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Abstract

Objective—During rheumatoid arthritis (RA), fibroblast-like synoviocytes (FLS) critically 

promote disease pathogenesis by aggressively invading the joint extracellular matrix. The focal 

adhesion kinase (FAK) signaling pathway is emerging as a contributor to RA FLS anomalous 

behavior. The receptor protein tyrosine phosphatase α (RPTPα), encoded by the PTPRA gene, is a 

key promoter of FAK signaling. Here we investigated whether RPTPα mediates FLS 

aggressiveness and RA pathogenesis.

Methods—Through RPTPα knockdown, we assessed FLS gene expression by quantitative 

polymerase chain reaction and enzyme-linked immunosorbent assay, invasion and migration in 

transwell assays, survival by Annexin V and propidium iodide staining, adhesion and spreading by 

immunofluorescence microscopy, and activation of signaling pathways by Western blotting of 

FLS lysates. Arthritis development was examined in Ptpra−/− mice using the K/BxN serum 

transfer model. The contribution of radiosensitive and radioresistant cells to disease was evaluated 

by reciprocal bone-marrow transplantation.

Results—RPTPα was enriched in the RA synovial lining. RPTPα knockdown impaired RA FLS 

survival, spreading, migration, invasiveness and responsiveness to platelet-derived growth factor, 
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tumor necrosis factor and interleukin-1 stimulation. These phenotypes correlated with increased 

phosphorylation of SRC on inhibitory Y527 and decreased phosphorylation of FAK on 

stimulatory Y397. Treatment of RA FLS with an inhibitor of FAK phenocopied knockdown of 

RPTPα. Ptpra-deficient mice were protected from arthritis development, which was due to 

radioresistant cells.

Conclusions—By regulating phosphorylation of SRC and FAK, RPTPα mediates pro-

inflammatory and pro-invasive signaling in RA FLS, correlating with promotion of disease in an 

FLS-dependent model of RA.

Fibroblast-like synoviocytes (FLS) control the composition of the synovial fluid and 

extracellular matrix (ECM) of the joint lining. In rheumatoid arthritis (RA), FLS become 

aggressive and invasive, contributing to disease pathology. FLS produce matrix 

metalloproteinases (MMPs) that break down the ECM, directly invade and digest the 

articular cartilage, promote bone erosion, and promote inflammation through secretion of 

interleukin-6 (IL-6), chemokines, and other inflammatory mediators(1–4). FLS are highly 

sensitive to the inflammatory environment present in rheumatoid joints. Growth factors, 

especially platelet-derived growth factor (PDGF), stimulate FLS invasiveness. Inflammatory 

cytokines, particularly tumor necrosis factor-alpha (TNF) and interleukin-1-beta (IL-1β), 

enhance FLS aggressiveness, pro-inflammatory features, and MMP production(4). Targeting 

of molecules that control FLS invasiveness and inflammatory output is considered an option 

for development of new therapies for RA(4–6).

Many signaling pathways controlling FLS behavior rely upon tyrosine phosphorylation of 

proteins(4), which results from the balanced action of protein tyrosine kinases (PTKs) and 

phosphatases (PTPs). The focal adhesion kinase (FAK) pathway is emerging as an important 

mediator of the anomalous behavior of RA FLS. FAK is a ubiquitously expressed non-

receptor tyrosine kinase that acts as a critical mediator of cell motility and invasiveness(7) 

and promotes cell survival(8). FAK activation is dependent upon tyrosine 397 (Y397) 

phosphorylation induced by integrin-mediated cell adhesion(7,8). This site can be 

autophosphorylated by FAK or phosphorylated by SRC family kinases (SFKs), which use 

phospho-Y397 as a docking site to activate FAK through phosphorylation of other tyrosine 

residues. Increased phospho-FAK levels were shown in RA synovial lining cells compared 

to normal tissue(9), and a recent epigenomics study showed that the FAK pathway is a 

hotspot of epigenetic anomalies in RA FLS(10). These findings suggest that anomalous 

FAK activation may play a significant role in RA FLS aggressiveness.

We recently reported that the PTP SHP-2, which is overexpressed in RA FLS versus 

osteoarthritis (OA) FLS, mediates the aggressive RA FLS phenotype by promoting FAK 

activation, leading to enhanced FLS survival, invasiveness, and responsiveness to PDGF and 

TNF stimulation(11). We noted that receptor PTP-α (RPTPα), another PTP that regulates 

FAK activity in fibroblast and solid cancer cell lines(12–14), was also highly expressed in 

RA FLS(11).

RPTPα, encoded by the PTPRA gene, is ubiquitously expressed(15,16). RPTPα is a critical 

positive regulator of signaling through dephosphorylation of the SFK C-terminal inhibitory 

tyrosine residue (Y527 in SRC)(13,14,16–18). Dephosphorylation of SRC-Y527 enhances 
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SRC activation, leading to tyrosine phosphorylation of FAK-Y397 and other substrates. 

Embryonic fibroblasts from Ptpra knockout (KO) mice showed increased SRC-Y527 

phosphorylation, reduced SFK activity, reduced FAK-Y397 phosphorylation, and reduced 

SRC/FAK association(12,14,19). Ptpra KO mice were recently reported to be protected 

from experimentally-induced lung fibrosis, a phenotype mediated by reduced pro-fibrotic 

transforming growth factor beta (TGFβ) signaling in Ptpra KO lung fibroblasts(20). These 

findings, together with the role for RPTPα in SRC and FAK regulation, and the 

hypothesized role of the FAK pathway in the pathogenic behavior of RA FLS, led us to 

investigate a potential role for RPTPα in RA FLS pathophysiology. Here, we demonstrate 

that RPTPα regulates phosphorylation of SRC and FAK in RA FLS, and promotes RA FLS 

aggressiveness by mediating signaling in response to TNF, IL-1 and PDGF. We also report 

that Ptpra−/− mice are protected from arthritis in an FLS-dependent model of disease, 

supporting a model whereby promotion of the FAK pathway by RPTPα in FLS contributes 

to RA pathogenesis.

Materials and Methods

Antibodies and Other Reagents

The rabbit anti-RPTPα antibody was previously described(14). Other primary antibodies 

were purchased from Cell Signaling Technology (Danvers, MA) and secondary antibodies 

from GE Healthcare Life Sciences (Pittsburgh, PA). TNFα, IL-1β and PDGF-BB were 

purchased from eBioscience (San Diego, CA). The FAK inhibitor PF573228 was purchased 

from EMD Millipore (Billerca, MA). The AKT inhibitor MK2206 was purchased from 

SelleckChem (Houston, TX). Unless specified, other reagents were purchased from Sigma-

Aldrich (St. Louis, MO).

Immunohistochemistry (IHC) of Synovial Tissue

The anti-RPTPα antibody was optimized for IHC using arthritic ankle sections of WT and 

Ptpra KO mice (data not shown). Paraffin embedded slides of human RA synovial tissues 

were obtained from the UCSD Clinical and Translational Research Institute (CTRI) 

Biorepository. Slides were deparaffinated, rehydrated and pretreated for 10 min with boiling 

citrate antigen retrieval buffer (1.9 mM citric acid, 10 mM Tris-sodium citrate pH 6.0), and 

treated with 3% H2O2 for 10 min. Slides were blocked with 5% goat serum for 1 hr at room 

temperature, then incubated with rabbit anti-RPTPα antibody or control rabbit IgG (1:100 in 

5% bovine serum albumin [BSA]) overnight at 4°C. Slides were washed and incubated with 

SignalStain Boost IHC Detection reagent (HRP, rabbit) (Cell Signaling Technologies) for 30 

min, incubated for 5 min with 3,3’-diaminobenzidine substrate (Sigma-Aldrich), and 

counterstained with hematoxylin. Slide images were obtained using an Eclipse 80i 

microscope (Nikon, Melville, NY).

Preparation of FLS

FLS were obtained from the UCSD CTRI Biorepository. Each line was previously obtained 

from discarded synovial tissue of a different patient with RA at the time of synovectomy, as 

previously described(21). The diagnosis of RA conformed to American College of 

Rheumatology 1987 revised criteria(22). FLS were cultured in DMEM (Mediatech, 
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Manassas, VA) with 10% fetal bovine serum (FBS, Omega Scientific, Tarzana, CA), 2 mM 

L-glutamine, 50 µg/mL gentamicin, 100 units/ml of penicillin and 100 µg/ml streptomycin 

(Life Technologies, Carlsbad, CA) at 37°C in a humidified 5% CO2 atmosphere. For all 

experiments, FLS were used between passages 4–10, and cells were synchronized in 0.1% 

FBS (serum-starvation media) for 48 hr prior to analysis or functional assays.

Quantitative Polymerase Chain Reaction (qPCR)

RNA was extracted using RNeasy Kits (Qiagen, Valencia, CA) or Trizol (Life 

Technologies). For lysis of FLS, adherent cells were first washed in PBS and then lysed in 

the culture plate. cDNA was synthesized using the SuperScript® III First-Strand Synthesis 

SuperMix (Life Technologies). qPCR was performed using a Roche Lightcycler 480 

(Indianapolis, IN), with primer assays from SABiosciences/Qiagen. Reactions were 

measured in triplicate and data was normalized to the expression levels of the house-keeping 

gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or RNA Polymerase II (RPII)

(23).

FLS Treatment with Cell-Permeable Antisense Oligonucleotide (PMO)

FLS were treated with 2.5 µM PMO (Gene Tools, Philomath, OR) for 7 days. PMO was 

replaced in fresh culture medium after 3 days and in serum-starvation medium after 5 days.

Enzyme-Linked Immunosorbent Assay (ELISA)

Secreted human IL-6 and chemokine (C-X-C motif) ligand 10 (CXCL10) were measured 

using ELISAs from Biolegend (San Diego, CA).

Transwell Invasion Assay

In vitro invasion assays were performed in transwell systems as previously described(24,25). 

Following treatment with PMO, equal numbers of live RA FLS were resuspended in assay 

media (DMEM with 0.5% BSA) and allowed to invade through BD BioCoat™ GFR 

Matrigel™ chambers in response to 50 ng/ml PDGF-BB for 48 hr. Cells were pre-stained 

with 2 µM CellTracker Green™ or stained post-invasion with 2 µM Hoechst (Life 

Technologies) for 30 min at room temperature. Fluorescence of invading cells on each 

membrane was visualized using an Eclipse 80i microscope. Images were acquired from 4 

non-overlapping fields per membrane, and invading cells in each field were counted using 

ImageJ software. Each experiment included 3–4 membranes per sample.

Transwell Migration Assay

Transwell migration assays were similarly performed. Following treatment with PMO, equal 

numbers of live RA FLS were allowed to migrate through uncoated transwell chambers in 

response to 5% FBS for 24 hr. Each experiment included 3–4 membranes per sample.

Survival and Apoptosis Assay

Following treatment with PMO, RA FLS were washed and incubated for an additional 24 hr 

in serum-starvation media. Adherent and non-adherent cells were collected and stained with 

Annexin V-Alexa Fluor® 647 and propidium iodide (PI) according to the manufacturer’s 
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instructions (Biolegend, San Diego, CA). Cell fluorescence was assessed by FACS using a 

BD LSR-II (BD Biosciences), and counts and percentages of live (Annexin V−PI−), early 

apoptotic (Annexin V+PI−), or late apoptotic/necrotic (Annexin V+PI+) cells were obtained. 

Data was analyzed for statistical significance using the Chi-square test for independence.

Spreading and Adhesion Assay

Following treatment with PMO, equal numbers of live RA FLS were resuspended in FLS 

medium containing 5% FBS and allowed to adhere onto coverslips coated with 20 µg/ml 

fibronectin (FN) at 37°C for 15, 30 and 60 min. Cells were fixed in 4% para-formaldehyde 

for 5 min, permeabilized in 0.2% Triton X-100 for 2 min, and stained with 5 U/ml Alexa 

Fluor® 568 (AF 568)-conjugated phalloidin and 2 µg/ml Hoechst for 20 min (Life 

Technologies). Samples were imaged with an Olympus FV10i Laser Scanning Confocal 

Microscope (Olympus, Center Valley, PA). Using the FV10i acquisition software, each 

coverslip was separated into four nine-paneled mega-images. Each panel (1024×1024) was 

acquired with a 10× objective and then stitched together, through a 10% overlap, with the 

Olympus FluoView 1000 imaging software. Total cell number and cell areas for each panel 

were calculated using Image Pro Analyzer software (Media Cybernetics, Rockville, MD).

Cell Lysis for Western Blotting (WB)

Adherent cells were washed in PBS and then lysed in the culture plate in RIPA buffer (25 

mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) 

containing 1 mM phenylmethanesulfonyl fluoride, 10 µg/ml aprotinin, 10 µg/ml leupeptin, 

10 µg/ml soybean trypsin inhibitor, 10 mM sodium orthovanadate, 5 mM sodium fluoride 

and 2 mM sodium pyrophosphate. Protein concentration of cell lysates was determined 

using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL).

Mice

Animal experiments were conducted in accordance with a La Jolla Institute for Allergy & 

Immunology (LJI) Institutional Animal Care and Use Committee-approved protocol 

(#AP140-NB4). Ptpra KO mice were generated as previously described(26). C57BL/6 KRN 

mice were provided by Dr. Christophe Benoist (Harvard Medical School) and were crossed 

with NOD mice (Jackson Laboratories, Bar Harbor, MN) to obtain arthritic offspring 

(K/BxN mice) whose sera was pooled for use in the K/BxN passive serum transfer arthritis 

model(27). Congenic CD45.1 C57BL/6 mice were purchased from Taconic Biosciences 

(Hudson, NY).

K/BxN Passive Serum Transfer Arthritis Model

Arthritis was induced in 8 week-old mice by intraperitoneal (i.p.) injection of 200 µL pooled 

sera from K/BxN mice. Every 2 days, ankle thickness was measured using a digital 

caliper(27).

Reciprocal Bone-Marrow Transplantation

Male recipient mice were lethally irradiated with 2 doses of 550 rads and administered bone-

marrow from male donor mice. WT congenic CD45.1 mice were administered bone-marrow 
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cells from WT or Ptpra KO CD45.2 mice, and WT or Ptpra KO mice were administered 

bone-marrow cells from WT congenic CD45.1 mice. KBxN pooled sera was administered to 

induce arthritis 10–11 weeks post-irradiation. Percentage of engrafted cells in WT recipients 

reconstituted with KO bone-marrow and in KO recipients reconstituted with WT bone-

marrow was >90%.

Assessment of Inflammation with an Intravital Probe

The Xenolight Rediject Inflammation Probe (PerkinElmer, Waltham, MA) is an intravital 

luminescent dye that penetrates phagocytic cells and enables visualization of joint 

infiltration. Probe was administered to mice 7 days after arthritis induction by i.p. injection 

according to the manufacturer’s instructions. Joint inflammation was quantified using the 

Xenogen IVIS Spectrum in vivo Imaging System (Perkin Elmer).

Histological Analysis of Arthritic Joints

Hind paws were fixed in 10% neutral-buffered formalin, decalcified and embedded in 

paraffin. Sections were prepared from the tissue blocks and stained with H&E and Safranin-

O/Fast Green/Hematoxylin (HistoTox, Boulder CO). Histopathological scoring was 

performed as previously described(28). Joints were given scores of 0–4 for bone erosion: 

0=normal; 1=minimal (small areas of erosion, not readily apparent on low magnification); 

2=mild (more numerous areas of erosion, not readily apparent on low magnification, in 

trabecular or cortical bone); 3=moderate (obvious erosion of trabecular and cortical bone, 

without full-thickness cortex defects; loss of some trabeculae; lesions apparent on low 

magnification); and 4=marked (full-thickness defects in the cortical bone and marked 

trabecular bone loss). Cartilage depletion was identified by diminished Safranin-O staining 

of the matrix and was scored on a scale of 0–4: 0=no cartilage destruction (full Safranin-O 

staining); 1=localized cartilage erosions; 2=more extended cartilage erosions; 3=severe 

cartilage erosions; and 4=depletion of entire cartilage. Histologic analyses were performed 

in a blinded manner by 2 independent operators.

Joint Extravasation Assay

Mice were injected retro-orbitally with AngioSense-680 Probe according to the 

manufacturer’s instructions (PerkinElmer), and after 5 min were injected i.p. with 

arthritogenic K/BxN sera. After 1 hr, joint fluorescence was quantified using the Xenogen 

IVIS Spectrum.

Statistical Analysis

The two-way analysis of variance, Mann-Whitney test, Wilcoxon matched-pairs signed rank 

test, and Chi-square test for independence were performed using GraphPad Prism software. 

A comparison was considered significant if p was less than 0.05.
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Results

RPTPα is expressed in fibroblasts from the RA synovium

We first explored a possible role for RPTPα in RA FLS. We previously reported high 

expression of PTPRA in cultured RA FLS(11). Here, IHC of human RA synovial sections 

revealed prominent RPTPα expression in the synovial intimal lining (Fig. 1A). We 

examined if PTPRA expression in RA FLS is affected by cell stimulation with inflammatory 

cytokines, and found that stimulation of RA FLS with TNF and IL-1β had no effect on 

PTPRA expression (data not shown).

RPTPα promotes responsiveness of FLS to inflammatory cytokine stimulation

We next tested the effect of RPTPα deficiency on the response of RA FLS to TNF and IL-1β 

stimulation. We subjected RA FLS to RPTPα knockdown with cell-permeable antisense 

oligonucleotide (PMO, Fig. 1B–C). Treatment with PTPRA PMO significantly reduced RA 

FLS production of CXCL10 and MMP13 in response to TNF, and significantly reduced RA 

FLS production of IL6, CXCL10, MMP3 and MMP13 in response to IL-1β (Fig. 1D). We 

assessed whether these effects were due to down-regulation of TNF receptor (TNFRSF1A) 

or IL-1β receptor (IL1R) expression. We found no effect on expression of TNFRSF1A, 

however PTPRA PMO increased expression of IL1R (Fig. 1D). The effect on CXCL10 and 

IL-6 was further confirmed by treatment of RA FLS with a second PTPRA-targeted PMO of 

a different sequence (data not shown). Taken together, these data suggest that RPTPα 

promotes production of pro-inflammatory and pro-invasive mediators by RA FLS in 

response to inflammatory cytokines. While a role for RPTPα in the regulation of IL-1β 

signaling has been previously reported(29–31), this is to the best of our knowledge the first 

report of a role for RPTPα in TNF signaling.

RPTPα promotes RA FLS invasiveness

We next examined if RPTPα affects invasiveness of RA FLS. RA FLS invasiveness ex vivo 

was shown to correlate with radiographic damage during RA progression(25). We subjected 

PMO-treated RA FLS to transwell invasion assays through Matrigel in response to PDGF, a 

highly expressed promoter of FLS invasiveness in the RA synovium(4). RA FLS treated 

with PTPRA PMO, compared to control non-targeting PMO-treated cells, were significantly 

less invasive in response to PDGF (Fig. 2A; median and IQR % max cells per field 54.4 and 

40.3–77.5 for Ctl PMO; 23.8 and 13.7–40.0 for PTPRA PMO, p<0.05). We next assessed if 

the effect of PTPRA PMO on RA FLS invasiveness was due to impaired cell motility. 

PTPRA PMO-treated cells showed significantly reduced migration in a transwell assay in 

response to 5% FBS (Fig. 2B; median and IQR % max cells per field 49.4 and 29.8–64.9 for 

Ctl PMO; 16.1 and 11.4–24.5 for PTPRA PMO). We hypothesized this could be due to 

increased cell death or to reduced cytoskeletal reorganization following RPTPα knockdown. 

We therefore assayed the effect of PTPRA PMO on cell apoptosis and necrosis, and on cell 

spreading. RA FLS treated with PTPRA PMO showed significantly increased apoptosis 

compared to control-treated cells in sera-starvation media (data not shown) or in the 

presence of PDGF (Fig. 2C). We also found that live PTPRA PMO-treated cells were less 

adherent to, and displayed impaired spreading on, fibronectin-coated coverslips (Fig. 2D). 
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Taken together, these data strongly support a role for RPTPα in promoting RA FLS survival 

and growth factor-dependent cytoskeletal reorganization, migration and invasiveness.

RPTPα promotes RA FLS aggressiveness through control of SRC and FAK activation

The inhibitory SRC tyrosine residue (Y527) was identified as the physiological substrate of 

RPTPα in multiple cell types(14,16). Dephosphorylation of SRC-Y527 enhances SRC 

activation, leading to tyrosine phosphorylation of FAK-Y397 –a substrate of SRC(7)- and 

other SRC substrates. In RA FLS, phospho-SRC-Y527 is constitutive and not induced by 

TNF or IL-1β stimulation (data not shown). Hypothesizing that RPTPα dephosphorylates 

phospho-SRC-Y527 in RA FLS, we assessed whether RPTPα knockdown in RA FLS 

influences basal SRC-Y527 phosphorylation levels, and found that RPTPα knockdown 

increased phosphorylation of SRC-Y527 in resting RA FLS (Fig. 3A). We next assessed 

whether RPTPα knockdown affected signaling downstream SRC in RA FLS. We found that 

FAK-Y397 was constitutively phosphorylated in RA FLS. Phospho-FAK-Y397 was 

unaffected by TNF and IL-1β stimulation and its phosphorylation was reduced by RPTPα 

knockdown (Fig. 3C). As FAK promotes activation of mitogen-activated protein kinases 

(MAPKs)(7), and is critical for JNK activation in RA FLS(32), we next examined if RPTPα 

knockdown affected TNF- and IL-1β-induced activation of the JNK and p38 MAPKs. We 

found RPTPα knockdown impaired TNF- and IL-1β-stimulated phosphorylation of the 

activation motif of JNK (T183/Y185) and also p38-T180/Y182 (Fig. 3B–C and data not 

shown). We also examined whether RPTPα promoted activation of the AKT and NF-κB 

signaling pathways, which are activated by inflammatory cytokine stimulation in RA 

FLS(4). As shown in Fig. 3B–C, PTPRA PMO treatment reduced TNF- and IL-1β 

stimulated phosphorylation of AKT-S473. Interestingly, PTPRA PMO treatment caused a 

modest decrease in the levels of IκBα protein in resting RA FLS. Stimulation of cells with 

TNF or IL-1β, however caused degradation of IκBα protein in both Ctl and PTPRA PMO-

treated cells, and by 10 minutes post-stimulation the levels of IκBα were similar between 

Ctl and PTPRA PMO-treated cells (Fig. 3B–C and data not shown). The trend of decreased 

basal levels of IκBα in PTPRA PMO-treated cells was not accompanied by increased basal 

activation of the NFκB pathway, but rather we found a non-significant trend towards 

decreased basal phosphorylation of IκB kinase (IKK)-αβ on Ser176/180 and NFκB subunit 

p65 on Ser536 (Fig. 3D). Additionally, we found that proteolytic processing of NFκB 

subunits p100 and p105 -as assessed by the ratio of p52:p100 or p50:p105, respectively- in 

basal conditions was unaffected by PTPRA knockdown (data not shown).

We next tested whether FAK or AKT play essential roles in RA FLS induction of gene 

expression in response to TNF and IL-1 using pharmacological inhibitors. Similar to the 

effect of RPTPα knockdown (Fig. 1D), treatment of RA FLS with the FAK inhibitor 

PF573228 led to significantly decreased TNF- and IL-1-induced production of CXCL10, IL6 

and MMP13 (Fig. 4A). On the contrary, treatment with the AKT inhibitor MK2206 did not 

dampen expression of any these genes, but rather increased expression of IL6 and IL-1β-

induced expression of CXCL10 (Fig. 4A). We then further examined the effect of the FAK 

inhibitor PF573228 on RA FLS signaling. We confirmed that treatment of RA FLS with 

PF573228 does not cause death of RA FLS at the concentrations used in these experiments 

(data not shown). We found that treatment of RA FLS with PF573228 impaired FAK-Y397 
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phosphorylation and TNF- and IL-1β-induced phosphorylation of JNK-T183/Y185 (Fig. 

4B), but had no effect on p38-T180/Y185 phosphorylation. These findings strongly suggest 

that RPTPα promotes TNF- and IL-1β-stimulated production of CXCL10, IL-6 and 

MMP-13 through a SRC-FAK-JNK signaling pathway. RPTPα also likely promotes other 

signaling pathways in RA FLS -such as the AKT and p38 pathways- that are independent of 

FAK. Taken together, these data suggest a model whereby RPTPα mediates RA FLS 

aggressiveness by promoting constitutive activation of SRC and FAK, leading to enhanced 

FLS survival, increased production of critical mediators of arthritis in response to TNF and 

IL-1β, and promotion of motility and invasiveness in response to PDGF.

Ptpra KO mice are resistant to K/BxN passive transfer arthritis through an effect on 
radioresistant cells

Having determined that RPTPα regulates the aggressive behavior of FLS ex vivo, we asked 

whether RPTPα mediates the pathogenic behavior of FLS in RA. We subjected wild-type 

(WT) and Ptpra KO mice to the FLS-dependent K/BxN serum transfer model of 

inflammatory arthritis and followed disease course for 2 weeks. Ptpra KO mice displayed 

significantly decreased arthritis severity as assessed by measurements of ankle swelling 

(Fig. 5A), joint inflammation using an intravital probe (Fig. 5B), and bone and cartilage 

erosions (Fig. 5C). Ptpra KO does not cause a bone phenotype per se(33), suggesting that 

RPTPα promotes K/BxN serum-induced bone erosion through an effect on inflammation.

In the K/BxN serum transfer model, disease development depends primarily upon actions of 

innate immune cells and FLS(34–36). To determine whether disease protection in the Ptpra 

KO mouse is due to recruited myeloid cells or radioresistant cells, such as FLS, we 

performed reciprocal bone-marrow transplantation. WT recipient mice showed no difference 

in arthritis severity after transplantation with bone-marrow from WT or Ptpra KO donor 

mice (Fig. 6A). However, Ptpra KO mice still showed significantly reduced severity of 

arthritis compared to WT mice after transplantation with bone-marrow from WT mice (Fig. 

6B). These data suggest that arthritis in this model is promoted by Ptpra through an effect 

on radioresistant cells. To rule out effects of RPTPα on radioresistant cell types that control 

vascular permeability, we examined whether Ptpra KO reduced acute K/BxN serum-

induced extravasation to the ankles, and found no effect of Ptpra KO using an intravital 

tracer (Fig. 6C). Finally, upon examination of the expression of pathogenic mediators of 

disease in arthritic ankle homogenates, we found that Ptpra KO mice exhibited significantly 

reduced expression of several genes produced by FLS during arthritis, including Il6 and 

Mmp3 –two important mediators of joint destruction in RA(4,37)- and Cxcl10 –a critical 

pathogenic factor in mouse and human RA(38,39) (Fig. 6D). Ptpra KO mice also exhibited 

slightly reduced expression of Tnf and Il1b –inflammatory cytokines produced by immune 

cells that drive disease in the K/BxN model (Fig. 6D) -likely a secondary phenomenon due 

to decreased inflammatory infiltrate in the Ptpra KO joint.

Discussion

We report the first characterization of the role of RPTPα in FLS and in RA. RPTPα is 

expressed in the primary rheumatoid synovium and in cultured FLS. Knockdown of RPTPα 
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expression impaired RA FLS induction of pro-inflammatory and pro-invasive factors in 

response to TNF or IL-1β stimulation. Additionally, RPTPα knockdown reduced RA FLS 

invasiveness in response to PDGF, which is attributed to a combination of decreased 

survival, cytoskeletal reorganization and motility. We assessed whether RPTPα mediates 

arthritis severity in the K/BxN mouse model, where FLS are critical to disease 

development(35). Ptpra deletion significantly reduced arthritis development, which 

reciprocal bone-marrow transplantation revealed was due to radioresistant cells.

The observed decreased invasiveness, motility and survival of RA FLS subjected to RPTPα 

knockdown is consistent with previous reports on the regulation of the SRC/FAK pathway 

by RPTPα in other fibroblasts(14,16). In line with these reports, we observed that in resting 

RA FLS, loss of RPTPα increased phosphorylation of SRC-Y527 and impaired FAK-Y397 

phosphorylation. We next investigated the RPTPα-regulated pathways downstream TNF 

and IL-1β, and found that RPTPα knockdown reduced JNK, p38 and AKT phosphorylation 

after TNF and IL-1β stimulation. Through the use of chemical inhibitors we identified the 

FAK-JNK pathway as responsible for the effect of RPTPα on expression of CXCL10, IL6 

and MMP13 after TNF and IL-1β stimulation. The observed increase in IL6 expression after 

RA FLS treatment with the AKT inhibitor is interesting given that this compound has been 

shown to attenuate RA FLS migration and invasiveness(40). The effect on IL-6 suggests that 

the AKT pathway can have differential effects on FLS aggressive phenotypes. The effect of 

RPTPα on AKT and p38 signaling warrants further future investigation.

Our experiments strongly suggest that FLS at least in part mediate the reduced arthritis 

severity in Ptpra KO mice. We can reasonably rule out that RPTPα promotes inflammation 

mediated by neutrophils, macrophages, or platelets, three radiosensitive cell types that 

contribute to pathogenicity in the K/BxN model(41–43). An effect on endothelial cells also 

is unlikely since in our experiments RPTPα did not affect K/BxN serum-induced vascular 

permeability. Mast cells are relatively radioresistant and have a controversial role in the 

K/BxN model(44); however Ptpra KO mice displayed increased IgE-dependent 

anaphylaxis, suggesting Ptpra deletion does not suppress mast cell function(45). Since 

disease pathogenesis in the passive K/BxN model is lymphocyte-independent(36), this 

model has not allowed us to examine whether there is a role for RPTPα in lymphocyte-

mediated RA pathogenesis. However, peripheral T cell activation and proliferation were 

shown to be unaffected by Ptpra deletion(46). Since phospho-SRC-Y527 is also targeted by 

the highly expressed PTP CD45, which is only present in hematopoietic cells, it is likely that 

redundancy between RPTPα and CD45 renders RPTPα less critical in adaptive immune cell 

signaling. Indeed, CD45 was reported to display much higher activity than RPTPα in T 

cells(47).

It was recently reported that Fak deletion reduced FLS migration and invasiveness, however 

global Fak KO did not affect disease severity in a TNF-induced mouse arthritis model(48). 

A possible explanation for the difference in arthritis phenotypes between Ptpra and Fak KO 

mice could be that deletion of Fak has opposing effects in FLS versus other arthritis-relevant 

cell types–such as immune cells. Thus, we speculate that Ptpra KO mice do not phenocopy 

Fak KO mice because Ptpra deletion affects FAK signaling in non-immunological cell types 

only.

Stanford et al. Page 10

Arthritis Rheumatol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



This study suggests inhibiting RPTPα may be therapeutically beneficial for RA. The recent 

report that Ptpra KO mice are protected from fibrosis in a systemic sclerosis model(20) 

indicates that RPTPα could be an attractive target for combating other autoimmune diseases. 

Since these studies involved global Ptpra deletion from the embryonic stage, determining if 

acute deletion or pharmacological inhibition of Ptpra in adult mice reverses established 

disease will be helpful in assessing whether RPTPα holds value as a therapeutic target. 

Additionally, since RPTPα promotes growth of transformed cells, it is also considered a 

potential drug target for cancer(49,50). Taken together, these findings suggest that 

exploration of the therapeutic potential of RPTPα is warranted.
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Figure 1. RPTPα is enriched in the RA synovial lining and promotes TNF and IL-1β signaling in 
RA FLS
(A) Immunohistochemical staining of RA synovial sections using anti-RPTPα or control 

IgG antibodies. (B–C) RA FLS (n=4) were treated with 2.5 µM control non-targeting (Ctl) 

or PTPRA PMO for 7 d. (B) PTPRA mRNA expression levels were measured by qPCR. 

Median and interquartile range (IQR) is shown. *, p<0.05, Mann-Whitney test. (C) RPTPα 

protein levels were measured by Western blotting. (D) Following treatment with PMO, RA 

FLS (n=4) were stimulated with 50 ng/ml TNF or 2 ng/ml IL-1 for 24 hr. mRNA expression 
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was analyzed by qPCR. Median and IQR is shown. Protein expression in cell supernatants 

was measured by ELISA. Mean ± standard error of the mean (SEM) is shown. *, p<0.05, 

Mann-Whitney test.

Stanford et al. Page 16

Arthritis Rheumatol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. RPTPα promotes RA FLS invasiveness
(A) Following treatment with PMO for 7 d, RA FLS (n=4) invaded through Matrigel-coated 

transwell chambers in response to 50 ng/ml PDGF-BB for 48 hr. (B) PMO-treated RA FLS 

(n=4) migrated through uncoated transwell chambers in response to 5% FBS for 24 hr. (A–
B) Median and IQR % maximum number of cells per field is shown. *, p<0.05, Mann-

Whitney test. (C) PMO-treated RA FLS were washed and stimulated with 50 ng/ml PDGF 

for 24 hr. Cells were collected and stained with Annexin V and PI, and cell fluorescence was 

assessed by FACS. Graphs show gating strategy to detect early apoptotic (Annexin V+PI−) 
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and necrotic/late apoptotic (Annexin V+PI+) cells. Significance was calculated using the Chi 

square test (p<0.0001, Chi-square=2294, df=2). Data is representative of 4 independent 

experiments. (D) PMO-treated RA FLS (n=4) were plated on fibronectin (FN)-coated 

coverslips in the presence of 5% FBS. Graphs show median and IQR cells per field after 15 

min (left) or cell area after 15, 30 and 60 min (right). *, p<0.05, Wilcoxon matched-pairs 

signed rank test.
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Figure 3. RPTPα promotes RA FLS signaling downstream SRC
(A) anti-pSRC-Y527 levels in PMO-treated RA FLS lysates were measured by Western 

blotting. Data is representative of 4 independent experiments. (B–C) Western blotting of 

lysates of PMO-treated RA FLS stimulated with 50 ng/ml TNF or left unstimulated. (B) 
Signal intensities of Western blots of TNF-activated proteins from lysates were quantified 

by densitometric scanning. Mean ± SEM of signal relative to GAPDH from 6 RA FLS lines 

is shown. (C) Representative image is shown. (D) Signal intensities of Western blots of 

lysates from unstimulated PMO-treated RA FLS. Mean ± SEM of signal relative to p65 

from 6 RA FLS lines is shown. *, p<0.05; NS, non-significant, Wilcoxon matched-pairs 

signed rank test.
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Figure 4. FAK inhibition impairs activation of JNK and TNF and IL-1β-induced gene expression 
in RA FLS
(A) RA FLS (n=4) were stimulated with 50 ng/ml TNFα or 2 ng/ml IL-1β in the presence of 

DMSO, the FAK inhibitor PF573228, or the AKT inhibitor MK2206 for 24 hr. mRNA 

expression was analyzed by qPCR. Mean ± SEM is shown. *, p<0.05, Mann-Whitney test. 

(B) RA FLS were stimulated with 50 ng/ml TNF or 2 ng/ml IL-1β for 30 min or left 

unstimulated, in the presence of DMSO or 10 µM FAK inhibitor PF573228. Data is 

representative of 4 independent experiments.
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Figure 5. Ptpra KO mice are resistant to K/BxN serum transfer arthritis
WT and Ptpra KO littermate mice were administered 200 µl K/BxN sera at 8 weeks of age. 

(A) Ankle thickness was measured every 2 days (WT, n=16; KO, n=17). Mean ± SEM ankle 

swelling is shown. *, p<0.05, 2way ANOVA. (B) 7 days post-sera transfer, mice (n=3) were 

injected with intravital inflammation probe and luminescence of wrist and ankle joints was 

measured. Mean ± SEM luminescent counts per joint are shown. *, p<0.05, Wilcoxon 

matched-pairs signed rank test. (C) Histological analysis of ankles stained with H&E or 

Safranin-O at the end of the disease course. Left, histological scores of bone and cartilage 

erosions (WT, n=16; KO, n=17). Mean ± SEM is shown. *, p<0.05, Wilcoxon matched-

pairs signed rank test. Right, representative images of H&E-stained (upper panels; yellow 

arrows indicate regions of inflammatory infiltrate) or Safranin-O-stained (lower panels; 

black arrows indicate regions of cartilage erosion) joints.
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Fig. 6. Arthritis protection in Ptpra KO mice is dependent upon radioresistant cells
(A–B) Mice were lethally irradiated and administered bone-marrow from donor mice. 10–11 

weeks post-irradiation, arthritis was induced in recipients by administration of K/BxN sera. 

(A) Male WT congenic CD45.1 mice were administered bone-marrow cells from WT or 

Ptpra KO CD45.2 donor mice (WT donors, n=19; KO donors, n=18). (B) Male WT (n=11) 

or Ptpra KO (n=11) mice were administered bone-marrow cells from WT congenic CD45.1 

mice. Mean ± SEM is shown. *, p<0.05, 2way ANOVA. (C) WT (n=5) and Ptpra KO (n=3) 

littermate mice were administered Angiosense 680 dye, followed by administration of 

Stanford et al. Page 22

Arthritis Rheumatol. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



K/BxN serum. Ankle fluorescence was monitored after 60 min. Median and IQR is shown. 

NS, non-significant, Mann-Whitney test. (D) WT (n=7) or Ptpra KO (n=7) mice were 

administered K/BxN sera. 8 days post-sera transfer, ankle joints were homogenized and 

mRNA expression was analyzed by qPCR. Median and IQR is shown. *, p<0.05, NS, non-

significant, Mann-Whitney test.
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