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ABSTRACT
Objectives: To investigate the expression and activation of mitogen-activated protein kinases 

in disease-modifying antirheumatic drug (DMARD)-naïve early arthritis patients.

Methods: 50 DMARD -naïve early arthritis patients (disease duration < one year) were 

prospectively followed and diagnosed at baseline and after 2 years for undifferentiated arthritis 

(UA), rheumatoid arthritis (RA) (1987 ACR and 2010 ACR/EULAR criteria), or spondyloarthritis 

(SpA). Synovial biopsies obtained at baseline were examined for expression and phosphorylation 

of p38, extracellular signal regulated kinases (ERK) and c-Jun N-terminal kinase (JNK) by 

immunohistochemistry and digital analysis. Synovial tissue mRNA expression was measured by 

quantitative PCR.

Results: ERK and JNK activation was enhanced at inclusion in patients meeting RA criteria 

compared to other diagnoses. JNK activation was enhanced in patients diagnosed with UA 

at baseline who eventually fulfilled 1987 ACR RA criteria compared to those who remained 

UA, and in RA patients fulfilling 2010 ACR/EULAR criteria at baseline. ERK and JNK activation 

was enhanced in RA patients developing progressive joint destruction. JNK activation in UA 

predicted 1987 ACR RA classification criteria fulfillment (R2= 0.59, P= 0.02) after follow up, and 

disease progression in early arthritis (R2= 0.16, P< 0.05). Enhanced JNK activation in patients 

with persistent disease was associated with altered synovial expression of extra-cellular matrix 

components and CD44. 

Conclusions: JNK activation is elevated in RA before 1987 ACR RA classification criteria are met 

and predicts development of erosive disease in early arthritis, suggesting JNK may represent an 

attractive target in treating RA early in the disease process.
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INTRODUCTION
Mitogen-activated protein kinase (MAPK) family members, namely p38 kinases (α-δ), 

extracellular signal regulated kinases (ERKs) 1 and 2, and c-Jun N-terminal kinase (JNKs) 1-3, 

occupy critical positions in coupling diverse cell surface proteins, including antigen receptors, 

tumor necrosis factor (TNF) family receptors, chemokine and cytokine receptors, and toll-like 

receptors to inflammatory gene expression.[1, 2] Members of each MAPK family are expressed 

and activated in synovial tissue of patients with rheumatoid arthritis (RA) and other forms of 

inflammatory arthritis.[3-5] Highly selective pharmacological inhibitors of p38,[6-9] ERK[10,11] 

and JNK[3,12,13] prevent inflammatory activation of stromal fibroblast-like synoviocytes 

(FLS) derived from RA patient synovial tissue, chondrocytes and osteoclasts. Additionally, 

pharmacological inhibition or genetic deletion of MAPK activity reduces inflammation and 

joint destruction in multiple experimental animal models of RA.[6,8,10,12,14-18] These data 

collectively suggest that therapeutic strategies inhibiting MAPK activation may be useful in the 

treatment of RA.[1 2,19,20]

Despite this wealth of preclinical analyses, little is known about the distinct contributions of 

each MAPK to the onset and perpetuation of RA. Clinical parameters and biomarkers have yet 

to be identified which are associated with synovial MAPK activation status, and MAPK activation 

in RA has primarily been examined in patients with destructive end-stage disease.[3-5] In the 

transgenic human TNF model of murine arthritis, p38 activation is required for induction of 

inflammation and joint destruction.[15,21] Whether this observation can be translated into 

successful treatment of RA with MAPK inhibitors, especially in early disease, is uncertain 

however, as clinical trials with p38 inhibitors have not been successful.[22,23] Recent kinetic 

analyses of MAPK activation in experimental murine arthritis have revealed model-specific 

differences in the degree of p38, ERK and JNK activation, as well as in the timing of their 

activation during disease onset and resolution.[24] Here, we examined if similar differences 

in MAPK involvement might be relevant to the earliest stages of the development of RA, by 

assessing the relationship between MAPK expression and activation, and disease diagnosis and 

outcome in a prospective cohort of disease-modifying antirheumatic drug (DMARD) -naïve 

early arthritis patients.

PATIENTS AND METHODS
Patients 
50 patients with arthritis of less than 1 year duration, as measured from the first clinical signs of 

arthritis, irrespective of which joint was initially affected, and a clinically inflamed knee, ankle 

or wrist joint, underwent arthroscopic synovial biopsy. Diagnosis of RA or spondyloarthritis 

(SpA) was made according to established classification criteria.[25-28] Patients were classified 

as having undifferentiated arthritis (UA) if no classifying diagnosis for RA, SpA or other forms 

of arthritis could be made. After 2 years of follow up final diagnosis was made according to 

classification criteria. All patients were naïve to treatment with DMARDs and corticosteroids at 

inclusion, and after baseline study procedures all patients were treated consistent with EULAR 

guidelines.[29] In case of a clinical diagnosis of RA, DMARD treatment was initiated directly 

after baseline study procedures were completed. DAS28 was systematically determined and 
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patients were treated according to the treat-to-target principle, aiming for DAS28 < 2.6, 

using conventional DMARDs, corticosteroids and biologicals, if indicated. If a combination of 

DMARDs did not result in a DAS28 < 3.2 then a biological was started. Upon decision of the 

treating physician corticosteroids were started in combination with a DMARD, either high dose 

and tapered down in 6-8 weeks or more prolonged low dose. In case of a diagnosis of SpA with 

peripheral arthritis, all patients, except patients with reactive arthritis were started on MTX. The 

patients with reactive arthritis were treated with intra-articular steroids and NSAID’s. Treatment 

was aimed at minimal disease activity. The patients with UA were treated with intra-articular 

steroids, and if arthritis was persistent, a DMARD was started. 

At inclusion we assessed disease activity (68 tender and 66 swollen joint score, patient’s visual 

analog scale (VAS) of global disease activity [scale 0-100mm], VAS of pain [scale 0-100mm], 

erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP) levels) and collected serum 

and arthroscopic synovial tissue biopsy samples. X-rays were obtained at baseline and after 2 

years; erosion scoring was based on the presence or absence of erosions on X-rays of hands 

and feet where the modified Sharp-van der Heijde erosion score was ≥ 1.[30] This study was 

approved by the institutional review board, performed according to the declaration of Helsinki. 

All study patients provided written informed consent. 

Measurement of serum autoantibodies 
Patient serum IgM rheumatoid factor (IgM-RF) and anti-citrullinated protein antibodies 

(ACPA) were measured using IgM-RF (Sanquin, Amsterdam, The Netherlands) and anti-CCP2 

(Eurodiagnostica, Arnhem, The Netherlands) ELISA kits.

Synovial tissue biopsy sampling, immunohistochemistry and gene 
expression 
All patients underwent arthroscopic synovial tissue biopsy sampling of an actively inflamed 

ankle, wrist or knee joint.[31] Synovial tissue biopsies were collected from each patient, stored 

and processed for immunohistochemistry, and stained sections analysed by digital imaging 

analysis as previously described.[32-34] Detailed descriptions of stainings, analyses and mRNA 

expression studies are provided in Supplemental Materials and Methods. 

Statistics
Statistical analysis was performed using Windows Graphpad Prism 4 and SPSS V.16.0 (Chicago, 

IL) software. Comparisons in expression or phosphorylation of markers between cohorts were 

performed using the Mann-Whitney U test, first using the Kruskall-Wallis test when more than 

two groups were compared. Logistic regression analysis was used to analyze the relationship 

between relative MAPK phosphorylation and development of RA and the development of 

erosive disease. Results were considered statistically significant if P< 0.05.
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RESULTS
p38, ERK and jNK are differentially expressed and phosphorylated in 
early arthritis patients with distinct diagnoses
We performed immunohistochemical staining on synovial biopsy samples using antibodies 

recognizing total and p- p38, ERK, and JNK MAPKs. Within the cohort, 27 patients were 

diagnosed with RA at 2 years after enrollment in the study based on 1987 ACR criteria for RA, 

7 with SpA, and 16 with UA. Clinical characteristics of each patient group are shown in table 1. 

p38 expression was highest in UA, and significantly different in this group compared to SpA (P< 

0.05), but not RA (supplemental figure 1). p-p38 levels were higher in UA than SpA (P< 0.05). 

ERK expression was significantly higher in RA than SpA (P< 0.01) and UA (P< 0.01) (supplemental 

figure 1). p-ERK levels were also highest in RA, where it was elevated compared to SpA (P< 

0.01) and UA (P< 0.01). No differences in JNK expression were noted between diagnostic 

groups (supplemental figure 1), but p-JNK levels were higher in RA than in SpA (P< 0.005) and 

UA (P< 0.01). Within each diagnostic group, and across the cohort as a whole, no significant 

correlation was observed between MAPK expression and phosphorylation levels, suggesting 

that phosphorylation was driven by differential inflammatory stimuli input (data not shown, 

see supplemental figure 2 for representative photomicrographs of staining distribution in each 

diagnostic group.

Table 1. Characteristics of study patients*

 
UA>>UA

n=16
RA

n=19
UA>>RA

n=8
SpA
n=7

Age (years) 39 (20-67) 53 (22-82) 54 (43-66) 44 (20-56)

Female (n) 12 10 7 0

Disease duration (m) 4 (1-10) 5 (1-12) 4 (1-11) 2 (1-12)

VAS (0-100) 63 (9-93) 37 (11-99) 48 (32-98) 35 (17-91)

TJC68 (n) 3 (0-37) 16 (5-38) 13 (3-25) 4 (0-11)

SJC66 (n) 1 (1-19) 8 (4-41) 6 (1-20) 2 (1-5)

ESR (mm/h) 34 (4-85) 32 (3-91) 30 (14-77) 11 (3-47)

CRP (mg/l) 11 (2-58) 12 (3-133) 17 (3-42) 7 (1-46)

IgM-RF pos. (n) 2 13 1 0

ACPA pos. (n) 2 10 3 0

No DMARD 12 0 0 2

DMARD mono 3 15 4 5

≥2 DMARD 1 4 2 0

≥2 MTX + anti-TNF 0 0 2 0

UA>>UA = undifferentiated arthritis at baseline and at two years follow-up; RA = rheumatoid arthritis at 
baseline; UA»RA = classified as UA at baseline and diagnosed as RA at two year follow-up; SpA = spondy-
loarthritis; VAS = visual analog scale of global disease activity; TJC68 = 68 tender joint count; SJC66 = 66 
swollen joint count; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; IgM-RF pos. = immu-
noglobulin M rheumatoid factor positive; ACPA pos. = anti-citrullinated protein antibody positive; DMARD 
= disease modifying anti-rheumatic drug; MTX = methotrexate; TNF = tumor necrosis factor α. Patients 
were classified as RA based on 1987 ACR criteria.
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Relative phosphorylation of ERK and jNK is enhanced in patients with 
early RA
To gain insight into the degree of MAPK engagement by inflammatory stimuli, we calculated the 

relative phosphorylation of p38, ERK, and JNK proteins for each patient (IOD phospho-MAPK/

IOD total MAPK, arbitrary units). Relative p38 phosphorylation was similar in all diagnostic 

groups (figure 1A, left panel). In contrast, relative ERK phosphorylation in RA was higher than in 

SpA (P< 0.05) and UA (P< 0.01) (figure 1A, middle panel). Relative JNK phosphorylation (figure 1A, 

right panel) was elevated in RA compared to UA (P< 0.01) and SpA (P< 0.005). Using 2010 ACR/

EULAR classification criteria, 35 patients were diagnosed with RA, 7 with SpA, and 8 with UA at 

Figure 1. Relative MAPK activation in relation to disease diagnosis. Quantitative comparison of relative 
MAPK phosphorylation in the synovial tissue of patients with early arthritis. Tissue sections from patients 
diagnosed with rheumatoid arthritis (RA) according to 1987 ACR criteria, spondyloarthritis (SpA), and 
undifferentiated arthritis (UA) after two years follow-up were stained with antibodies against phospho- 
and total p38, extracellular-signal regulated kinase (ERK), and c-Jun N-terminal kinase (JNK). Stainings 
were developed with biotin tyramide enhancement, horseradish peroxidase and aminoethylcarbazole, 
followed by counterstaining with Mayer’s hematoxylin, and evaluated by digital imaging analysis. Relative 
phosphorylation levels (ratio of IOD phosphorylated protein to IOD of total protein, arbitrary units) of p38, 
ERK, and JNK were calculated for patients diagnosed with RA according to (A) 1987 ACR criteria and (B) 2010 
ACR/EULAR criteria, SpA, and UA. Data are presented as box plots, where the boxes represent the 25th to 
75th percentiles, the lines within the box mark the median value, and lines outside the boxes denote the 
10th and 90th percentiles. Lines connecting data sets indicate statistically significant differences between 
groups. * P < 0.05. ** P < 0.01. *** P < 0.005. 
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baseline (supplemental table 1). Here, no differences in relative p38 or ERK phosphorylation 

were observed, but relative JNK phosphorylation was elevated in RA (P< 0.001) compared to 

SpA (figure 1B). 

Relative phosphorylation of ERK and jNK is enhanced in patients with 
early RA before fulfillment of 1987 ACR RA classification criteria
We next compared MAPK activation with the presence of RF and ACPA, auto-antibodies 

predictive of the development, disease course and prognosis of RA.[35,36] RA and UA patients 

receiving a diagnosis of RA at 2 year follow up (UA»RA) identified by 1987 ACR criteria were 

grouped based on the absence or presence of serum RF or ACPA at baseline (see supplemental 

tables 2 and 3 for patient clinical characteristics). Relative activation of ERK (P< 0.0005) and 

JNK (P< 0.005) was significantly higher in RF+ (n=14) than RF- (n=13) patients. ACPA+ patients 

(n=13) also displayed enhanced ERK (P< 0.001) and JNK (P< 0.005) activation compared to ACPA- 

patients (n=14) (supplemental figure 3).

Given that ERK and JNK activation was elevated in RF and ACPA seropositive patients, we 

next examined if ERK and JNK might already be activated in UA>>RA, as diagnosed by 1987 

ACR criteria (see table 1 for patient characteristics). We observed no differences in relative 

p38 (figure 2A, left panel) or ERK (figure 2A, middle panel) phosphorylation between patients 

diagnosed with UA who remained UA (UA>>UA) (n=16) and UA>>RA patients (n=8). In contrast, 

JNK phosphorylation was elevated in UA>>RA (figure 2A, right panel) compared to UA>>UA (P< 

0.005). Univariate logistic regression analysis showed that relative JNK activation at baseline 

was significantly related to fulfillment of classification criteria for RA after follow up with an 

explained variance of 59% (R2=0.59, P=0.02). Thus, in patients with early arthritis, elevated ERK 

Table 2. Characteristics of RA patients with erosive and non-erosive disease*

 
RA erosive

n=12
RA non-erosive

n=15
p-value

 

Age (years) 53 (24-82) 54 (22-58) 0.88

Disease duration (months) 5 (1-10) 4 (1-12) 0.86

DAS 28 5.0 (2.9-6.6) 5.9 (3.3-6.7) 0.13

ESR (mm/h) 37 (3-91) 27 (7-76) 0.67

CRP (mg/l) 9 (3-114) 16 (3-133) 0.62

VAS (0-100) 27 (11-76) 50 (25-98) 0.12

IgM-RF pos. (%) 66 43 0.27

ACPA pos. (%) 44 50 0.80

DMARD monotherapy 9 8

≥ 2 DMARDS 3 5

MTX + anti-TNFa 0 2

RA = rheumatoid arthritis at two years follow-up; DAS28 = disease activity score 28; ESR = erythrocyte sedi-
mentation rate; CRP = C-reactive protein; VAS = visual analog scale of global disease activity; IgM-RF pos. 
= immunoglobulin M rheumatoid factor positive; ACPA pos. = anti-citrullinated protein antibody positive. 
DMARD = disease-modifying antirheumatic drug; MTX = methotrexate; TNFa = tumor necrosis factor α. 
Patients were classified as RA based on 1987 ACR criteria.
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Figure 2. Relative MAPK activation in relation to disease outcome and progression. (A). Quantitative 
comparison of relative MAPK phosphorylation in the synovial tissue of patients classified according to 
1987 ACR criteria as UA which remained UA after two years (UA>>UA), and UA which was diagnosed as RA 
after two years (UA>>RA). Relative phosphorylation levels of p38, ERK, and JNK were calculated for patients 
diagnosed with UA>>UA and UA»RA. (B) Quantitative comparison of relative MAPK phosphorylation in 
the synovial tissue of patients classified as RA after two years based on 1987 ACR criteria (upper panels) 
and all early arthritis patients, with persistent erosive and persistent non-erosive disease (lower panels). 
(C) Comparison of relative MAPK phosphorylation in the synovial tissue of patients classified with RA 
according to 2010 ACR/EULAR criteria displaying self-limiting, persistent non-erosive, and erosive disease. 
Erosive disease was defined by a Sharp-van der Heijde erosion score ≥ 1 at two year follow up. Relative 
MAPK phosphorylation was calculated as the ratio of IOD phosphorylated protein to IOD of total protein 
(arbitrary units). Data are presented as box plots, where the boxes represent the 25th to 75th percentiles, 
the lines within the box mark the median value, and lines outside the boxes denote the 10th and 90th 
percentiles. Lines connecting data sets indicate statistically significant differences between groups. * P < 
0.05. ** P < 0.01. *** P < 0.005.
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and JNK activity distinguish RA from other forms of arthritis, and JNK activation is elevated in 

patients with RA even before 1987 ACR classification criteria of RA are met. Similar regression 

analyses based on 2010 ACR/EULAR classification criteria could not be performed due to the 

small number (n=2) of UA>>UA patients (supplemental figure 4).

Relative ERK and jNK activation is elevated in RA patients developing 
erosive disease
To examine the relationship between MAPK activation and disease outcome in patients with 

RA, RA»RA and UA»RA patients were pooled and grouped based on the development of 

erosive disease (defined as a modified Sharp-van der Heijde erosion score was ≥ 1 at 2 year 

follow up, see table 2 for patient clinical characteristics).[30] Only one early arthritis patient 

had erosive disease at baseline. Relative p38 phosphorylation was similar between RA patients 

with non-erosive (n=15) and erosive disease (n=12) (figure 2B, upper left panel). Relative ERK 

(P< 0.01) (figure 2B, upper middle panel) and JNK phosphorylation (P< 0.01) (figure 2B, upper 

right panel) was higher in patients developing erosive disease. Examining all early arthritis 

patients, regardless of diagnosis (see table 3 for patient characteristics), activation of p38 (P< 

0.05), ERK (P< 0.005) and JNK (P< 0.001) was elevated in patients with erosive disease (figure 2B, 

lower panels). JNK activation, but not p38 or ERK activation, predicted development of erosive 

disease (R2=0.16, P< 0.05).

Relative jNK activation and is enhanced in patients with persistent 
disease
Amongst patients who fulfilled 2010 ACR/EULAR criteria for RA after 2 years follow up, 17 

patients had persistent non-erosive disease, 12 erosive disease, and 10 had self-limiting disease 

(supplemental table 4). ERK activation (figure 2C) was elevated in patients with erosive disease 

compared to those with self-limiting disease (P< 0.005), and a trend towards enhanced ERK 

activation was observed in patients with erosive disease compared to those with persistent 

non-erosive disease (P=0.051). JNK activation was significantly lower in those RA patients 

Table 3. Characteristics of early arthritis patients with erosive and non-erosive disease*

 
erosive

n=17
non-erosive

n=33
p-value

 

Age (years) 54 (24-81) 46 (20-75) 0.92

Disease duration (months) 6 (1-11) 5 (1-12) 0.39

DAS 28 3.7 (1.1-5.7) 2.4 (0.6-6.3) 0.012

ESR (mm/h) 36 (3-91) 32 (9-93) 0.72

CRP (mg/l) 14 (1-114) 10 (1-133) 0.68

VAS (0-100) 42 (11-81) 38 (3-98) 0.88

IgM-RF pos. (%) 35 21 0.32

ACPA pos. (%) 24 27 0.88

DAS28 = disease activity score 28; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; VAS = 
visual analog scale of global disease activity; IgM-RF pos. = immunoglobulin M rheumatoid factor positive; 
ACPA pos. = anti-citrullinated protein antibody positive.
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with self-limiting disease compared to those with persistent (P< 0.005) and erosive disease 

(P< 0.01), associated with lower scores for tender joint count, swollen joint count and DAS28 

(supplemental table 4).

As JNK activation was elevated in persistent disease, and often associated with the regulation 

of expression extra-cellular matrix (ECM) component biology and cellular interactions with 

the ECM, we examined expression of a targeted gene set in RA patients from this cohort with 

self-limiting (n=8) and persistent (non-erosive and erosive, n=14) disease from which mRNA 

was available. Quantitative PCR analysis was performed on approximately 80 genes encoding 

ECM components, matrix metalloproteinases (MMPs), and adhesion molecules. Unsupervised 

hierarchical cluster analysis of gene products failed to group patients according to disease 

outcome (data not shown), and no trends toward similar gene expression patterns were 

observed using supervised hierarchical clustering (figure 3A). However, analysis of expression 

of each individual gene (figure 3B and supplemental table 5) revealed that expression of 

collagens COL1A1, COL4A2, COL5A1, COL6A1, and COL16A1, the laminin LAMC1, and MMP-12 

were significantly down-regulated in patients with persistent disease, while expression of CD44 

was elevated (all P< 0.05). 

DISCUSSION
Because p38, ERK, and JNK are each detected in their activated form in the synovial tissue of 

patients with various forms of inflammatory arthritis, and are requisite for pathology in animal 

models of arthritis, MAPKs might represent attractive therapeutic targets in the treatment of 

RA and other forms of arthritis.[1-4] However, the clinical inefficacy of p38 inhibitors in early 

trials with RA patients has indicated a need for a greater understanding of the contributions 

of MAPKs to synovitis and joint destruction.[22,23,37] Intriguingly, recent kinetic analyses 

of MAPK activation in multiple murine models of RA have also indicated model-specific 

differential involvement of each MAPK in distinct phases of initiation, perpetuation, and 

resolution of disease.[24] This latter observation prompted us to examine MAPK expression and 

phosphorylation in the earliest stages of human arthritis.

We find that synovial activation of ERK and JNK, but not p38, is significantly elevated in 

patients with RA compared to patients with other diagnoses, as well as in patients who develop 

erosive RA. Perhaps important to the etiology of RA, JNK activation is elevated in patients 

with RA even before 1987 ACR classification criteria of RA are met. Assessing all early arthritis 

patients, regardless of disease diagnosis, we found that each MAPK was more highly activated 

in patients with erosive disease, but here, only JNK activation predicted the development of 

erosive disease. Forward and backward linear regression failed to identify roles for p38 and ERK 

in diagnosis and disease progression (data not shown). Further studies in larger independent 

cohorts will obviously be needed to assess the positive predictive value and the negative 

predictive value of JNK activation in predicting RA and erosive disease. 

We find no evidence supporting a role for p38 in the onset of RA or eventual joint destruction 

in arthritis. Phosphorylated p38 is readily detected in the synovial tissue of patients with active 

and end-stage destructive RA, and mice in the human TNF-transgenic model of RA.[3,4,21] In 

these mice, pharmacological p38 inhibition blocks disease onset.[15] However, p38 activation 

in murine collagen-induced arthritis (CIA) is only modestly increased over baseline until late 
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Figure 3. Gene expression analysis in synovial tissue of early RA patients with self-limiting and persistent 
disease. (A) Supervised hierarchical cluster analysis of expression of 83 genes involved in ECM biology and 
cellular adhesion. Analysis was performed on RA, UA>>UA and UA>>RA patients pooled and grouped based 
on self-limiting (n=8) and persistent (n=14) disease. Each column represents the data of one patient and 
each row shows the relative expression of a given gene for all patients. Gene designations are listed at 
the right of the figure. Red signifies relatively higher expression of a given gene, green relatively lower 
expression, and black signifies equivalence to the median expression of that gene across all patients. (B) 
Relative mRNA expression of selected genes in patients with self-limiting and persistent disease, expressed 
as the ratio between the gene of interest and ribosomal protein L13a (RPL13A). Each data point represents 
a value for an individual patient and bars represent mean values. * P < 0.05. 

in disease (day 40-50), when clinical parameters and cytokine biomarkers of disease activity 

recede.[24] Also p38 activity is not affected in TNF-transgenic mice following anti-TNF therapy, 

or in PsA patients treated with etanercept.[21,38] Thus p38 may contribute significantly to 

negative feedback mechanisms dampening inflammatory responses or repairing tissue in 
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established RA.[39] In patients with early arthritis p38-dependent repair mechanisms may not 

yet have been initiated.

ERK phosphorylation is also elevated in early arthritis patients diagnosed with RA and 

in RA patients who develop erosive disease. ERK phosphorylation is also readily detected in 

the synovial tissue of RA patients undergoing joint replacement.[4] The extent and timing 

of ERK activation in experimental arthritis is heavily model-dependent, although genetic or 

pharmacological suppression of ERK appears to uniformly suppress disease.[10,17,24] However, 

as in vitro studies in RA FLS have revealed that many secreted products routinely assessed as 

TNF-dependent activation markers relevant to RA are relatively insensitive to ERK inhibition. 

Thus, the mechanisms by which ERK contributes to inflammation and disease progression in 

the earliest stages of RA remain to be established.[40]

Strikingly, JNK phosphorylation is significantly elevated in early RA patient synovial tissue, 

even before 1987 ACR classification criteria are met. During the course of our study, new 

classification criteria for the diagnosis of RA were defined,[27,28] and re-examining our cohort 

with these criteria, we found that half of the patients originally classified as UA at baseline 

now met criteria for RA, similar to a recent study.[41] Importantly, using the new criteria, we 

confirmed that relative JNK activity is enhanced in early RA. However, insufficient numbers 

of patients could be classified as UA>>UA to allow logistic regression analysis to determine 

whether JNK activity at baseline was predictive of fulfillment of RA according to the 2010 ACR/

EULAR criteria after follow up. We also confirmed that ERK activation is enhanced in RA patients 

who develop erosive disease. Finally, with the new criteria we identified a subset of patients 

that fulfill 2010 ACR/EULAR criteria for RA at baseline, but have low levels of JNK activity and 

self- limiting disease. 

Synovial JNK phosphorylation has previously been detected in patients with longstanding 

RA, and JNK contributes to IL-1β-induced collagenase expression, inflammation and 

joint destruction in murine arthritis models.[12,18,42] Additionally, JNK signaling drives 

collagenase-3 expression and bone damage in rat adjuvant-induced arthritis.[12] These studies 

have indicated a role for JNK in regulating synovial ECM biology, or cell interactions with the 

ECM. Comparing early arthritis patients with self-limiting disease versus those with persistent 

disease, either non-erosive or erosive, we find that enhanced JNK activation is associated 

with decreased expression of developmentally important ECM components, including several 

forms of collagen, laminin C1, and MMP-12. We also find that CD44 expression is elevated in 

early arthritis patients who develop persistent disease. CD44 is thought to have an important 

role in the pathology of RA, acting as an adhesion molecule and ECM component ligand for 

endothelial cells, macrophages, lymphocytes and FLS.[43] Specific splice variants of CD44 

are associated with invasive FLS behavior in RA.[44-47] Also, a pathogenic role for CD44 has 

been demonstrated in animal arthritis models.[43,48] Further studies will determine if there 

is a direct relationship between expression of these genes and JNK activity in early arthritis 

patients, and if so, whether JNK activation regulates or responds to these genes. Our studies 

indicate that evaluation of JNK activity might be of additional diagnostic and prognostic value 

to the new classification criteria, and that pharmacological targeting of JNK and ERK may be of 

benefit in limiting inflammation and joint destruction early in the development of RA.
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SUPPLEMENTARY MATERIALS AND METHODS
Immunohistochemical staining and digital analysis
Primary antibodies used were polyclonal rabbit antibodies specific for p38, ERK, JNK (Cell 

Signaling, Beverly, MA) and murine monoclonal antibodies for phosphorylated (p)- p38, ERK, 

and JNK (Santa Cruz Biotechnology, Santa Cruz, CA). Sections were developed with goat anti-

mouse or swine-anti-rabbit -horseradish peroxidase (HRP)-conjugated antibodies (Dako, 

Glostrup, Denmark), biotinylated tyramide and streptavidin-HRP, and aminoethylcarbazole 

(Sigma, St. Louis, MO).[33] Slides were counterstained with Mayer’s hematoxylin, mounted and 

analyzed by digital image analysis in a blinded fashion using a Syndia algorithm on a Qwin-

based analysis system (Leica, Cambridge, UK).[34] Expression and phosphorylation of proteins 

was calculated for each section as the median integrated optical density (IOD) per mm2 tissue. 

Relative phosphorylation values were obtained by dividing IOD/mm2 p-MAPK IOD by IOD/mm2 

total MAPK, normalized for tissue cellularity (nucleated cells/mm2).

Isolation of synovial mRNA and analysis of gene expression
For analysis of synovial tissue gene expression, total RNA was isolated from biopsies of RA 

patients with self-limiting disease (n=8) or persistent disease (non-erosive or erosive, n=14) 

using RNA STAT-60TM (Invitrogen, Breda, The Netherlands) according to the manufacturer’s 

instructions. Subsequently, the total RNA fraction was cleaned using Rneasy spin columns 

(Qiagen, Venlo, The Netherlands) including a DNAse step to remove genomic DNA. 

Quantity and purity of the RNA was tested using a Nanodrop spectrophotometer (Nanodrop 

Technologies, Wilmington, DE). 250 ng of total RNA was reverse transcribed using an RT2 

First Strand Kit (SABiosciences) and expression of 84 genes involved in the regulation of cell 

adhesion and extracellular matrix was analyzed by quantitative (q)PCR. qPCR reactions were 

performed on a StepOne Plus Real-Time PCR System (Applied Biosystems, Foster City, CA) 

using an RT2 Profiler™ PCR Array set (PAHS-013, SABiosciences) according to the manufacturer’s 

instructions. Briefly, diluted cDNA was mixed thoroughly with RT2 SybrGreen Rox qPCR Master 

Mix (SABiosciences) and 25 μl of the experimental cocktail was added to each well of the PCR 

array. After PCR amplification, threshold values were manually equalized for all samples and 

the threshold cycle (Ct) determined for each well. Relative gene expression was calculated for 

each gene using StepOne Software v2.1 (Applied Biosystems) and Microsoft Excel spreadsheet 

software (Microsoft, Redmond, WA), and expressed as the ratio between the gene of interest 

and Ribosomal protein L13a (RPL13A). Expression levels of genes measured by qPCR were 

analyzed by supervised hierarchical clustering and visualization by Treeview.
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Supplemental Table 1. Characteristics of study patients based on 2010 ACR/EULAR criteria for RA*

UA>>UA
(n=2)

RA
(n=35)

UA>>RA
(n=6)

SpA
(n=7) p-value

Age (years) 33 50 52 43 0.19

Female (n) 2 22 4 1 0.06

Disease duration (m) 8 5 5 2 0.25

VAS (0-100) 73 50 39 20 0.29

TJC68 (n) 2 11 3 4 <0.001

SJC66 (n) 2 7 1 2 0.001

ESR (mm/h) 21 29 31 11 0.50

CRP (mg/l) 16 15 14 7 0.60

IgM-RF pos. (n) 0 16 0 0 0.01

ACPA pos. (n) 0 15 0 0 0.02

UA>>UA = undifferentiated arthritis at baseline and at two years follow-up; RA = rheumatoid arthritis at 
baseline; UA»RA = classified as UA at baseline and diagnosed as RA at two year follow-up; SpA = spon-
dyloarthritis; VAS = visual analog scale of global disease activity; TJC68 = 68 tender joint count; SJC66 = 
66 swollen joint count; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; IgM-RF pos. = 
immunoglobulin M rheumatoid factor positive; ACPA pos. = anti-citrullinated protein antibody positive. 
Patients were classified as RA based on 2010 ACR/EULAR criteria. Data represent patient numbers (n) or 
median values.

Supplemental Table 2. Characteristics of RF seropositive and seronegative RA patients*

 
RF+

n=14
RF-

n=13 p-value 

Age (years) 53 (30-75) 57 (27-71) 0.53

Disease duration (months) 7 (1-12) 5 (1-11) 0.23

VAS (0-100) 36 (20-75) 23 (3-43) 0.23

TJC68 (n) 12 (5-38) 4 (3-14) 0.07

SJC66 (n) 7 (1-41) 3 (1-17) 0.07

DAS 28 3.7 (1.1-6.3) 2.7 (1.3-3.4) 0.22

ESR (mm/h) 31 (14-91) 30 (3-77) 0.86

CRP (mg/l) 20 (3-133) 20 (3-42) 0.96

RF+ = rheumatoid factor seropositive; RF- = rheumatoid factor seronegative; RA = rheumatoid arthritis 
diagnosis at two years of follow-up; VAS = visual analog scale of global disease activity; TJC68 = 68 tender 
joint count; SJC66 = 66 swollen joint count; DAS28 = disease activity score 28; ESR = erythrocyte sedimen-
tation rate; CRP = C-reactive protein. Patients were classified as RA based on 1987 ACR criteria.
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Supplemental Table 3. Characteristics of ACPA seropositive and seronegative RA patients*

 
ACPA+

n=13
ACPA-
n=14 p-value 

Age (years) 54 (40-75) 56 (30-71) 0.75

Disease duration (months) 8 (1-12) 6 (1-11) 0.23

VAS (0-100) 35 (0-75) 22 (3-43) 0.11

TJC68 (n) 11 (5-38) 7 (3-17) 0.44

SJC66 (n) 6 (2-41) 3 (1-17) 0.43

DAS 28 3.6 (1.1-6.3) 3.2 (1.2-6.2) 0.72

ESR (mm/h) 31 (14-91) 30 (3-77) 0.86

CRP (mg/l) 23 (3-133) 16 (3-42) 0.49

ACPA+ = anti-citrullinated protein antibody seropositive; ACPA- = anti-citrullinated protein antibody sero-
negative; RA = rheumatoid arthritis diagnosis at two years of follow-up; VAS = visual analog scale of global 
disease activity; TJC68 = 68 tender joint count; SJC66 = 66 swollen joint count; DAS28 = disease activity 
score 28; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein. Patients were classified as RA 
based on 1987 ACR criteria.

Supplemental Table 4. Characteristics of RA patients classified using 2010 ACR/EULAR criteria in relation 
to disease outcome*

 

RA persistent 
erosive
n=12

RA persistent 
non-erosive
n=17

RA self-limiting
n=10 p-value 

Age (years) 53 (24-82) 52 (22-58) 45 (20-67) 0.83

Disease duration (months) 5 (1-10) 4 (1-12) 4 (1-10) 0.70

DAS 28 5.0 (2.9-6.6) 5.9 (4.3-6.8) 3.2 (2.3-5.2) <0.001

ESR (mm/h) 37 (3-91) 27 (7-85) 26 (7-68) 0.85

CRP (mg/l) 9 (3-114) 16 (3-133) 11 (2-58) 0.76

VAS (0-100) 27 (11-76) 50 (25-98) 38 (11-76) 0.27

IgM-RF pos. (%) 66 41 10 0.09

ACPA pos. (%) 44 47 10 0.11

TJC68 (n) 8 (2-23) 18 (4-38) 3 (0-3) <0.001

SJC66 (n) 7 (1-16) 8 (1-5) 1 (1-5) <0.001

RA = rheumatoid arthritis at two years follow-up; DAS28 = disease activity score 28; ESR = erythrocyte sedi-
mentation rate; CRP = C-reactive protein; VAS = visual analog scale of global disease activity; IgM-RF pos. 
= immunoglobulin M rheumatoid factor positive; ACPA pos. = anti-citrullinated protein antibody positive. 
TJC= tender joint count, SJC=swollen joint count. Patients were classified as RA based on 2010 ACR/EULAR 
criteria.
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Supplemental table 5. Gene expression in patients with self-limiting and persistent RA*

gene

Self-limiting RA Persistent RA

P-valueRQ SD RQ SD

ADAMTS1 0.74 0.26 0.67 0.49 0.2601

ADAMTS13 0.92 0.59 0.74 0.38 0.6573

ADAMTS8 2.50 1.00 3.20 1.87 0.6087

CD44 1.22 0.34 1.76 0.63 0.0222

CDH1 0.61 0.84 1.10 1.36 0.5618

CNTN1 1.01 1.04 1.09 0.97 0.8112

COL11A1 0.51 0.37 0.38 0.56 0.0945

COL12A1 0.44 0.28 0.28 0.19 0.0945

COL14A1 1.26 0.63 0.86 0.51 0.1246

COL15A1 0.63 0.28 0.48 0.21 0.1832

COL16A1 0.42 0.26 0.24 0.15 0.0185

COL1A1 0.28 0.31 0.13 0.18 0.0441

COL4A2 0.49 0.25 0.31 0.19 0.0441

COL5A1 0.46 0.26 0.28 0.24 0.0374

COL6A1 0.50 0.25 0.32 0.14 0.0222

COL6A2 0.44 0.33 0.32 0.17 0.3568

COL7A1 0.96 0.25 0.78 0.52 0.2323

COL8A1 0.33 0.29 0.18 0.13 0.1246

VCAN 0.56 0.26 0.46 0.20 0.3568

CTGF 1.20 0.53 1.05 0.89 0.3568

CTNNA1 0.81 0.28 0.92 0.29 0.3568

CTNNB1 0.74 0.19 0.71 0.12 0.6573

CTNND1 0.69 0.22 0.67 0.20 0.9728

ECM1 0.63 0.35 0.55 0.33 0.6573

FN1 0.40 0.26 0.43 0.20 0.6573

HAS1 0.43 0.38 0.25 0.27 0.1832

ICAM1 0.67 0.25 1.10 0.58 0.1246

ITGA1 0.51 0.27 0.43 0.34 0.4325

ITGA2 0.44 0.28 0.39 0.26 0.5167

ITGA3 0.88 0.42 0.75 0.40 0.3936

ITGA4 0.51 0.29 0.77 0.62 0.5167

ITGA5 0.56 0.23 0.52 0.16 0.7587

ITGA6 1.73 1.39 1.68 0.88 0.6087

ITGA7 0.76 0.47 0.70 0.85 0.2323

ITGA8 0.75 0.38 0.71 0.55 0.5167

ITGAL 0.69 0.50 1.26 1.25 0.6087

ITGAM 1.55 0.54 2.53 2.55 0.1832
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Supplemental table 5. Gene expression in patients with self-limiting and persistent RA*

gene

Self-limiting RA Persistent RA

P-valueRQ SD RQ SD

ITGAV 0.83 0.25 0.70 0.23 0.2323

ITGB1 0.63 0.25 0.64 0.23 0.8645

ITGB2 1.55 0.59 3.36 2.86 0.2601

ITGB3 0.87 0.44 0.72 0.42 0.3936

ITGB4 1.24 0.52 0.96 0.84 0.2067

ITGB5 0.80 0.30 0.70 0.33 0.4736

KAL1 0.83 0.62 0.59 0.31 0.5167

LAMA1 0.42 0.35 0.38 0.24 0.9728

LAMA2 1.24 0.74 1.39 1.16 0.8112

LAMA3 1.57 0.80 1.34 1.58 0.1618

LAMB1 0.52 0.24 0.40 0.22 0.1423

LAMB3 0.70 0.28 0.75 0.35 0.8112

LAMC1 0.95 0.21 0.71 0.36 0.0265

MMP1 0.18 0.35 0.32 0.33 0.7587

MMP10 0.17 0.34 0.17 0.25 0.8645

MMP11 0.46 0.30 0.33 0.40 0.1087

MMP12 1.08 0.72 0.64 0.79 0.0374

MMP13 0.17 0.35 0.05 0.05 0.7285

MMP14 0.52 0.28 0.37 0.15 0.2067

MMP15 1.20 0.67 1.04 0.73 0.5167

MMP16 0.59 0.34 0.48 0.53 0.2901

MMP2 0.48 0.31 0.26 0.11 0.0818

MMP3 0.17 0.35 0.14 0.19 0.9185

MMP7 34.24 94.03 1.69 1.21 0.5618

MMP8 0.61 0.57 0.14 0.18 0.1393

MMP9 0.48 0.67 0.16 0.16 0.2901

NCAM1 0.44 0.34 0.68 1.13 0.9702

PECAM1 0.64 0.46 0.87 0.73 0.8645

SELE 0.61 0.88 0.44 0.54 0.9185

SELL 1.00 1.06 1.84 1.63 0.1832

SELP 0.85 0.33 0.85 0.69 0.5618

SGCE 1.10 0.54 0.80 0.40 0.3223

SPARC 0.41 0.28 0.25 0.18 0.1087

SPG7 0.85 0.30 0.73 0.28 0.3936

SPP1 1.01 1.57 9.17 26.12 0.9728

TGFBI 0.53 0.21 0.74 0.54 0.4325

THBS1 0.37 0.29 0.23 0.21 0.0705
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Supplemental Figure 1. Quan-
titative comparison of mito-
gen-activated protein kinase 
(MAPK) phosphorylation 
(phospho-MAPK) and expres-
sion (total MAPK) in the 
synovial tissue of patients with 
early arthritis. Tissue sections 
from patients diagnosed with 
rheumatoid arthritis (RA) 
according to 1987 ACR criteria, 
spondyloarthritis (SpA), and 
undifferentiated arthritis (UA) 
after two years follow-up were 
stained with antibodies against 
phospho- and total p38, extra-
cellular-signal regulated kinase 
(ERK), and c-Jun N-terminal 
kinase (JNK). Stainings were 
developed with biotin tyramide 
enhancement, horseradish per-
oxidase and aminoethylcarba-
zole, followed by counterstain-
ing with Mayer’s hematoxylin, 
and evaluated by digital imaging 
analysis. Values indicated are 
the integrated optical density 
(IOD)/mm2 of stainings with the indicated antibodies. Data is presented as box plots, where the boxes 
represent the 25th to 75th percentiles, the line within the boxes mark the median value, and lines outside 
the boxes denote the 10th and 90th percentiles. Lines connecting data sets indicate statistically significant 
differences between groups. * P < 0.05. ** P < 0.01. *** P < 0.005.

Supplemental table 5. Gene expression in patients with self-limiting and persistent RA*

gene

Self-limiting RA Persistent RA

P-valueRQ SD RQ SD

THBS2 0.41 0.29 0.30 0.27 0.2323

THBS3 0.54 0.30 0.39 0.21 0.3223

TIMP1 0.40 0.26 0.40 0.26 0.9185

TIMP2 1.09 0.44 1.04 0.50 0.7074

TIMP3 5.00 4.59 3.75 3.50 0.6353

CLEC3B 1.79 0.87 1.64 1.10 0.7074

TNC 0.47 0.27 0.46 0.35 0.7587

VCAM1 0.77 0.29 0.88 0.65 0.9728

VTN 0.93 0.42 0.84 0.46 0.4325

Comparison of expression of 83 genes involved in regulation of adhesion and extracellular matrix between 
patients with self-limiting RA (n=8) and persistent RA (n=14). Gene expression in total synovial tissue was 
measured by quantitative PCR. Results indicate mean expression relative to RPL13A (RQ, relative quantity) 
and standard deviation (SD) for each analyzed gene. Differences between groups were determined using 
the Mann-Whitney U test. P-values < 0.05 are indicated in bold font.
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Supplemental Figure 2. Representative photomicrographs of phospho- p38, ERK, and jNK stainings in 
UA, RA, and SpA patients. Magnification 400x
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Supplemental Figure 3. Relative MAPK activation in relation to disease outcome in patients classified 
by 2010 ACR/EULAR criteria. Quantitative comparison of relative MAPK phosphorylation in the synovial 
tissue of patients classified according to 2010 ACR/EULAR criteria as UA which remained UA after two years 
(UA>>UA), and UA which was diagnosed as RA after two years (UA>>RA). Relative phosphorylation levels of 
p38, ERK, and JNK were calculated for patients diagnosed with UA>>UA and UA»RA.
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