
91 kDa | ‘—H_.. -| E
I No Additions
91 kDa | o ~|| --i z 16 [l rhiL-6 (20 ng/mL) ek _*
o —*
91 kDa ‘ . TR — é 1.2 | Xxx
' g
37 kDa I || | GAPDH o
| ] 5 0.8
o
C g
2.0 ) °
I No Additions k| <) 0.4
M rhiL-6 (20 ng/mL) g
00 Total Total
P-STAT1  grat1  PSTATS  graT3

Average ratio of STAT.GAPDH

Total
STAT1

Total

p-STATH STAT3

p-STAT3

Figure 4 Cytokine rhIL-6 induced phosphorylation of STAT| and STAT3 in C28/I2 chondrocytes and NHC. (A) Immunoblot analysis of p-STAT3, total STAT3, and GAPDH
in whole cell lysate from C28/12 cells. (B) Immunoblot analysis of p-STATI, total STATI, and GAPDH in whole cell lysate from C28/12 cells. (C) Relative abundance of
p-STAT3, total STAT3, p-STAT |, and total STAT| normalized to GAPDH in C28/12 cells treated as described. (D) Immunoblot analysis of p-STAT3, total STAT3, p-STATI,
total STATI, and GAPDH in whole cell lysate from NHC. (E) Relative abundance of p-STAT3, total STAT3, p-STATI, and total STAT | normalized to GAPDH in NHC cells
treated as described. Immunoblot data is representative of Mean * Standard Deviation; N=4; *p<0.05, *¥p<0.01, ***p<0.003.

levels in the “no additions” control group (Figure 4A and B). However, p-STAT3 and p-STAT1 were increased when C28/12
chondrocytes were incubated with rhIL-6 (Figure 4C). We also determined the STAT activation profile by NHC. In that case,
rhIL-6 increased total and p-STAT3 and p-STAT1 (Figure 4D and E). However, STAT5AB was not detected in NHC [data not
shown] although STAT5AB was detected in C28/12 chondrocytes as previously reported®> and rhIL-6 activated STATSAB
[data not shown]. The percent increase in total STAT proteins and p-STAT proteins in response to rhIL-6 is shown as a function
of GAPDH provided in Table 4.

The effect of Tofacitinib on STAT activation in C28/12 chondrocyte and NHC was determined. Tofacitinib inhibited

total STAT1, and STAT3 content in both cell types and decreased rhIL-6-induced p-STAT1 and p-STAT3 in a dose-
dependent manner (Figure 5).

Tofacitinib Inhibited p-STAT3 in the Cytoplasmic and Nuclear Compartments
Tofacitinib inhibited rhIL-6-induced p-STAT3 in both the cytoplasmic and nuclear compartments (Figures 6A—C). Thus,
Tofacitinib immediately (ie as soon as 0 min) inhibited p-STAT3 in the cytoplasmic and nuclear compartment

Table 4 Percent Change in STAT Proteins in Response to IL-6

Total STAT3: | p-STAT3: Total STATI: | p-STATI: p-STAT3: p-STATI: Total STATS:
GAPDH GAPDH GAPDH GAPDH Total STAT3 | Total STATI GAPDH
No Additions 0.758 0.026 0.738 0.075 0.021 0.088 0.574
rhIL-6 (20 ng/mL) 0913 2371 1.466 1.040 1.099 0911 1.030
Fold +1.20X +91.2X +1.99X +13.9X +52.3X +10.4X +1.79X
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Figure 5 Effect of Tofacitinib on rhIL-6 induced p-STAT3 and p-STAT| in NHC and C28/12. NHC and C28/12 were pre-incubated with Tofacitinib (2.5nM, 20nM, 50nM, or
100 nM) for 30 min and then treated with rhiL-6 (20ng/mL) and Tofacitinib (2.5nM, 20nM, 50nM, or 100nM) concomitantly for 30 min. (A) Immunoblot analysis of p-STAT3,
total STAT3, p-STATI, total STATI, and GAPDH in whole cell lysate from NHC or C28/12 cells. (B) Relative abundance of p-STAT| or p-STAT3 normalized to GAPDH in
NHC or C28/12 cells treated as described. Immunoblot data is representative of Mean + Standard Deviation; N=4; *p<0.05, **p<0.01, ***p<0.002.

(Figure 6A—C). Furthermore, Tofacitinib significantly inhibited p-STAT3, in the cytoplasm after 1 min which was
sustained after 60 min (Figure 6A). Moreover, in the nuclear compartment, Tofacitinib significantly inhibited p-STAT3
after translocation from the cytoplasmic compartment at 1 min, 5 min (significant according to Tukey’s Honest
Significant Difference test), and at 60 min (Figure 6C). Tofacitinib also significantly inhibited STAT3 content in the
nuclear compartment after 5 min, 30 min or 60 min (Figure 6D).

Discussion

This study primarily employed the C28/I2 line of immortalized human juvenile chondrocytes to determine the extent to
which rhIL-6 modulated MMPs. We employed the pan-JAK SMI, Tofacitinib to examine the expression of MMPs in
response to rhIL-6 in order to determine if Tofacitinib affected MMPs by inhibiting STAT protein activation.
Furthermore, we compared the results of STAT activation in C28/12 chondrocytes to STAT activation in NHC.

The development of JAK-STAT inhibitors, including the pan-JAK inhibitor, Tofacitinib, has made its way into the
drug armamentarium for the treatment of adult RA. Currently, Tofacitinib is mainly employed in the treatment of RA
patients who have shown an inadequate clinical response to conventional synthetic disease modifying anti-rheumatic
drugs (csDMARDs) and/or biologic drugs.** ¢ In that regard, we examined the extent to which Tofacitinib inhibited
both rhIL-1p and rhIL-6-induced MMPs. As expected, Tofacitinib did not inhibit rhIL-1p-induced MMP expression.
Conversely, Tofacitinib significantly inhibited rhIL-6-induced expression of MMP3 and MMP]3. In this regard, it should
also be noted that Tofacitinib was previously shown to effectively reduce RA synovial fibroblast MMP production.®’
However, under these conditions, the combination of rhIL-6 and Tofacitinib failed to reduce MMP9. We originally
considered the possibility that effect size (n=4) was responsible for this result, but a second analysis where we increased
the number of determinations to n=8 confirmed the previous result.

However, using a semi-quantitative analysis of IHC-stained chondrocytes, we found that Tofacitinib (50nM)
suppressed MMP3, and MMP13 production in response to rhIL-6. We also found that MMP9 production was also
reduced by Tofacitinib in response to rhIL-6 even though MMP9 expression was not significantly reduced by Tofacitinib.
Using a similar IHC detection approach, we had previously shown that Tocilizumab which neutralizes rhIL-6-mediated
JAK-STAT pathway activation inhibited MMP9 production by C28/12 chondrocytes.?® Therefore, additional studies will
have to be performed to address an apparent lack of association between the effect of Tofacitinib on MMP9 expression
and its effect on MMP9 production. At present, we can only speculate as to the possible mechanism(s) underlying this
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Figure 6 Quantification and comparison of rhiL-6 to rhlL-6+Tofacitinib. Western blots were quantified for the relative abundance of total STAT3 or p-STAT3 against
GAPDH. (A) Relative abundance of p-STAT3 normalized to GAPDH in the cytoplasmic fraction. (B) Relative abundance of total STAT3 normalized to GAPDH in the
cytoplasmic fraction. (C) Relative abundance of p-STAT3 normalized to GAPDH in the nuclear fraction. (D) Relative abundance of total STAT3 normalized to GAPDH in the
nuclear fraction. Mean 1Standard Deviation; N=4; *p<0.05; **p<0.02, ***p<0.001.

apparent dissociation between the relatively small effect of rhIL-6 plus Tofacitinib on MMP9 expression compared to the
effect of rhIL-6 plus Tofacitinib on MMP9 production. The fidelity of MMP9 mRNA translation could be a potential
mechanism by which MMP9 mRNA is more efficiently translated to pro-MMP9 protein. This could account for the
strength of the rhIL-6-effect on MMP9 protein as shown in Figure 3; Table 4 with only a small decrement in MMP9
mRNA in the rhIL-6 plus Tofacitinib group as depicted in Figure 1.

Based on the results of the C28/12 chondrocyte compartmental analyses, it is highly likely that the Tofacitinib-
mediated reduction in the relative expression of MMP3 and MMPI3 in C28/12 chondrocytes occurred, in part, via
suppression of the translocation of activated STAT and non-phosphorylated STAT protein to the nuclear compartment.

To summarize, the pan-JAK inhibitor, Tofacitinib was found to be an effective inhibitor of the relative expression of
MMP3 and MMP13 genes which are two critical MMPs relevant to promoting the degradation of articular cartilage
extracellular matrix proteins in RA synovial joints. Using a semi-quantitative IHC readout method,**** we also found
that Tofacitinib (50nM) reduced the number of MMP3-, and MMP13 antibody-positive chondrocytes and under the
present incubation strategy Tofacitinib also reduced the number of MMP9 antibody-positive chondrocytes. Through these
in vitro studies, we also established that Tofacitinib (50nM) likely reduced MMP3, MMP9 and MMP13 production in
response to thIL-6 through the inhibition of STAT3 protein as well as p-STAT3 protein nuclear translocation. It is in the
nucleus where phosphorylated as well as un-phosphorylated STAT proteins bind to promoter regions containing STAT
protein DNA motifs.*® This interaction is likely responsible for the inhibition of MMP3 MMP9 and MMP13 production.
Although this is a proposed mechanism to explain these in vitro results, direct evidence that STAT proteins bind to MMP
promoter sequences, such as AP-1 in C28/I12 chondrocytes remains to be determined. In addition, although the relative
production of MMP13 was up-regulated by rhIL-6 and MMPI3 by rthIL-1B, MMPI was not. Huang et al*’ reported that
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MMPI as well as MMP3 and MMPI13 were expressed in normal and OA cartilage and also by Chen et al.*’ These
findings indicated that some variation exists in MMP expression by intact human and OA cartilage compared to cultured
C28/12 human chondrocytes.

Our results also showed that rhIL-1 activated MMP gene expression in C28/12 chondrocytes. Thus, it is highly
unlikely that the mere inhibition of JAK-STAT signaling alone will retard the loss of articular cartilage extracellular
matrix proteins in adult RA making it pertinent to continue to strive to discover additional MMP inhibitors perhaps those
working through SAPK/MAPK signaling as well.?® Interestingly, recent studies with MAPKAPK2 (MK2) inhibitors*'**
may therefore be instructive in that regard. Thus, MK2 inhibitors in combination with a JAK inhibitor may be required to
achieve a more effective inhibition of chondrocyte MMP gene expression in adult RA as well as other forms of
inflammatory arthritis, such as OA.

Of course, an important limitation of the present study of MMPs is that the results presented here represent only in vitro
responses by the C28/12 line of immortalized human juvenile chondrocytes. However, it is important to note that there were
more similarities than differences in the pattern of STAT protein activation via rhIL-6 by C28/12 chondrocytes and NHC.

Finally, studies of MMP gene expression and MMP production in response to Tofacitinib in well-validated animal
models of RA should also be performed going forward. It is noteworthy that several previously published pre-clinical
studies on the effect of Tofacitinib in well-validated animal models of RA showed that the drug (also known as CP-
690550) preserved articular cartilage integrity in collagen-induced arthritis and adjuvant-induced arthritis accompanied
by a reduction in the influx of inflammatory cells,** reduced serum levels of IL-6 and IL-8,** inhibited cytokine receptor
signaling mediated by JAK1 heterodimers, but not JAK2 homodimers,* and reduced the overall inflammatory state
measured by '®F-fluorodeoxyglucose positron emission tomography.*®

Conclusion

The human juvenile immortalized chondrocyte cell line, C28/12 expressed MMPI, MMP2, MMP3, MMP9 and MMP13
that were modulated in response to rhIL-1p in a manner similar to treatment with vascular endothelial growth factor-A
(VEGF-A).*® The pan-JAK inhibitor, Tofacitinib, significantly inhibited only the relative expression of MMP3 and
MMP13 in response to rhIL-6. There was a trend towards the inhibition of the relative expression of MMP9 as well.
Using a semi-quantitative IHC analysis, we found that rhIL-6 increased MMP3, MMP9 and MMP13 production whereas
Tofacitinib reduced the number of MMP3, MMP9 and MMP13-antibody-positive chondrocytes. As predicted on the
basis of previously published JAK studies,”*>® Tofacitinib inhibited the phosphorylation of STAT-1, STAT3 and
STATSAB (data not shown) by C28/12 chondrocytes in response to rhIL-6. This finding implied that the inhibition of
the relative production of MMP3, MMP9 and MMP13 production was functionally related, at least in part, to inhibition
of STAT protein activation. Our data also suggested that the inhibition of the relative expression of MMP3 and MMP13
as well as MMP3, MMP9 and MMP13 production by C28/12 chondrocytes was regulated, in part, by STAT protein
trafficking to the nucleus.
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