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Introduction

Rheumatoid Arthritis
Rheumatoid arthritis (RA) is one of the most common chronic immune-mediated inflammatory 

diseases in the western world, affecting up to 1% of the population, and having an increased incidence 

among women (1,2).  RA is predominantly characterized by inflammation of synovial tissue lining in 

the joints (3). Progressive infiltration of the involved joints by inflammatory white blood cells and 

hyperplasia of stromal fibroblast-like synoviocytes in the intimal lining layer leads to pain, destruction 

of cartilage and bone tissue, and eventual patient disability (4). The etiology of RA is still unknown, 

but recent advances in our knowledge of cytokines and cell populations important to pathology in 

RA have led to the introduction of new biological therapeutic compounds which can alleviate inflam-

mation and slow joint destruction. These compounds, such as tumor necrosis factor a (TNFa) blockers, 

anti-interleukin (IL)-6 receptor antibody treatment, B cell depletion, and inhibitors of T cell costimula-

tory molecules, provide marked clinical benefit, but disease in a significant number of patients is still 

refractory to these therapies, and current treatment rarely leads to disease remission (5). Therefore, 

the continued development of new therapeutic compounds, based on a better understanding of the 

pathobiology of RA, is needed. In particular, identification of key intracellular signaling pathways 

needed to sustain cellular activation and survival in RA synovial tissue may provide a basis for the 

development of new therapeutic strategies (6). 

Fibroblast-like Synoviocytes
Joint destruction in RA results from invasion of cartilage and bone by the pannus, a hyperplastic tis-

sue mass composed of inflammatory immune cells (primarily macrophages, T lymphocytes, and plasma 

cells, as well as B lymphocytes, natural killer cells, mast cells, neutrophils and dendritic cells) and stro-

mal fibroblast-like synoviocytes (FLS) (4). In normal healthy tissue, FLS form a lining along the synovial 

cavity two to three cell layers deep. FLS are thought to be of mesenchymal origin and secrete factors 

which nourish and lubricate the joint (7,8). However, in RA, as well as other forms of arthritis, activated 

FLS accumulate along the intimal lining layer, secreting chemokines, cytokines and matrix metal-

loproteinases (MMPs) which perpetuate inflammation and directly or indirectly  promoting cartilage 

degradation and bone erosion (8,9). It is uncertain if this accumulation of FLS arises from enhanced 

differentiation of precursor cells, defects in cellular apoptosis, or increased FLS proliferation, and these 

possibilities are a focus of extensive study that remain to be resolved.  However, recent studies have 

indicated that RA FLS proliferate quite slowly in vivo (10).

H-Ras is de homoloog van RasGTPase
welke de grootste bijdrage levert aan de
beschadiging van gewrichten in RA
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Ras Gtpases
The Ras GTPase super-family is comprised of several hundred related intracellular signaling proteins 

which are regulated and function through evolutionarily conserved mechanisms. Members of this 

super-family are small molecular weight guanine nucleotide-binding proteins, named after the proto-

typical family of Ras homologues (24). Ras GTPase signaling is reversibly regulated by the binding of 

GDP and GTP. When bound to GDP, Ras GTPases are inactive, but cellular stimuli can activate guanine 

nucleotide exchange factors (GEFs), which displace GDP from specific GTPases. Freed from GDP, the 

GTPase quickly binds GTP, which is found in a molar excess to GDP within the cell. Binding of GTP to 

Ras proteins induces a conformational change, allowing GTPases to associate with and activate mul-

tiple downstream signaling proteins (25). Ras super-family members possess intrinsic GTPase activity, 

which hydrolyzes bound GTP to GDP, and allows the protein to return to its inactive state. However, 

this intrinsic GTPase activity is too slow to allow efficient temporal regulation of signaling, and is 

instead catalyzed by specific GTPase-activating proteins (GAPs), which negatively regulate GTPase 

function (25). Point mutations which abrogate the ability of GAPs to catalyze inactivation of GTPases 

lead to the potent activation of Ras family proteins, rendering them oncogenic (25). Indeed, activating 

mutations of Ras proteins are found in the majority of solid human tumors (26).

The closely related Ras family GTPase homologues (H-, K-, and N-Ras) are expressed throughout mam-

malian tissue, and play important roles in coupling extra-cellular stimuli to multiple downstream 

signaling pathways. Genetic studies have indicated that at least during development, Ras homologues 

have a high degree of functional redundancy. No obvious developmental problems or readily evident 

phenotypes are observed in mice lacking H-Ras, N-Ras or the K-Ras4A splice variant, alone or in com-

bination. Genetic deletion of both splice variants of K-Ras, in contrast, results in embryonic lethality 

(27,28).  The ability of many of the Ras homologues to functionally compensate for each other during 

development likely arises from their highly shared sequence identity, especially in the effector domain, 

which directly couples GTPases to downstream signaling proteins. Mitogen-activated protein (MAP) 

serine/threonine kinase cascades, Ral GTPase signaling, and phosphatidylinositol 3-kinase (PI3 kinase) 

targets represent the best-characterized signaling pathways activated by Ras family GTPases, and sig-

naling via each of these pathways contributes to Ras-mediated transformation (29).

Despite the functional redundancies observed for H-, K-, and N-Ras proteins during development, 

genetic and cell biology studies have provided strong evidence that each of the Ras homologues has 

distinct signaling properties. Specificity in Ras homolog signaling is conferred in part by differen-

tial subcellular localization of each homolog. Unique carboxy (C)-terminal sequences and differential 

post-translational modifications of the C-terminal peptide direct localization of Ras homologues to 

distinct cellular membrane compartments, and regulate the inclusion or exclusion of Ras homologues 

from lipid rafts (30).  This in turn impacts upon the ability of each Ras protein to interact with distinct 

chapter 1 Introduction

Investigators conducting early histological evaluations were struck by the gross similarities between 

RA synovial tissue and solid tumors found in cancer patients (11). It was also observed that RA FLS 

maintained in culture in vitro displayed behavioral properties often associated with cellular transfor-

mation by oncogenes (12). Examples include the enhanced proliferative capacity of RA FLS compared 

to FLS obtained from healthy tissue or patients with other forms of arthritis, the ability of RA FLS to 

grow in an anchorage-independent manner in vitro, their resistance to cell-cell contact inhibition in 

regard to growth, and findings that RA FLS constitutively secrete autocrines and MMPs.  Remarkably 

activated FLS can migrate to unaffected joints, initiating inflammation and cartilage destruction at 

distal locations, a phenomenon markedly analogous to tumor cell metastasis in cancer (13).  It is clear 

that an inflammatory phenotype is imprinted upon RA FLS, as gene expression profiles of RA patient 

synovial tissue and FLS cultured from ex vivo from the same patients are highly similar (14).  Addition-

ally, invasive properties of RA FLS in vitro highly correlate with the rate of joint destruction occurring 

in the patients from which they were obtained (15,16). However, the molecular mechanisms contribut-

ing to this “semi-transformed” phenotype of RA FLS are poorly understood.

One possible mechanism which might contribute to the “semi-transformed” phenotype of RA FLS is 

that initial inflammatory events in the synovium generate somatic mutations in proto-oncogenes or 

tumor suppressors (17). Indeed, inactivating mutations in the tumor suppressor p53, consistent with 

those caused by oxidative stress, can be found in oligoclonal populations of FLS in a subset of RA 

patients (18,19). Attempts to identify mutations in other gene products commonly involved in cel-

lular transformation, such as Ras proto-oncogenes and the tumor suppressor phosphatase and tensin 

homologue deleted on chromosome ten (PTEN), have not been successful (20,21). Another contri-

buting factor to the pathogenic behavior of RA FLS may be changes in the epigenetic regulation of 

proto-oncogene and tumor suppressor expression, as well as gene products such as cytokines which 

contribute to disease in RA (22).  DNA methylation is an epigenetic mechanism which can repress gene 

transcription by either preventing recruitment of transcription factors to gene promoters, or indu-

cing recruitment of transcriptional co-repressors.  In RA synovial tissue, global hypo-methylation of 

genomic DNA is observed, compared to the synovial tissue of non-inflammatory osteoarthritis (OA) 

patients. This global hypo-methylation of DNA is preserved in RA FLS, and exposure of normal fibro-

blasts to 5-azacytidine, a DNA hypo-methylating drug, can confer stable phenotypic and gene expres-

sion patterns resembling RA FLS (23).  However, this same study observed that 5-azacytidine could 

further enhance expression of adhesion proteins, growth factor receptors and MMP production in RA 

FLS. Thus, the persistent activation of intracellular signal transduction pathways promoting RA FLS 

activation and survival in vivo is in great part a result of constant exposure of the cells to a complex 

inflammatory cytokine and cell-cell milieu (6,9).  
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strin homology (PH) domain, and subsequent activation (43). RasGRPs are abundantly expressed in 

brain tissue and within the immune system, predominantly in lymphocytes (41). Unlike mSos, the four 

RasGRP proteins are regulated not by protein-protein binding interactions, but rather, are activated 

to varying degrees by intracellular calcium and/or binding to diacyl glycerol (DAG) or other phorbol 

esters (44-47). The molecular mechanisms by which RasGRFs are activated are still poorly understood, 

but could result from calcium-dependent activation of associated calmodulin protein, phosphoryla-

tion by protein kinase A (PKA), or phosphorylation by non-receptor tyrosine kinases (41).  Additionally, 

protease-dependent cleavage may be an important mechanism for regulating RasGRF activation, at 

least in melanoma cancer cell lines (48,49).

Ras GEFs in general show little specificity in the activation of distinct Ras homologues. mSos proteins 

can catalyze GTP exchange on all Ras homologues (50,51). Curiously, RasGRPs appear to selectively tar-

get Ras homologues in response to phorbol ester stimulation, and the related Rap GTPases in response 

to calcium (45). RasGRF1 appears to have the highest selectivity in vivo, preferentially activating H-Ras 

but not K-Ras, N-Ras or R-Ras (51,52). An added layer of complexity in Ras GEF biology is that mSos 

and RasGRP proteins also contain catalytic domains which can activate Rho family Rac GTPases, which 

in turn stimulate downstream signaling pathways which overlap with those of Ras proteins (41). To 

date, no studies have examined the potential contributions of specific Ras GEFs in the maintenance of 

inflammation or promotion of joint destruction in RA. 

Mitogen-Activated Protein (MAP) Kinases
MAP kinases, consisting of the p38 (α, β, γ and δ isoforms), ), ERK 1 and 2, and JNK 1-3, are activated 

by many extracellular stimuli, including growth factors and inflammatory cytokines (53,54). These 

enzymes play a central role in coupling receptor ligation to regulation of gene transcription, often by 

Ras and Ras super-family –dependent mechanisms. In general, MAP kinases are activated following 

the initiation of a serine/threonine kinase signaling cascade (54).  Phosphorylation of MAP kinases by 

upstream MAP kinase kinase (MAPKK or MEK) is sufficient and required to activate MAP kinases.  MEKs 

in turn are activated by phosphorylation by a MAPKK kinase (MAPKKK or MEKK). MEKKs are directly 

stimulated by active Ras and Rho family GTPases, as well as non-receptor kinases which are recruited 

to activated receptors (53). While p38, ERK, and JNK MAP kinases are thought to be involved primarily 

in inflammatory, mitogenic, and stress responses, respectively, most receptors activate each of the MAP 

kinase pathways simultaneously.  In some cases, Ras-dependent activation of MAP kinases can be quite 

indirect, as typified by the ability of Ras to stimulate JNK proteins via Ras-dependent activation of the 

small GTPase Ral (55). Once activated, each MAP kinase can phosphorylate numerous cellular proteins, 

many of which are transcription factors (56). Well-characterized transcription factor targets of p38 are 

Elk-1, NF-κB, and ATF1. Targets of ERK include c-Fos, Elk-1, NF-AT, MEF2, STAT3 and myc. c-Jun, STAT3 

and HSF-1 are amongst some of the transcription factor targets of JNK.

GEFs and downstream effector proteins - H-Ras, K-Ras, and N-Ras proteins demonstrate hierarchal ef-

ficiencies in activating MAP kinase and PI3 kinase signaling pathways (31,32). However, this selective 

activation of distinct downstream signaling pathways by each Ras protein may be only cell-type spe-

cific, as another layer of complexity is added by the observation that immediate downstream targets 

of Ras proteins, for example Raf proteins in the MAP kinase cascade, discussed below, are often part 

of a family of related proteins, each of which is preferentially activated by distinct Ras proteins (33).  

Thus, in one cell type, only N-Ras may activate the MAP kinase cascade, while in another cell type, 

each Ras protein may activate this signaling pathway. Despite this high potential for functional redun-

dancies, different gene expression profiles have been noted in H-Ras and N-Ras knockout mice, and 

N-Ras knockout mice demonstrate defects in their T cell compartment during viral infection (34,35).

Initial immunohistochemical studies indicated that Ras proteins were expressed in RA synovial tis-

sues, but drew differing conclusions regarding whether Ras expression was elevated in RA synovial 

tissue compared to disease controls and healthy individuals (36,37). In these studies, antibodies lack-

ing specificity to distinguish between Ras homologues were used, perhaps explaining discrepancies 

in the findings. However, numerous independent studies have provided evidence that Ras proteins 

play an important role in RA FLS activation, and contribute to pathology in animal models of RA. 

Farnesyl-transferase inhibitors, which prevent proper membrane localization of Ras family members 

and signaling components of G protein-coupled receptors decrease the incidence and severity of 

collagen-induced arthritis (CIA) in mice, accompanied by decreased synovial TNF α and IL-1β mRNA 

expression (38). Over-expression of a dominant-negative c-Raf kinase in RA FLS, which broadly binds 

to and inhibits Ras homologues and related Ras family members, suppresses growth factor-induced 

activation of the extracellular-regulated kinase (ERK) and c-jun N-terminal kinase (JNK) MAP kinases, 

interferes with FLS MMP production, and slows FLS proliferation and invasiveness in vivo (39). Presum-

ably more selective interference with H-Ras signaling, via ectopic expression of dominant-negative 

H-Ras, suppresses IL-1β-induced ERK activation and IL-6 production in RA FLS, and suppresses joint 

destruction in experimental arthritis (40). Together these studies indicate a contributory role for Ras 

proteins in RA, but the comparative involvement of distinct Ras homologues in pathology has not 

been examined. 

RAS Activation and Guanine Nucleotide Exchange Factors
Activation of Ras proteins is regulated by three major groups of Ras GEFs, the mammalian son-of-

sevenless (mSos) proteins, Ras guanine nucleotide releasing proteins (RasGRPs) and Ras guanine nu-

cleotide-releasing factors (RasGRFs) (41). mSos proteins are recruited to activated receptor tyrosine 

kinase or non-receptor tyrosine kinases via adaptor proteins such as Grb2, which bind to tyrosine-

phosphorylated signaling complexes via their Src-homology 2 (SH2) domains (42).  This localizes mSos 

near the plasma membrane, allowing interaction of mSos with membrane phospholipids via its pleck-
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Raf proteins inhibit cytokine-induced RA FLS IL-6 and MMP production, but this strategy likely inhibits 

not only the Raf/MEK/ERK pathway, but all downstream Ras signaling pathways (39).

JNK MAP Kinases
JNK1 and JNK2 are activated in RA synovial tissue, primarily in infiltrating mononuclear cells, but 

can also be activated in RA FLS following TNFα or IL-1 β stimulation (57,58).  MEKK2, MEKK1 and 

TAK1 can initiate IL-1α -dependent JNK activation in RA FLS (77). This results in activation of MEK-4 

and MEK-7 both of which participate in JNK activation. Interestingly, MEK-7 is largely responsible 

for JNK activation following TNFα or lipopolysaccharide stimulation, while both MEK-4 and MEK-7 

are needed for JNK responsiveness to poly (I-C) stimulation of toll-like receptor 3 (78-80).  In vitro, 

pharmacological inhibition of JNK proteins decrease IL-1β-induced collagenase production (58,81). 

Pharmacological inhibition of JNK proteins is also protective against adjuvant-induced arthritis in 

rats, while JNK2-deficient mice are resistant to passive antibody-induced arthritis (81,82). The finding 

that JNK1-deficient mice are resistant to spontaneous arthritis induced in the human TNFα transgenic 

model of RA has been put forth as an argument that JNK may not be critical to pathology in arthritis, 

but may also reflect redundant functions of JNK1 and JNK2 in vivo (68). 

An important caveat to interpreting all of this experimental data obtained from in vitro studies and 

animal disease models, is that MAP kinase activation status has only been assessed in RA patients 

with destructive end-stage arthritis, a patient subgroup which is not participating in clinical trials. RA 

synovial tissue obtained during arthroscopy and tissue obtained during surgery display differences in 

both cellular composition and cytokine profiles (83). The activation status of MAP kinases, and their 

association with clinical parameters of disease activity still needs to be established in patients with 

active RA. 

Phosphatidylinositol 3- (P13) Kinases
PI3 kinases consist of a family of lipid kinases which catalyse the phosphorylation of phosphati-

dylinositol (PI), a minor phospholipids component on the cytosolic side of cell surface membranes.  

Phosphorylation of PI at the D- position of the inositol headgroup  generates the second messengers 

PtdIns3P, PtdIns(3,4)P2, PtdIns(3,5)P2 and PtdIns(3,4,5)P3 which in turn serve as binding sites which 

recruit and activate PH domain-containing proteins critical to the promotion of cell growth, cell cycle 

progression, migration and cell survival (84). The PI3 kinase family is comprised of fourteen enzymes, 

separated into four classes, of which Class I is the best studied (84).  Class I PI3 kinases are further 

categorized into two subclasses, Class IA and IB. Class IA PI3 kinases are heterodimers consisting of 

a catalytic subunit  (p110 α, β and δ) and a smaller regulatory subunit (p85α, p85β, p55γ, p55α and 

p50α). There is currently little evidence that specific regulatory subunits preferentially pair with speci- 

fic catalytic subunits. The regulatory subunit is constitutively bound to p110, and contains two SH2 do-

Each MAP kinase is expressed and detected in an activated, phosphorylated form in RA synovial tis-

sue (57,58). This observation, combined with a number of in vitro and in vivo studies described below, 

and generated tremendous interest in the therapeutic potential of targeting these enzymes in RA 

(6,59,60).

P38 MAP Kinase
Phosphorylated p38 is readily observed in RA synovial tissue, and this MAP kinase, as well as ERK and 

JNK proteins, is activated following inflammatory stimulation of RA FLS (57). Activation of in RA FLS 

is largely dependent upon MEK3 and MEK6, although MEK3 appears to play a dominant role in murine 

CIA  (61,62). MEKKs leading to p38 activation are generally not regulated by Ras GTPases, but rather 

Rho family GTPase (53). However, as mentioned above, Ras GEFs can stimulate Rho family proteins, 

and some evidence has emerged that Ras-dependent activation of Raf proteins (54). Numerous and 

increasingly specific p38 inhibitors have shown potent therapeutic properties in animal models of 

arthritis (63-65), and the potential of these compounds as therapeutic agents in the treatment of 

RA was enhanced by studies in human TNF α transgenic mice, a spontaneous arthritis model. In this 

model, arthritis development is associated with the selective activation of p38 and ERK, but only 

negligible JNK activation is observed (66). Importantly, pharmacological inhibition of p38, but not 

JNK1, blocks arthritis in this model (67,68).  However, it is increasingly unclear if involvement of p38 

in these animal models is relevant to RA. In vitro, p38 inhibitors have not consistently demonstrated 

more than modest inhibitory effects on TNFα and IL-1β -induced cytokine and MMP production by 

RA FLS (64,69).  Many of these inhibitors selectively target p38α and p38 β, and p38γ and p38δ have 

recently been identified as the predominant p38 isoforms phosphorylated in RA synovial tissue and FLS 

(70). Involvement of p38γ activation in RA may in part explain the lack of therapeutic efficacy of p38 

inhibitors in initial clinical trials (71,72). In contrast, p38α appears to be a critical isoform mediating 

inflammation and joint destruction in murine arthritis (73).  

ERK MAP Kinases
Of the MAP kinases, a prominent Ras-dependent regulatory role has been most clearly established 

for ERK 1 and 2 (41,53). ERKs are activated by MEK1 and MEK2, which are substrates for the MEKKs 

c-Raf/Raf-1, A-Raf and B-Raf. The enzymatic activity of Raf proteins is stimulated by recruitment of 

the kinases to activated Ras proteins at cellular membranes (53). Like p38, ERK proteins are detected 

in their activated form in RA synovial tissue (57,58). Pharmacological inhibition of MEK1 and MEK2, 

or genetic deletion of the KSR scaffolding protein, used by Ras to assemble Raf signaling complexes, 

is protective in animal models of RA (74,75). However, the pathophysiological contributions of ERK 

proteins to RA, and animal models of the disease, are poorly characterized. MEK1 and MEK2 inhibitors 

only weakly diminish TNFα-induced cytokine and MMP production by RA FLS (69), although more 

potent effects have been observed in regard to TRAIL-induced proliferation (76). Dominant-negative 
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of the anti-apoptotic protein Mcl-1 (104), as well as regulating macrophage inflammatory cytokine 

production (105,106).

A limited number of studies have recently investigated the therapeutic potential of targeting PI3 

kinase pathways in vivo.  Adenovirus-mediated PTEN gene transfer to rats subjected to CIA decreased 

angiogenesis, reduced IL-1β and MMP-9 production, and enhanced apoptosis in the synovial tissue 

of arthritic rats (107). Additionally, PI3 kinase p110γ-deficient mice, and mice treated with specific 

p110γ inhibitors, are protected against CIA (108). A similar requisite role for p110γ has been observed 

in the human TNFα transgenic model of RA (109). Potential contributions of other PI3-kinase signaling 

components to RA remain to be examined. 

RAS Signaling and Angiogenesis in RA
Angiogenesis, through neovascularization and vessel remodeling, is critical to the initiation and per-

petuation of inflammation in RA (110).  Studies in animal models of RA, and changes in endothelial 

activation observed following successful treatment of RA patients, suggests that direct targeting of 

angiogenesis may have therapeutic benefit in RA (111-113). Major secreted mediators of angiogenesis 

in synovial tissue are vascular endothelia growth factor (VEGF) and angiopoietins 1 and 2 (Ang-1, 

Ang-2). Ang-1, Ang-2, and their shared receptor, the tyrosine kinase Tie2, are all expressed in the 

synovial tissue of patients with RA and other forms of inflammatory arthritis.  (112,114,115). Tie2 has 

been primarily studied within the context of its expression on endothelial cells and contributions to 

vascularization during development (116). However, multiple cell populations express Tie2 in inflamed 

synovial tissue, including endothelial cells, macrophages and FLS (112). Ang-2 stimulation can sensitize 

endothelial cells to activation by TNFα, while Ang-1 can promote FLS MMP-3 production (117,118). 

Tie2 is phosphorylated on discreet intracellular tyrosine residues following Ang-1/Ang-2 binding, lea-

ding to activation of multiple downstream signaling pathways, including Ras and downstream MAP ki-

nase, PKB, and NFκB pathways (118-121).  However, one peculiarity of Tie2 signaling is that Ang-1 and 

Ang-2 differentially activate each of these downstream signaling pathways, potentially providing a 

molecular mechanism explaining the distinct contributions of these cytokines to angiogenesis (116).

Outline of This Thesis
In this thesis, we examine the contributions of distinct Ras signaling pathway components to inflam-

mation and joint destruction in RA, using analyses of RA patient synovial tissue, and in vitro and in 

vivo manipulation of protein expression and activation. Chapter 2 examines the expression of the Ras 

GEF RasGRF1 in RA synovial tissue and FLS, and the role of this protein in synovial and FLS cytokine 

and MMP production. In Chapter 3, we explore the expression patterns of distinct Ras family homo-

logues in RA synovial tissue and FLS, and the contributions of these proteins to RA FLS activation, and 

pathology in the CIA model of RA. Chapter 4 and Chapter 5 provide detailed studies of MAP kinase 

Introductionchapter 1 

mains. Class IA PI3 kinases are generally activated by recruitment of the associated adaptor protein to 

tyrosine-phosphorylated kinase receptors and signalling complexes.  Binding of the regulatory subunit 

SH2 domains to a tyrosine-phosphorylated ligand releases an inhibitory influence of the regulatory 

protein on p110 (85). Stabilization of p110 activation, and recruitment of the catalytic subunit to its 

substrate source, is regulated by p110 association with activated Ras proteins (86-89). The requirement 

for p110 association with Ras proteins is elegantly demonstrated in p110γ knock-in mice expressing 

only a mutant allele of p110γ which is unable to bind to Ras (90). In contrast to class IA PI3 kinases, 

the single class IB PI3 kinase, p110γ (associated with p84 or p101 regulatory subunits) is stimulated 

by heterotrimeric GPCRs (84). All four PI3 kinase p110 catalytic subunits are ubiquitously expressed in 

mammalian tissue, although p110γ and p110δ expression is enriched in cells of hematopoietic origin.  

Accumulation of PI3 kinase products on the cell membrane leads to activation of proteins containing 

PH domains, amongst which protein kinase B (PKB, also known as Akt) is responsible for many of the 

PI3-kinase influences on cellular activation, proliferation, and survival (91).  One pro-inflammatory 

function of PKB is the phosphorylation and activation of components of the NFκB pathway (92-94). 

Additionally, PKB phosphorylates and inactivates three members of the forkhead box O (FoxO) family 

of transcription factors, FoxO1, FoxO3a, and FoxO4. Depending on other input signals, FoxO family 

members can promote the transcription of gene products promoting apoptosis, cell cycle arrest, or 

survival against cellular stress (95). Additionally, recent studies have indicated that FoxO transcrip-

tion factors can regulate pro-inflammatory genes, such as chemokine receptors, adhesion molecules 

(96,97) and MMPs (98). FoxO protein transcriptional output appears to be complex, and can have 

paradoxical effects on cellular responses during inflammation. On one genetic background, FoxO3a-

deficient mice demonstrate systemic autoimmune disease, resulting from a T cell lymphoprolifera-

tion (99).  On another background, mice are protected against antibody-induced arthritis, due to an 

inability of neutrophils to down-regulate pro-apoptotic Fas ligand (100). Many of the gene targets 

regulated by FoxO proteins, including manganese superoxide dismutase (MnSOD), growth-arrest and 

DNA-damage-inducible protein 45 (GADD45), p27, anti-apoptotic Bcl-XL, and pro-apoptotic PUMA 

are aberrantly expressed in RA synovial tissue, indicating a potential role for FoxO proteins in promo-

ting inflammation in this disease (101).  

The first evidence suggesting a role for PI3 kinase signaling in RA came from studies demonstrating 

the mRNA expression of PTEN, a phosphatase which hydrolyzes PI3 kinase products, was depressed in 

the intimal lining layer of RA synovial tissue, compared to healthy individuals (21). Decreased PTEN 

expression in RA synovial tissue is paralleled by a reciprocal increase in PKB activation (102).  Pharma-

cological treatment of RA FLS with relatively non-specific PI3 kinase inhibitors in vitro has suggested 

a role for PI3 kinase in protecting the cells against TNFα and TRAIL-mediated apoptosis (76,102,103). 

Furthermore, PI3 kinase signaling promotes RA synovial macrophage survival by promoting expression 
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expression and activation, and their relationship with disease parameters, in cohorts of patients with 

longstanding and early arthritis, respectively. In Chapter 6, we assess the expression and PKB-depen-

dent phosphorylation of FoxO family transcription factors in synovial tissue and isolated cells relevant 

to pathology in RA.  Chapter 7 extends studies reported in Chapter 4 to examine the relationship 

between angiopoietin expression and Tie2 activation in RA and psoriatic arthritis (PsA). 
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Introduction

Inflammation of affected joints in rheumatoid arthritis (RA) is characterized by infiltration of the 

synovial sublining by macrophages, lymphocytes, and other immune cells, and intimal lining layer 

hyperplasia due to increased numbers of intimal macrophages and fibroblast-like synoviocytes (FLS) 

[1] .  Initial in situ and in vitro studies of invasive RA FLS revealed striking similarities with transformed 

cells expressing mutated proto-oncogene and tumor suppressor gene products [2].  Hyperplastic FLS 

invading the joints of RA patients resemble proliferating tumor cells and in vitro, RA FLS proliferate 

more rapidly than FLS from inflammatory non-RA patients or healthy individuals [3].  Characteristic 

of transformed cells, they spontaneously secrete autocrines and matrix metalloproteinases (MMPs), 

display anchorage-independent growth, and are resistant to contact inhibition of proliferation [4,5]. 

While transforming mutations in gene products involved in cellular transformation, such as Ras and 

PTEN, have not been detected in RA FLS [6,7], it is appreciated that signaling pathways regulated by 

proto-oncogene and tumor suppressor gene products are constitutively activated due to stimulation 

by inflammatory cytokines, chemokines, growth factors, and oxidative stress in RA synovial tissue [8].

Ras superfamily small GTPases are expressed throughout mammalian tissue, and play essential roles 

in coupling extracellular stimuli to multiple downstream signaling pathways [9]. Cellular stimulation 

results in the activation of guanine nucleotide exchange factors (GEFs), which catalyze the exchange 

of GDP on inactive GTPase for GTP. The binding of GTP to Ras superfamily GTPases leads to a conforma-

tional change in the GTPase, allowing signaling to downstream effector proteins [10].  Of these small 

GTPases, Ras family homologues (H-, K-, and N-Ras) are important in coupling extracellular stimuli to 

activation of a shared set of signaling pathways regulating cell proliferation and survival, including 

mitogen-activated protein (MAP) kinase cascades, phosphoinositide 3-kinase (PI3K) and Ral GTPases 

[9,11].  The related but distinct family of Rho GTPases (including Rac, Cdc42 and Rho proteins) regulate 

cellular polarization and chemotactic responses, MAP kinase cascades, and oxidative burst machin-

ery [12,13].  Specificity in GEF activation of GTPase families, and even GEF selectivity in activating 

diffe-rent Ras homologs, as well as differential coupling of GEFs to specific types of cellular recep-

tors, such as Son-of-sevenless to tyrosine kinase-dependent receptors, and Ras guanine nucleotide- 

releasing factor (RasGRF) 1 to G protein-coupled receptors, achieves specificity in Ras superfamily 

GTPase signaling.

Previous studies have demonstrated that Ras family homologs are present in RA synovial tissue,  and 

preferentially expressed in the intimal lining layer [14,15].  Activation of Ras effector pathways, in-

cluding MAP kinases, PI3K, and nuclear factor (NF)-κB, is enhanced in RA compared to disease controls 

[16-18].  In RA synovial fluid T cells constitutive activation of Ras, in conjunction with inactivation 

of the related GTPase Rap1, contributes to persistent reactive oxygen species production by these 
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Ras guanine nucleotide releasing factor 1 (RasGRF1) was found to contribute to spontaneous MMP 

production in melanoma cancer cells.  Here, we examined the potential relationship between RasGRF1 

expression and MMP production in RA, inflammatory osteoarthritis (OA), and reactive arthritis (ReA) 

synovial tissue and FLS.

Methods: Expression of RasGRF1, MMP-1, MMP-3, and interleukin (IL)-6 was detected in synovial 

tissue by immunohistochemistry and stained sections were evaluated by digital image analysis.  Ex-

pression of RasGRF1 in FLS and synovial tissue was also assessed by immunoblotting.  Double staining 

was performed to detect proteins in specific cell populations, and cells producing MMP-1 and MMP-3.  
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FLS and synovial macrophages in situ.  In cultured FLS and synovial biopsies, RasGRF1 was detected 

by immunoblotting as a truncated fragment lacking its negative regulatory domain.  Production of 
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Conclusions: Enhanced expression and post-translational modification of RasGRF1 contributes to 

MMP-3 production in RA synovial tissue and the semi-transformed phenotype of RA FLS.
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Materials and Methods

Patients and Synovial Tissue Samples
Synovial biopsy samples were obtained by arthroscopy as previously described [32] from an actively 

inflamed knee or ankle joint, defined by both pain and swelling, of patients with RA (n=10) [33], in-

flammatory osteoarthritis (OA) (n=4) [34], or reactive arthritis (ReA) (n=7) [35].  Patient characteristics 

are detailed in Table 1.  All patients provided written informed consent prior to the start of this study, 

which was approved by the Medical Ethics Committee of the Academic Medical Center, University of 

Amsterdam, The Netherlands.

Table 1 / Clinical features of RA, ReA and OA patients included in the study*

*RA = rheumatoid arthritis; ReA = reactive arthritis; OA = osteoarthritis; ESR = erythrocyte sedimentation rate; 
RF = rheumatoid factor. Median and range are given for each characteristic.

Immunohistochemical Analysis
Serial sections from six different biopsy samples per patient were cut with a cryostat (5 µm), fixed with 

acetone, and endogenous peroxidase activity blocked with 0.3% hydrogen peroxide in 0.1% sodium 

azide/phosphate-buffered saline.  Sections were stained overnight at 4ºC with monoclonal antibodies 

against MMP-1 (MAB 1346) and MMP-3 (MAB 1339) (both from Chemicon International, Temicula, 

CA) and rabbit polyclonal antibodies recognizing RasGRF1 (SC-863) (Santa Cruz Biotechnology, Santa 

Cruz, CA), and anti-IL-6 (Department of Nephrology, Leiden University Medical Center, Leiden, The 

Netherlands).  For control sections, primary antibodies were omitted or irrelevant immunoglobulins 

were applied.  Sections were then washed and incubated with goat anti-mouse horseradish peroxidase 

(HRP)-conjugated- or swine anti-rabbit-HRP-conjugated antibodies (from Dako, Glostrup, Denmark), 

followed by incubation with biotinylated tyramide and streptavidin-HRP, and development with ami-

cells [19,20].  In RA FLS, ectopic expression of dominant-negative (DN) H-Ras suppresses interleukin 

(IL)-1-induced extra-cellular signal-regulated kinase (ERK) activation and IL-6 production [21].  DN 

Raf kinase, which broadly binds to and inhibits Ras family members and related GTPases, suppresses 

epidermal growth factor-induced ERK and c-jun N-terminal kinase (JNK) activation in RA FLS, and 

reduces constitutive expression of MMPs [22].  Additionally, strategies which broadly inhibit Ras family 

function in vivo are protective in animal models of arthritis [21-23].  

Evidence is now emerging that altered expression of Ras GEFs may contribute to autoimmune diseases.  

Mice lacking expression of the Ras GEF Ras guanine nucleotide-releasing protein 1 develop a sponta-

neous systemic lupus erythematosis (SLE)-like disease, and similar defects are observed in a subset of 

SLE patients [24-26].  Recent evidence has shown that expression levels of the GEF RasGRF1 regulate 

constitutive MMP-9 production in human melanoma cells [27].  RasGRF1 displays in vitro and in vivo 

exchange activity against H-Ras [28], as well as the Rho family GTPase Rac [29,30].  RasGRF1 activity 

can also be regulated by protease-dependent post-translational modification, as calpain-dependent 

cleavage of RasGRF1 enhances its Ras-activating capacity in vitro and in vivo [31].  Given similarities 

between FLS and transformed cancer cells, we examined the expression of RasGRF1 in RA and non-RA 

synovial tissue and FLS, providing evidence that elevated RasGRF1 expression and post-translational 

modification of this protein in RA synovial tissue may contribute to joint destruction by stimulating 

MMP-3 production.  

Diagnosis

RA

ReA

 

OA

Characteristic

Age (years)
Male: Female
Disease Duration (months)
ESR (mm/hour)
RF

Age (years)
Male: Female
Disease Duration (months)
ESR (mm/hour)
RF

Age (years)
Male: Female
Disease Duration (months)
ESR (mm/hour)
RF

Median (range)

55 (30-68) 
6:4 
84 (2-360) 
64 (2-107) 
21 (0-138)

33 (22-39) 
4:3 
2.5 (1-14) 
5 (0-14)
0 (0-1)

72.5 (54-83) 
2:2 
66 (6-180) 
9.5 (5-43) 
0 (0-1)
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Protein Preparation and Immunoblotting
FLS were lysed in Laemli’s buffer.  Frozen synovial biopsies were homogenized and proteins solubilized 

using a ReadyPrep™ Sequential Extraction Kit (BioRad, Hercules, CA) and protein content quantified 

using a BCA Protein Assay Kit (Pierce, Rockford, IL).  Equivalent amounts of protein were resolved by 

electrophoresis on NuPage 4-12% Bis-Tris gradient gels (Invitrogen) and transferred to polyvinylidene 

difluoride membrane (BioRad).  Proteins were detected by immunoblotting with anti- RasGRF1 (SC-

863 and SC-224, Santa Cruz), actin (Santa Cruz) or tubulin (Sigma Aldrich, St. Louis, MO) antibodies, 

followed by extensive washing, incubation with HRP-conjugated anti-rabbit or anti-mouse immu-

noglobulin antibodies (BioRad) and enhanced chemiluminescence detection (Pierce).  For quantitative 

analysis of RasGRF1 expression, staining was detected using IRDye 680 or 800 –labelled antibodies and 

an Odyssey Imager (LI-COR, Bad Homburg, Germany), and quantified using Odyssey 3.0 software. 

Measurement of MMP-1, MMP-3, TIMP-1, IL-6 and IL-8 Production by FLS
Medium was removed from FLS 24 hours after introduction of cDNA or LNA, and replaced with starva-

tion medium.  After 24 hours, cell-free tissue culture supernatants were harvested and analyzed using 

ELISA kits for MMP-1, MMP-3, TIMP-1 (all from R&D Systems Europe Ltd., Abingdon, UK), IL-6 and 

IL-8 (both from Sanquin Reagents, Amsterdam, The Netherlands), according to the manufacturer’s 

instructions.

Immunofluorescence Staining
Synovial tissue sections were incubated with primary anti-RasGRF1 antibodies overnight at 4ºC, fol-

lowed by incubation for 30 minutes with Alexa-594-conjugated goat anti-rabbit antibodies (Molecu-

lar Probes Europe, Leiden, the Netherlands).  Sections were then incubated with mouse monoclonal 

antibodies against MMP-1, MMP-3, or IL-6, followed by incubation with Alexa-488-conjugated goat 

anti-mouse antibody (Molecular Probes Europe), mounting in Vectashield (Vector Laboratories) and 

analysis using a fluorescence microscope (Leica DMRA) coupled to a CCD camera and Image-Pro Plus 

software (Media Cybernetics, Dutch Vision Components, Breda, the Netherlands).

Statistical analysis
Wilcoxon’s nonparametric signed ranks test was used to compare protein expression between intimal lining 

layer and the synovial sublining layer within diagnostic groups.  As no trend towards a difference in RasGRF1 

expression was found between inflammatory OA and ReA synovial tissues, these two non-erosive groups 

were combined as non-RA for further analyses.  The Mann-Whitney U test was used for the comparison 

of RasGRF1 expression between diagnostic groups.  Correlations between RasGRF1 expression and MMP-

1, MMP-3 and IL-6 expression in synovial tissue were assessed by Spearman’s rank correlation coefficient.  

ELISA results were examined using Student’s t-test.  P values less than 0.05 were considered statistically 

significant.  There was no correction for multiple comparisons due to the exploratory nature of the study.

no-ethylcarbazole (AEC, Vector Laboratories, Buringame, CA) [36].  Sections were then counterstained 

with Mayer’s hematoxylin (Perkin Elmer Life Sciences, Boston, MA) and mounted in Kaiser’s glycerol 

gelatin (Merck, Darmstadt, Germany).

Digital Image Analysis
For quantitative analysis of protein expression, stained slides were randomly coded by an independ-

ent observer, blinded to antibodies used and clinical diagnosis.  Stained sections were analyzed by 

computer-assisted image analysis using the Qwin analysis system (Leica, Cambridge, UK) as previously 

described in detail [37].  Values of integrated optical densities (IOD)/mm2 and number of positive cells/

mm2 were obtained for both the intimal lining layer and the synovial sublining, and corrected for total 

number of nucleated cells/mm2.

Immunohistochemical Double Staining
To detect potential cell-specific expression of RasGRF1 in synovial tissue, tissue sections were in-

cubated with anti-RasGRF1 antibodies overnight at 4ºC, followed by serial incubation with swine 

anti-rabbit-HRP antibodies, biotinylated tyramine, and streptavidin-HRP.  Sections were then labeled 

for one hour at room temperature with FITC-conjugated antibodies to detect T lymphocytes (anti-

CD3, clone SK7, Becton Dickinson, San Jose, CA), FLS (anti-CD55, mAB67, Serotec, Oxford, UK), and 

macrophages (anti-CD68, clone DK25, Dako), followed by incubation with alkaline phosphatase (AP)-

conjugated goat anti-mouse antibody (Dako).  HRP staining was developed as above, and AP staining 

was developed using an AP Substrate III kit (SK-5300, Vector Laboratories) according to the manufac-

turer’s instructions.

FLS Culture and Transfection with cDNA and Locked Nucleic Acids (LNA)
RA FLS and OA FLS were cultured as previously described [38].  FLS were used between passages 4 and 

9 and cultured in medium containing 10% fetal calf serum (FCS).  To examine the influence of RasGRF1 

overexpression on FLS MMP production, 2 x 105 RA FLS were plated overnight in 6-well plates and 

then transfected with 7.5 µg control pCDNA3 or pCDNA3 encoding full-length human RasGRF1 (pro-

vided by Dr. R. Zippel, University of Milan, Milan, Italy) using Lipofectamine 2000 transfection reagent 

(Invitrogen, Verviers, Belgium) as per the manufacturer’s instructions.  Culture medium was replaced 

with medium containing 1.0% FCS after 24 hours, and cells harvested 48 hours post-transfection.  

RasGRF1 expression in FLS was silenced using RasGRF1-specific and control LNA designed with on-

line software (https://rnaidesigner.invitrogen.com/rnaiexpress/design.do) (synthesized by Exiqon A/S, 

Vedbaek, Denmark).  LNA oligonucleotides used were RasGRF1 (TTGcgttaccttTGCt – LNA nucleotides in 

capital letters, DNA nucleotides in lower case letters), and as a negative control, a scrambled RasGRF1 

sequence (GTAcagcaagatTGGg). LNA transductions were performed with Lipofectamine 2000 trans-

fection reagent and 50 nM LNA.  Culture medium was replaced with starvation medium (1% FCS in 

DMEM) after 24 hours and cells harvested after an additional 24 hours.
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Preliminary analyses indicated no differences in RasGRF1 expression between inflammatory OA and 

ReA synovial tissue, either in the intimal lining layer (mean integrated optical density [IOD]/mm2 ± 

standard error of the mean OA, 259.0 ±131.6; ReA, 263.4 ± 77.0) or the synovial sublining layer (OA, 

113.3 ± 55.7; ReA, 135.6 ± 51.9) (data not shown).  Therefore, these two non-erosive groups were com-

bined as non-RA for further analyses.  Comparing RA with non-RA synovial tissue, RasGRF1 expression 

was elevated in RA (p < 0.05) and non-RA (p < 0.01) intimal lining layer as compared to the synovial 

sublining. RasGRF1 expression was enhanced in the synovial sublining of RA tissue as compared to 

non-RA synovial tissue (p < 0.01), and a trend towards enhanced RasGRF1 expression was observed 

in the RA intimal lining layer. Correction of RasGRF1 expression for the number of RasGRF1-positive 

cells, confirmed that RasGRF1 expression was enhanced in both the synovial sublining (p < 0.005) 

and intimal lining layer (p < 0.05) of RA patients compared to non-RA patients (data not shown).  

Qualitative double labeling of RA synovial tissue with antibodies recognizing RasGRF1 and markers 

for T lymphocytes (CD3), FLS (CD55), and macrophages (CD68) revealed that RasGRF1 expression was 

restricted to FLS and macrophages (Figure 2).

Figure 2 / Representative double stainings of RA synovial tissue with antibodies against RasGRF1 

and cell-specific markers.
Synovial tissue sections were stained overnight with antibodies against RasGRF1, followed by antibodies against 
CD3, CD55, and CD68. After biotin tyramide enhancement, staining was developed with AEC (red, RasGRF1) and 
Fast blue (blue, cell-specific markers). Magnification x 100.

RasGRF1 Expression in RA and Non-RA FLS
To independently confirm RasGRF1 expression in synovial tissue and FLS detected by immunohisto-

chemistry, we performed immunoblotting experiments on lysates derived from intact RA and OA syno-

vial biopsies, and RA and OA FLS.  In protein lysates derived from intact RA and OA synovial biopsies 

(Figure 3), we were unable to detect full-length 140 kDa RasGRF1.

Results

Expression of RasGRF1 in RA and Non-RA Synovial Tissue
To gain insight into potential involvement of RasGRF1 in RA, immunohistochemical staining was per-

formed on RA synovial tissue using RasGRF-1 specific antibodies.  While no specific staining was 

observed with irrelevant control rabbit antibodies, robust staining was observed in RA synovial tissue 

with anti-RasGRF1 antibodies (Figure 1A). RasGRF1 staining was most apparent throughout the inti-

mal lining layer, but was also observed in infiltrating mononuclear cells found in the synovial sublin-

ing.  Initial qualitative analysis of RasGRF1 expression in RA and inflammatory OA synovial tissue sug-

gested that RasGRF1 expression was elevated in RA synovial tissue (Figure 1B). We therefore compared 

RasGRF1 expression in RA and non-RA (inflammatory OA and ReA) synovial tissue quantitatively, using 

digital image analysis (Figure 1C). 

Figure 1 / Detection of RasGRF1 protein expression in RA and non-RA synovial tissue.
(a) Representative stainings of RA synovial tissue with control and anti-RasGRF1 antibodies. (b) Representative 
stainings of RA and OA synovial tissue with anti-RasGRF1 antibodies. Stainings were developed with AEC (red), 
and counterstained with Mayer’s hematoxyline. Magnification x 100. (c) Quantitative analysis of Ras signal-
ing protein expression in RA and non-RA (OA and ReA) synovial tissue. Integrated optical densities (IOD)/mm2, 
corrected for nucleated cells, for staining of synovial sublining (sub) and intimal lining (lin) layer of 10 RA and 
11-non-RA (4 inflammatory OA, 7 ReA) patients with anti-RasGRF1 antibodies. IOD were calculated by computer-
assisted image analysis. Box plots represent the 25th to 75th percentiles, the lines within each box the median, 
and lines outside the boxes designate the 10th and 90th percentiles. Bars indicate statistically significant dif-
ferences in protein expression between sublining and intimal lining layer tissues within diagnostic groups and 
between diagnostic groups. * P < 0.05, ** P < 0.01, *** P < 0.005.
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To verify that the observed truncation products were derived from RasGRF1, rather than non-specific 

interactions with the antibodies, we performed additional experiments.  First, RA FLS were transfected 

with cDNA encoding full-length RasGRF1 (Figure 4C and Figure 4D). Quantitative analysis of proteins 

detected by immunoblotting demonstrated that transfection of RA FLS with RasGRF1 cDNA encoding 

full-length RasGRF1 resulted in the enhanced expression of the 140 (P < 0.01), 98, 75 (P < 0.05), and 

54 kDa (P < 0.05) forms of RasGRF1.  Second, we silenced RasGRF1 expression by transduction of RA 

FLS with RasGRF1-specific LNA.  LNA are anti-sense nucleotide analogs containing methylene bridges 

which mimic RNA monomer structure, disrupt gene expression by promoting mRNA degradation and/

or preventing gene product translation [39].  RasGRF1-specific LNA decreased RasGRF1 expression in 

RA FLS compared to control scrambled LNA (Figure 4E), while leaving tubulin expression unaffected.  

Significant decreases in the expression of full-length 140 kDa RasGRF1 (P < 0.05), and 98 (P < 0.01), 

75 (P < 0.05) and 54 kDa (P < 0.01) forms were achieved (Figure 4F).  Exposure of FLS to transfection 

reagent alone resulted in the generation of an additional 60 kDa polypeptide (mock-treated FLS in 

Figures 4C and 4E, noted by an asterisk next to figures) not observed in synovial biopsies or untreated 

FLS, possibly due to activation of an unidentified cellular protease.

Figure 3 / RasGRF1 is expressed as a truncated protein in synovial tissue.
Immunoblot analysis of RasGRF1 and actin in RA and OA synovial biopsy lysates. 98, 75 and 54 kDa proteins 
reacting with RasGRF1 antibodies, and expected position of full-length 140 kDa RasGRF1, are indicated on the 
left of the panel by arrowheads. Relative mobility of molecular weight standards (kDa) are indicated to the right 
of the panel.

However, we did observe prominent expression of a 98 kDa truncation product, and lower and variable 

levels of 75 and 54 kDa truncation products.  These C-terminal fragments are thought to be generated 

by calpain-dependent cleavage, resulting in constitutive activation of RasGRF1 [27,31].  In analyses 

of FLS lysates, full-length 140 kDa RasGRF1 was detected by immunoblotting in only one of six RA 

FLS lines (RA FLS5), and neither of two OA FLS lines tested (Figure 4A).  In contrast, a 54 kDa RasGRF1 

C-terminal fragment was detected in all RA and OA FLS lines, a 75 kDa fragment in three of five RA 

FLS and both OA FLS lines, and a 98 kDa C-terminal fragments in four of six RA and both OA lines.  

Quantitative analysis of RasGRF1 protein expression in 5 RA and 5 OA FLS lines revealed no significant 

difference in total RasGRF1 expression (Figure 4B).  With the exception of the 74 kDa RasGRF1 frag-

ment, which was detected at lower levels in RA FLS (P < 0.05), other RasGRF1 truncation fragments, as 

well as full-length RasGRF1, were expressed at similar levels in RA and OA FLS.      
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Effects of Changes in RasGRF1 Expression on RA FLS MMP-3 Production in Vitro
As RasGRF1 expression levels regulate MMP production in cancer cell lines [27], we examined if modu-

lation of RasGRF1 expression in RA FLS might also regulate constitutive MMP and cytokine production.  

Quantitative analysis of FLS tissue culture supernatants demonstrated that RasGRF1 over-expression 

had no effect on FLS production of MMP-1 (Figure 5A) or TIMP-1 (Figure 5B).  Additionally, the ratio 

of TIMP-1 expression relative to MMP-1 was unaffected (Figure 5C).  However, forced expression of 

RasGRF1 induced an approximately 150% increase in MMP-3 production (27.99 ng/ml ± 5.62) (mean 

± SEM) compared to FLS transfected with empty control vector alone (11.47 ng/ml ± 2.02) (p < 0.05) 

(Figure 5D).  Enhancing RasGRF1 expression had no effect on spontaneous IL-6 production by RA FLS 

(Figure 5E), but did increase spontaneous IL-8 secretion by approximately 2-fold (p < 0.05) (Figure 

5F).  To determine if RasGRF1 was required for spontaneous MMP or cytokine production, we silenced 

RasGRF1 gene expression using LNA.  Again, modulation of RasGRF1 expression failed to influence 

MMP-1 and TIMP-1 production, or the ratio of TIMP-1 relative to MMP-1 (Figure 6A-C).  A significant 

suppression of spontaneous MMP-3 production was observed in tissue culture supernatants of FLS 

transduced with RasGRF1-specific LNA (Figure 6D) (p < 0.05), as compared to FLS treated with trans-

fection reagent alone or in combination with control scrambled LNA.  Although over-expression of 

RasGRF1 in RA FLS failed to enhance basal IL-6 production (Figure 5E), IL-6 levels were significantly 

decreased following silencing of RasGRF1 expression (Figure 6E) (p < 0.05).  An apparent 67% reduc-

tion in spontaneous IL-8 production was also noted, but this did not reach statistical significance (p= 

0.069) (Figure 6F).

Figure 4 / RasGRF1 is expressed as a truncated protein in FLS.
(a) Immunoblot analysis of RasGRF1 in RA and OA FLS. 140, 98, 75 and 54 kDa proteins reacting with RasGRF1 
antibodies are indicated on the left of the panel by arrowheads. Relative mobility of molecular weight standards 
(kDa) are indicated to the right of the panel. (b) Expression of 140, 98, 75, and 54 kDa RasGRF1 polypeptides, as 
well as total RasGRF1 signal, normalized to tubulin expression was quantified in RA (n = 5) and OA (n = 5) FLS 
lines, and expressed as mean optical density ± SEM. (c) Overexpression of RasGRF1 in RA FLS. RA FLS were treated 
with transfection reagent alone (mock) or transfected with empty (control) vector or vector encoding RasGRF1, 
and cell lysates immunoblotted with antibodies against RasGRF1 (upper panel) and tubulin (lower panel). Expres-
sion of full-length and truncated RasGRF1 polypeptides is indicated with arrows, and a 60 kDa polypeptide with 
an asterisk. (d) Expression of 140, 98, 75, and 54 kDa RasGRF1 polypeptides following transfection of RA FLS with 
empty vector or RasGRF1, normalized to tubulin expression, was quantified and expressed as mean optical density 
± SEM (middle panel) (n=4). (e) Silencing of RasGRF1 expression with LNA. RA FLS were treated with transfection 
reagent alone (mock) or transduced with control or RasGRF1 LNA and lysates assessed for expression of RasGRF1 
(upper panel) and tubulin (lower panel) by immunoblotting and (f) quantitative analysis as in (d). * p < 0.05, ** p< 
0.01 compared to controls.
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Figure 6 / Effect of RasGRF1 gene silencing on RA FLS MMP and cytokine production.
Tissue culture supernatants from RA FLS treated with transfection reagent alone (mock) or transfected with con-
trol or RasGRF1 LNA were harvested and assessed for production of MMP-1 (a), TIMP-1 (b), the ratio of TIMP-1 to 
MMP-1 (c), MMP-3 (d), IL-6 (e) (n = 4 each) and (f) IL-8 (n = 3) by ELISA. * p < 0.05 compared to controls.

Relationship Between RasGRF1 Expression and MMP Production in RA Synovial Tis-
sue
Our in vitro data indicated an important role for RasGRF1 in regulating MMP-3 expression in RA 

FLS.  We therefore examined if expression of RasGRF1 was associated with MMP-3 production in RA 

synovial tissue.  Immunohistochemical analysis demonstrated that MMP-1, MMP-3, and IL-6 were 

readily detected in RA synovial tissue (Figure 7A).  RasGRF1 expression demonstrated a strong posi-

tive correlation (R= 0.81, P = 0.022) with MMP-1 in the RA synovial sublining, but not in the intimal 

lining layer (Figure 7B).  Instead, a positive correlation between RasGRF1 and MMP-3 expression was 

observed in the intimal lining layer (R = 0.70, P = 0.043).  In non-RA patients, no association between 

RasGRF1 and MMP-1 (synovial sublining: R = 0.17, P = 0.703; intimal lining layer: R = -0.89, P = 0.083) 

or MMP-3 (synovial sublining: R = 0.83, P = 0.058; intimal lining layer: R = -0.20, P= 0.917) expression 

was observed (data not shown).  No correlation was observed between RasGRF1 expression and IL-6 

Figure 5 / Effect of RasGRF1 over-expression on RA FLS MMP and cytokine production.
Tissue culture supernatants from RA FLS transfected with empty vector or RasGRF1 were harvested and assessed 
for production of (a) MMP-1, (b) TIMP-1, (c) the ratio of TIMP-1 to MMP-1, (d) MMP-3, (e) IL-6 (n = 4 each) and 
(f) IL-8 (n = 3) by ELISA. * p < 0.05 compared to controls.
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Figure 8 / Double immunofluorescence labeling of RasGRF1, MMP-1 and MMP-3 in RA synovial tissue.
RA synovial tissue was stained with combinations of anti-RasGRF1 and either anti-MMP1 (upper panels) or anti-
MMP-3 (lower panels). Sections were then stained with fluorochrome-conjugated anti-rabbit Ig (red) and anti-
mouse IgG (green) antibodies to visualize RasGRF1 and MMP expression, respectively. Colocalization of RasGRF1 
with MMPs is visualized by yellow staining in merged images (right panels).

expression in either RA or non-RA patient cohorts (Figure 7B, and data not shown).  Double immu-

nofluorescent staining revealed colocalization of RasGRF1 with MMP-1 and MMP-3 in RA synovial tis-

sue (Figure 8).  Colocalization of RasGRF1 with MMP-1 was observed in the synovial sublining (Figure 

8, upper panels), while RasGRF1 colocalization with MMP-3 was restricted to the intimal lining layer 

(Figure 8, lower panels).  Together, these data indicate that RasGRF1 may contribute to RA FLS MMP-3 

production in vivo.

Figure 7 / Association of RasGRF1 expression with MMP production in RA synovial tissue.
(a) Representative stainings of RA synovial tissue with control and anti- MMP-1, MMP-3, and IL-6 antibodies 
(magnification x 100). (b) Correlation of Ras signaling protein expression with MMP-1 and MMP-3 production in 
RA synovial tissue. Pearson R values (R) and P values are indicated.
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Discussion

Our results demonstrate that RasGRF1 regulates spontaneous MMP-3 production in RA FLS, and sug-

gest that over-expression of RasGRF1 sensitizes signaling pathways promoting MMP-3 production and 

joint destruction in RA.  RasGRF1 specifically activates H-Ras, but not other Ras homologues in vivo 

[28], and RasGRF1 activation of H-Ras induces constitutive MMP-9 production in human melanoma 

cells [27].  RasGRF1 can also activate the Rho family GTPase Rac1 [29,30], and a role for Rac1, po-

tentially via activation of JNK, has been recently shown in the regulation of RA FLS proliferation and 

invasiveness [40].  Data has been reported indicating that RasGRF1 can also stimulate GTP exchange 

on R-Ras in vitro, although this GEF activity has yet to be verified in vivo [41,42].

Our data raise the possibility that changes in expression of GEFs, such as RasGRF1, or negatively 

regulatory GAPs, may be more relevant to the pathology of RA than GTPase expression levels.  We 

observe a strong positive correlation between RasGRF1 expression in RA synovial tissue on one hand, 

and production of MMP-1 and MMP-3 on the other.  Such an association is not clearly observed in 

non-RA synovial tissue.  Consistent with the notion that RasGRF1 is involved in the regulation of 

MMPs, we find that RasGRF1 expression colocalizes to synovial cells producing MMP-1 and MMP-3 

in situ, and modulation of RasGRF1 in RA FLS in vitro regulates spontaneous MMP-3 production by 

these cells.  The inability of RasGRF1 modulation to regulate MMP-1 production in RA FLS, despite 

the positive association of expression of these proteins in the synovial sublining in vivo, may indicate 

that other RasGRF1-expressing cells, namely macrophages, are a more important source of MMP-1 in 

vivo.  Consistent with this, we observe a relationship between RasGRF1 and MMP-1 in the synovial 

sublining, rather than the intimal lining layer where FLS predominate.  Additionally, co-localization of 

cells expressing RasGRF1 and MMP-1 is most apparent in the synovial sublining layer.  Further direct 

studies will be needed to examine if RasGRF1 regulates MMP-1 production in synovial macrophages.  

Alternatively, RasGRF1-dependent secretion of IL-8 or other as yet unidentified inflammatory cy-

tokines may indirectly promote MMP-1 production in vivo through the recruitment and/or activation 

of leukocytes.

We provide additional in vitro evidence that although many FLS stimuli regulate both MMP-1 and 

MMP-3 expression, regulation of these two proteases is not requisitely coupled.  For instance, adhe-

sion of RA FLS to laminin-111 in the presence of tumor growth factor-β induces expression of MMP-3 

but not MMP-1 [43].  Inhibition of JNK can partially block TNF-α -induced MMP-1 production by RA 

FLS, MMP-3 production is independent of JNK [44].  Reciprocally, mitogen-activated protein kinase-

activated protein kinase 2 (MK2) regulates MMP-3 secretion, but not MMP-1, in OA chondrocytes [45].  

That regulation of MMP-1 is uncoupled from that of MMP-3 likely reflects differential utilization of 

NF-κB, AP-1, Ets, and hypoxia-inducible factor-1α transcription factors by the promoters of the MMP-

De rol van RasGTPase als een signaal-
molecuul in RA fibroblast-achtige
synoviocyten versterkt de parallel
tussen RA en kanker
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Conclusions

RasGRF1 expression and post-translational modifications regulate spontaneous MMP-3 production in 

RA FLS, and is associated with MMP-3 production in RA synovial tissue.  Contributions of RasGRF1 to 

MMP-3 production in RA and other forms of arthritis will likely depend upon 1) RasGRF1 expression 

levels, 2) the extent of activating post-translational modifications of RasGRF1, and 3) the strength 

of extracellular stimuli leading to activation of residual full-length RasGRF1.  Our data suggest a 

molecular mechanism by which Ras signaling pathways might contribute to the semi-transformed 

and invasive phenotype of RA FLS in the absence of oncogenic mutations in Ras superfamily GTPases. 

List of abbreviations
AP = alkaline phosphatase; 

DN = dominant-negative; 

ELISA = enzyme-linked immunosorbent assay; 

ERK = extra-cellular signal-regulated kinases; 

FCS = fetal calf serum; 

FLS = fibroblast-like synoviocyte; 

GEF = guanine nucleotide exchange factor; 

HRP = horseradish peroxidase; 
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RasGRF1 = Ras guanine nucleotide-releasing factor 1; 
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SLE = systemic lupus erythematosis; 

TIMP-1 =  tissue inhibitor of metalloproteinases -1.

1 and MMP-3 genes [43,46,47].  Similarly, we find that RasGRF1 is necessary for spontaneous IL-6 

production by RA FLS, but over-expression of RasGRF1 is not sufficient to augment IL-6 secretion.  This 

may reflect a necessary coordination of RasGRF1 signaling with other signaling pathways, such as pre-

viously reported cooperative effects between Ras GTPase and c-myc pathways in the regulation of RA 

FLS activation [22].  Further definition of pathways by which RasGRF1 modulates MMP and cytokine 

production will require identification of the immediate downstream target(s) of this GEF in FLS.

While RasGRF1 expression is sufficient and required for spontaneous MMP-3 production in RA FLS, 

similar effects of RasGRF1 on MMP-1, TIMP-1 and IL-6 are not observed.   Stimuli which activate 

RasGRF1 include ligands for both tyrosine kinase receptors and G-protein-coupled receptor [48].  Ex-

amples of receptors known to regulate RasGRF1 and expressed in RA synovial tissue include those for 

lysophosphatidic acid and muscarinic acid, NMDA, and nerve growth factor [49-52].  In preliminary 

studies, we have found that silencing of RasGRF1 in RA FLS has no effect on TNF-α or IL-1β -induced 

MMP-3 production (data not shown).  RasGRF1 activity can also be regulated by post-translational 

modification, as calpain-dependent cleavage of RasGRF1 enhances Ras-activating capacity in vitro 

and in vivo [27,31].  Enhanced expression of RasGRF1 in RA compared to non-RA may sensitize RA FLS 

to produce MMPs in response to extracellular stimuli.  This would result from disease-specific extracel-

lular stimuli activating full-length RasGRF1, as well as constitutive signaling from post-translationally 

modified RasGRF1, such as the predominantly expressed 96 kDa carboxy-terminal fragment we ob-

serve in synovial tissue.  Identification of the protease(s) responsible for RasGRF1 cleavage in vivo may 

lead to new therapeutic strategies in the treatment of arthritis.



56

chapter 2 The Ras guanine nucleotide exchange factor RasGRF1 promotes MMP-3 production in rheu-
matoid arthritis synovial tissue 

57

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

References

1. Tak PP, Smeets TJ, Daha MR, Kluin PM, Meijers KA, Brand R, Meinders AE, Breedveld FC: Analysis 

of the synovial cell infiltrate in early rheumatoid synovial tissue in relation to local disease activity. 

Arthritis Rheum 1997, 40:217-225.

2. Tak PP, Zvaifler NJ, Green DR, Firestein GS: Rheumatoid arthritis and p53: how oxidative stress 

might alter the course of inflammatory diseases. Immunol Today 2000, 21:78-82.

3. Fassbender HG: Histomorphological basis of articular cartilage destruction in rheumatoid arthri-

tis. Coll Relat Res 1983, 3:141-155.

4. Lafyatis R, Remmers EF, Roberts AB, Yocum DE, Sporn MB, Wilder RL: Anchorage-independent 

growth of synoviocytes from arthritic and normal joints. Stimulation by exogenous platelet-derived 

growth factor and inhibition by transforming growth factor-beta and retinoids. J Clin Invest 1989, 

83:1267-1276.

5. Huber LC, Distler O, Tarner I, Gay RE, Gay S, Pap T: Synovial fibroblasts: key players in rheumatoid 

arthritis. Rheumatology (Oxford) 2006, 45:669-675.

6. Roivainen A, Zhu F, Sipola E, Yli-Jama T, Toivanen P: Failure to verify H-ras mutations in arthritic 

synovium: comment on the article by Roivainen et al. Arthritis Rheum 2001, 44:2705.

7. Pap T, Franz JK, Hummel KM, Jeisy E, Gay R, Gay S: Activation of synovial fibroblasts in rheu-

matoid arthritis: lack of Expression of the tumour suppressor PTEN at sites of invasive growth and 

destruction. Arthritis Res 2000, 2:59-64.

8. Sweeney SE, Firestein GS: Signal transduction in rheumatoid arthritis. Curr Opin Rheumatol 2004, 

16:231-237.

9. Colicelli J: Human RAS superfamily proteins and related GTPases. Sci STKE 2004, 2004:RE13.

10. Bos JL, Rehmann H, Wittinghofer A: GEFs and GAPs: critical elements in the control of small G 

proteins. Cell 2007, 129:865-877.

11. Raaijmakers JH, Bos JL: Specificity in Ras and Rap signaling. J Biol Chem 2008.

Competing interests

The authors declare no competing interests.

Authors’ contributions

JRFA performed and evaluated the immunohistochemical experiments, and contributed to the draft-

ing of the manuscript.  DdL performed the in vitro experiments and contributed to the drafting of 

the manuscript.  MES and AMG also contributed to the in vitro experiments.  MvdS provided patient 

material and assembled and evaluated patient clinical data.  PPT contributed to the study design and 

evaluation of data.  KAR conceived the study, and contributed to the evaluation of the data and draft-

ing of the manuscript.  All authors read and approved the final manuscript.

 

Acknowledgements

We would like to thank Dr. TJM Smeets and Ms. M. Vinkenoog for assistance with digital image analysis 

experiments, and D. Groot for technical assistance.  This research was supported by a Dutch Arthritis 

Association project grant (NR 04-1-301) to KAR.



58

chapter 2 The Ras guanine nucleotide exchange factor RasGRF1 promotes MMP-3 production in rheu-
matoid arthritis synovial tissue 

59

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

21. Yamamoto A, Fukuda A, Seto H, Miyazaki T, Kadono Y, Sawada Y, Nakamura I, Katagiri H, Asano 

T, Tanaka Y et al.: Suppression of arthritic bone destruction by adenovirus-mediated dominant-

negative Ras gene transfer to synoviocytes and osteoclasts. Arthritis Rheum 2003, 48:2682-2692.

22. Pap T, Nawrath M, Heinrich J, Bosse M, Baier A, Hummel KM, Petrow P, Kuchen S, Michel BA, 

Gay RE et al.: Cooperation of Ras- and c-Myc-dependent pathways in regulating the growth and 

invasiveness of synovial fibroblasts in rheumatoid arthritis. Arthritis Rheum 2004, 50:2794-2802.

23. Na HJ, Lee SJ, Kang YC, Cho YL, Nam WD, Kim PK, Ha KS, Chung HT, Lee H, Kwon YG et al.: In-

hibition of farnesyltransferase prevents collagen-induced arthritis by down-regulation of inflamma-

tory gene expression through suppression of p21(ras)-dependent NF-kappaB activation. J Immunol 

2004, 173:1276-1283.

24. Layer K, Lin G, Nencioni A, Hu W, Schmucker A, Antov AN, Li X, Takamatsu S, Chevassut T, 

Dower NA et al.: Autoimmunity as the consequence of a spontaneous mutation in Rasgrp1. Immu-

nity 2003, 19:243-255.

25. Cedeno S, Cifarelli DF, Blasini AM, Paris M, Placeres F, Alonso G, Rodriguez MA: Defective activ-

ity of ERK-1 and ERK-2 mitogen-activated protein kinases in peripheral blood T lymphocytes from 

patients with systemic lupus erythematosus: potential role of altered coupling of Ras guanine nucle-

otide exchange factor hSos to adapter protein Grb2 in lupus T cells. Clin Immunol 2003, 106:41-49.

26. Yasuda S, Stevens RL, Terada T, Takeda M, Hashimoto T, Fukae J, Horita T, Kataoka H, Atsumi 

T, Koike T: Defective expression of Ras guanyl nucleotide-releasing protein 1 in a subset of patients 

with systemic lupus erythematosus. J Immunol 2007, 179:4890-4900.

27. Zhu TN, He HJ, Kole S, D’Souza T, Agarwal R, Morin PJ, Bernier M: Filamin A-mediated Down-

regulation of the Exchange Factor Ras-GRF1 Correlates with Decreased Matrix Metalloproteinase-9 

Expression in Human Melanoma Cells. J Biol Chem 2007, 282:14816-14826.

28. Jones MK, Jackson JH: Ras-GRF activates Ha-Ras, but not N-Ras or K-Ras 4B, protein in vivo. J 

Biol Chem 1998, 273:1782-1787.

29. Kiyono M, Satoh T, Kaziro Y: G protein beta gamma subunit-dependent Rac-guanine nucleotide 

exchange activity of Ras-GRF1/CDC25(Mm). Proc Natl Acad Sci U S A 1999, 96:4826-4831.

12. Jaffe AB, Hall A: Rho GTPases: Biochemistry and biology. Annual Review of Cell and Developmen-

tal Biology 2005, 21:247-269.

13. Iden S, Collard JG: Crosstalk between small GTPases and polarity proteins in cell polarization. Nat 

Rev Mol Cell Biol 2008, 9:846-859.

14. Trabandt A, Aicher WK, Gay RE, Sukhatme VP, Nilson-Hamilton M, Hamilton RT, McGhee JR, 

Fassbender HG, Gay S: Expression of the collagenolytic and Ras-induced cysteine proteinase cathe-

psin L and proliferation-associated oncogenes in synovial cells of MRL/I mice and patients with 

rheumatoid arthritis. Matrix 1990, 10:349-361.

15. Roivainen A, Soderstrom KO, Pirila L, Aro H, Kortekangas P, Merilahti-Palo R, Yli-Jama T, 

Toivanen A, Toivanen P: Oncoprotein expression in human synovial tissue: an immunohistochemical 

study of different types of arthritis. Br J Rheumatol 1996, 35:933-942.

16. Tak PP, Firestein GS: NF-kappaB: a key role in inflammatory diseases. J Clin Invest 2001, 

107:7-11.

17. Schett G, Tohidast-Akrad M, Smolen JS, Schmid BJ, Steiner CW, Bitzan P, Zenz P, Redlich K, 

Xu Q, Steiner G: Activation, differential localization, and regulation of the stress-activated protein 

kinases, extracellular signal-regulated kinase, c-JUN N-terminal kinase, and p38 mitogen-activated 

protein kinase, in synovial tissue and cells in rheumatoid arthritis. Arthritis Rheum 2000, 43:2501-
2512.

18. Zhang HG, Wang Y, Xie JF, Liang X, Liu D, Yang P, Hsu HC, Ray RB, Mountz JD: Regulation of 

tumor necrosis factor alpha-mediated apoptosis of rheumatoid arthritis synovial fibroblasts by the 

protein kinase Akt. Arthritis Rheum 2001, 44:1555-1567.

19. Remans PH, Gringhuis SI, van Laar JM, Sanders ME, Papendrecht-van der Voort EA, Zwartkruis 

FJ, Levarht EW, Rosas M, Coffer PJ, Breedveld FC et al.: Rap1 signaling is required for suppression 

of Ras-generated reactive oxygen species and protection against oxidative stress in T lymphocytes. J 

Immunol 2004, 173:920-931.

20. Remans PH, Wijbrandts CA, Sanders ME, Toes RE, Breedveld FC, Tak PP, van Laar JM, Reedquist 

KA: CTLA-4IG suppresses reactive oxygen species by preventing synovial adherent cell-induced in-

activation of Rap1, a Ras family GTPASE mediator of oxidative stress in rheumatoid arthritis T cells. 

Arthritis Rheum 2006, 54:3135-3143.



60

chapter 2 The Ras guanine nucleotide exchange factor RasGRF1 promotes MMP-3 production in rheu-
matoid arthritis synovial tissue 

61

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

40. Chan A, Akhtar M, Brenner M, Zheng Y, Gulko PS, Symons M: The GTPase Rac regulates the pro-

liferation and invasion of fibroblast-like synoviocytes from rheumatoid arthritis patients. Molecular 

Medicine 2007, 13:297-304.

41. Ohba Y, Mochizuki N, Yamashita S, Chan AM, Schrader JW, Hattori S, Nagashima K, Matsuda 

M: Regulatory proteins of R-Ras, TC21/R-Ras2, and M-Ras/R-Ras3. J Biol Chem 2000, 275:20020-
20026.

42. Overbeck AF, Brtva TR, Cox AD, Graham SM, Huff SY, Khosravi-Far R, Quilliam LA, Solski PA, 

Der CJ: Guanine nucleotide exchange factors: activators of Ras superfamily proteins. Mol Reprod Dev 

1995, 42:468-476.

43. Warstat K, Pap T, Klein G, Gay S, Aicher WK: Co-activation of synovial fibroblasts by laminin-111 

and transforming growth factor-beta induces expression of matrix metalloproteinases 3 and 10 in-

dependently of nuclear factor-kappaB. Ann Rheum Dis 2008, 67:559-562.

44. Kunisch E, Gandesiri M, Fuhrmann R, Roth A, Winter R, Kinne RW: Predominant activation of 

MAP kinases and pro- destructive/pro-inflammatory features by TNF-alpha in early-passage, rheu-

matoid arthritis and osteoarthritis synovial fibroblasts via tumor necrosis factor receptor- 1: Failure 

of p38 inhibition to suppress matrix metalloproteinase-1 in rheumatoid arthritis. Ann Rheum Dis 

2007.

45. Jones SW, Brockbank SM, Clements KM, Le GN, Campbell D, Read SJ, Needham MR, Newham 

P: Mitogen-activated protein kinase-activated protein kinase 2 (MK2) modulates key biological path-

ways associated with OA disease pathology. Osteoarthritis Cartilage 2009, 17:124-131.

46. Ahn JK, Koh EM, Cha HS, Lee YS, Kim J, Bae EK, Ahn KS: Role of hypoxia-inducible factor-1alpha 

in hypoxia-induced expressions of IL-8, MMP-1 and MMP-3 in rheumatoid fibroblast-like synovio-

cytes. Rheumatology (Oxford) 2008, 47:834-839.

47. Buttice G, Duterque-Coquillaud M, Basuyaux JP, Carrere S, Kurkinen M, Stehelin D: Erg, an Ets-

family member, differentially regulates human collagenase1 (MMP1) and stromelysin1 (MMP3) gene 

expression by physically interacting with the Fos/Jun complex. Oncogene 1996, 13:2297-2306.

48. Cullen PJ, Lockyer PJ: Integration of calcium and Ras signalling. Nat Rev Mol Cell Biol 2002, 

3:339-348.

30. Innocenti M, Zippel R, Brambilla R, Sturani E: CDC25(Mm)/Ras-GRF1 regulates both Ras and Rac 

signaling pathways. FEBS Lett 1999, 460:357-362.

31. Baouz S, Jacquet E, Bernardi A, Parmeggiani A: The N-terminal moiety of CDC25(Mm), a GDP/

GTP exchange factor of Ras proteins, controls the activity of the catalytic domain. Modulation by 

calmodulin and calpain. J Biol Chem 1997, 272:6671-6676.

32. Kraan MC, Reece RJ, Smeets TJ, Veale DJ, Emery P, Tak PP: Comparison of synovial tissues from 

the knee joints and the small joints of rheumatoid arthritis patients: Implications for pathogenesis 

and evaluation of treatment. Arthritis Rheum 2002, 46:2034-2038.

33. Arnett FC, Edworthy SM, Bloch DA, McShane DJ, Fries JF, Cooper NS, Healey LA, Kaplan SR, 

Liang MH, Luthra HS et al.: The American Rheumatism Association 1987 revised criteria for the clas-

sification of rheumatoid arthritis. Arthritis Rheum 1988, 31:315-324.

34. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, Christy W, Cooke TD, Greenwald 

R, Hochberg M et al.: Development of criteria for the classification and reporting of osteoarthritis. 

Classification of osteoarthritis of the knee. Diagnostic and Therapeutic Criteria Committee of the 

American Rheumatism Association. Arthritis Rheum 1986, 29:1039-1049.

35. Inman RD: Classification criteria for reactive arthritis. J Rheumatol 1999, 26:1219-1221.

36. Tak PP, van der Lubbe PA, Cauli A, Daha MR, Smeets TJ, Kluin PM, Meinders AE, Yanni G, Panayi 

GS, Breedveld FC: Reduction of synovial inflammation after anti-CD4 monoclonal antibody treat-

ment in early rheumatoid arthritis. Arthritis Rheum 1995, 38:1457-1465.

37. Haringman JJ, Vinkenoog M, Gerlag DM, Smeets TJ, Zwinderman AH, Tak PP: Reliability of com-

puterized image analysis for the evaluation of serial synovial biopsies in randomized controlled trials 

in rheumatoid arthritis. Arthritis Res Ther 2005, 7:R862-R867.

38. Kasperkovitz PV, Timmer TC, Smeets TJ, Verbeet NL, Tak PP, van Baarsen LG, Baltus B, Huizinga 

TW, Pieterman E, Fero M et al.: Fibroblast-like synoviocytes derived from patients with rheumatoid 

arthritis show the imprint of synovial tissue heterogeneity: evidence of a link between an increased 

myofibroblast-like phenotype and high-inflammation synovitis. Arthritis Rheum 2005, 52:430-441.

39. Mook OR, Baas F, De Wissel MB, Fluiter K: Evaluation of locked nucleic acid-modified small 

interfering RNA in vitro and in vivo. Mol Cancer Ther 2007, 6:833-843.



62

chapter 2 The Ras guanine nucleotide exchange factor RasGRF1 promotes MMP-3 production in rheu-
matoid arthritis synovial tissue 

49. Pozza M, Guerra M, Manzini E, Calza L: A histochemical study of the rheumatoid synovium: 

focus on nitric oxide, nerve growth factor high affinity receptor, and innervation. J Rheumatol 2000, 

27:1121-1127.

50. Zhao C, Fernandes MJ, Prestwich GD, Turgeon M, Di Battista J, Clair T, Poubelle PE, Bourgoin 

SG: Regulation of lysophosphatidic acid receptor expression and function in human synoviocytes: 

implications for rheumatoid arthritis? Mol Pharmacol 2008, 73:587-600.

51. Nochi H, Tomura H, Tobo M, Tanaka N, Sato K, Shinozaki T, Kobayashi T, Takagishi K, Ohta H, 

Okajima F et al.: Stimulatory role of lysophosphatidic acid in cyclooxygenase-2 induction by synovial 

fluid of patients with rheumatoid arthritis in fibroblast-like synovial cells. J Immunol 2008, 181:5111-
5119.

52. Flood S, Parri R, Williams A, Duance V, Mason D: Modulation of interleukin-6 and matrix metal-

loproteinase 2 expression in human fibroblast-like synoviocytes by functional ionotropic glutamate 

receptors. Arthritis Rheum 2007, 56:2523-2534.

 



64

chapter 3 Silencing expression of Ras family GTPase homologues decreases inflammation and joint 
destruction in experimental arthritis 

65

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

Silencing expression of Ras family GTPase homologues decreases 
inflammation and joint destruction in experimental arthritis 

D de Launay1, J Vreijling2, JRF Abreu1,

MA van Maanen1 MD PhD, ME Sanders1,

H Oerum3, MJ Vervoordeldonk1 PhD, K Fluiter2 PhD,

PP Tak1, MD PhD and KA Reedquist1 PhD.
1Division of Clinical Immunology and Rheumatology and
2Department of Neurogenetics, Academic Medical Center,

University of Amsterdam, Amsterdam, The Netherlands.
3Santaris Pharma A/S, Hørsholm, Denmark.

Submitted to American Journal of Pathology

chapter 3



66

chapter 3 Silencing expression of Ras family GTPase homologues decreases inflammation and joint 
destruction in experimental arthritis 

67

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

Introduction

Inflammation of affected joints in rheumatoid arthritis (RA) is characterized by infiltration of the 

synovial sublining by innate and adaptive immune cells, and intimal lining layer hyperplasia [1].  Initial 

in situ and in vitro studies of invasive RA stromal fibroblast-like synoviocytes (FLS) revealed striking 

similarities with transformed cells expressing mutated proto-oncogene and tumor suppressor products 

[2]. Hyperplastic FLS invading the joints of RA patients resemble proliferating tumor cells and in vitro, 

RA FLS proliferate more rapidly than FLS from inflammatory non-RA patients or healthy individuals 

[3]. In analogy to transformed cells, RA FLS also spontaneously secrete autocrines and matrix metal-

loproteinases (MMPs), display anchorage-independent growth, and are resistant to contact inhibition 

of proliferation [4,5].  While transforming mutations in gene products involved in cellular transforma-

tion, such as Ras and PTEN, have not been detected in RA FLS [6,7], it is appreciated that signaling 

pathways regulated by proto-oncogene and tumor suppressor gene products are constitutively acti-

vated due to stimulation by inflammatory cytokines, chemokines, growth factors, and oxidative stress 

in RA synovial tissue [8].

Ras family GTPase homologues (H-, K-, and N-Ras) are expressed throughout mammalian tissue, and 

play essential roles in coupling extracellular stimuli to multiple downstream signaling pathways [9].  

Ras homologues share high sequence identity, especially in their effector domain, which directly cou-

ples GTPases to downstream signaling proteins.  Under certain experimental conditions, Ras homo-

logues can redundantly activate a shared set of signaling pathways, including mitogen-activated pro-

tein (MAP) kinase cascades, phosphoinositide 3-kinase (PI3K) and Ral GTPases.  However, genetic and 

cell biology studies have provided strong evidence that each Ras homologue has distinct signaling 

properties.  Specificity in Ras homolog signaling is conferred by differential subcellular localization of 

each homolog, differences in selectivity for downstream effector proteins, differential expression of 

Ras effectors in tissues, and utilization of specific GEFs to activate Ras proteins [9,10].

Previous studies have demonstrated that Ras family homologues are present in RA synovial tissue, 

and preferentially expressed in the intimal lining layer [11,12].  Activation of Ras effector pathways, 

including MAP kinases, PI3K, and nuclear factor (NF)-κB, is enhanced in RA compared to disease con-

trols [13-15].  In RA synovial fluid T cells, constitutive activation of Ras proteins, in conjunction with 

inactivation of the related GTPase Rap1, contributes to persistent reactive oxygen species production 

by these cells [16].  A role for de-regulated H-Ras signaling in contributing to the aggressive pheno-

type of RA FLS has been suggested by the recent finding that Ras guanine nucleotide releasing factor 1 

(RasGRF1), a GEF specific for H-Ras, is over-expressed in an activated form in these cells, contributing 

to spontaneous MMP-3 production [17].  Conversely, ectopic expression of dominant-negative H-Ras 

suppresses interleukin (IL)-1β -induced extra-cellular signal-regulated kinase (ERK) activation and 
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proto-typical immune-mediated inflammatory disease.  Broad inhibition of Ras and related proteins 

has shown protective effects in animal models of arthritis, but each of the closely related Ras family 

homologues, H-Ras, K-Ras, and N-Ras, can make distinct contributions to cellular activation.  Here we 

examined the expression of each Ras protein in synovial tissue and FLS obtained from patients with RA 

and other forms of inflammatory arthritis.  Each Ras protein was expressed at similar levels in synovial 

tissue and cultured FLS, regardless of disease diagnosis. Each homolog was also activated following 

FLS stimulation with TNF-α or IL-1β.  Constitutively active mutants of each Ras protein enhanced 

IL-1β -induced FLS MMP-3 production, while only active H-Ras enhanced IL-8 production.  Gene 

silencing demonstrated that each Ras protein contributed to IL-1β-dependent IL-6 production, while 
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Material and Methods

Patients and Synovial Tissue Samples
Synovial biopsy samples were obtained from an actively inflamed knee or ankle joint from two independ-

ent cohorts of patients by arthroscopy as previously described [21].  Cohort I included 10 patients with RA, 

4 with inflammatory osteoarthritis (OA), and 7 with reactive arthritis (ReA), and characteristics of these 

patients have been previously described in detail [17].  Cohort II included patients with RA (n = 20) and 

psoriatic arthritis (PsA) (n = 19).  Patient characteristics of Cohort II are detailed in Table 1.  All patients 

met established criteria for RA, inflammatory OA, ReA and PsA, respectively [22-25].  Written informed 

consent was provided by all patients prior to participation in the study, and the study was approved by the 

Medical Ethics Committee of the Academic Medical Center, University of Amsterdam, The Netherlands. 

 

Table 1 / Characteristics of study patients

* RA= Rheumatoid Arthritis; PsA= Psoriatic Arthritis; MTX= methotrexate; No.= number; RF= rheumatoid factor; 
ESR= erythrocyte sedimentation rate; CRP= C-reactive protein; DAS28= Disease Activity Score 28.  Unless indi-
cated otherwise, values are expressed as the median (range).
#Difference in values between RA and PsA patient cohorts is statistically significant (P < 0.05).

IL-6 production in RA FLS [18].  Dominant-negative c-Raf kinase, which broadly binds to and inhibits 

Ras homologues and related Ras family members, suppresses epidermal growth factor-induced ERK 

and c-jun N-terminal kinase (JNK) activation in RA FLS, and reduces constitutive expression of MMPs 

[19].  Supporting this in vitro evidence that Ras protein signaling can contribute to pathogenic cel-

lular behavior in RA, strategies which broadly inhibit the function of Ras and related protein in vivo 

are protective in animal models of arthritis [18-20].  However, the involvement and requirement of 

specific Ras homologues in RA has not been examined.  In this study, we find that H-Ras, K-Ras, and 

N-Ras are widely expressed in the synovium and FLS of patients with RA and other forms of inflam-

matory arthritis.  Using ectopic expression of constitutively active Ras mutants and gene silencing 

strategies, we demonstrate that each Ras protein makes distinct but overlapping contributions to 

basal and IL-1β-induced FLS production of IL-6, IL-8, and MMP-3.  These results suggest the potential 

suitability of therapeutic strategies broadly targeting Ras family function in RA, and we observe that 

combinatorial silencing of H-, K-, and N-Ras in vivo reduces disease severity and joint destruction in 

murine collagen-induced arthritis (CIA).

 

Age, years
No. male/no. female
Disease durations, years
Swollen Joint Count
Tender Joint Count
No.receiving MTX
Dosage MTX, mg/wk#
No. erosive/No. non erosive
% RF positive
ESR, mg/hour
CRP, mg/liter
DAS28

RA (n=20)

52.0 (38-68)
11/9
12.0 (3-44)
12 (3-26)
8 (2-18)
19
15 (7.5-30)
14/5
85
19 (4-101)
4 (1-98)
6.0 (3.7-8.0)

PsA (n=19)

54.5 (35-70)
8/11
12.5 (4-22)
8 (1-32)
10 (2-48)
18
10 (2.5-20)
7/12
0
29 (4-59)
11 (3-51)
7.8 (3-12.6)
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Immunoblotting
Jurkat and RA FLS cell lines were lysed in Laemli’s 1x sample buffer, and the cellular extracts were 

resolved by electrophoresis on NuPage 4-12% Bis-Tris gradient gels (Invitrogen, Verviers, Belgium).  

Proteins were then transferred to polyvinylidene fluoride (PVDF) membranes (Invitrogen), followed by 

blocking of membranes with 1% milk (BioRad, Hercules, CA) in Tris-buffered saline, pH 8.0 containing 

0.05% Tween-20 (BioRad) (TBS/T).  Membranes were then incubated overnight at 4˚C with primary an-

tibodies in TBS/T.  Primary antibodies used in these studies included anti-Ras antibodies (as described 

above), and antibodies recognizing actin (Santa Cruz Biotechnology) and tubulin (Sigma Aldrich, St. 

Louis, MO).  Immunoblots were developed with secondary HRP-conjugated antibodies (BioRad) and 

enhanced chemiluminescence (ECL) (Pierce, Rockford, IL).

Detection Of Activated Ras Proteins
To measure Ras activation in FLS, cells were serum-starved overnight, and then stimulated in the ab-

sence or presence of TNF-α, IL-1β, or PMA/I for 5 minutes.  Cells were washed in cold PBS, lysed, and 

active GTP-bound Ras proteins were precipitated using c-Raf-Ras binding domain (RBD) immobilized 

on glutathione-agarose beads as previously described [16].  Bound Ras proteins were eluted with Lae-

mmli’s sample buffer and subjected to gel electrophoresis and immunoblotting as above

Quantitative Measurement Of Ras Homolog mRNA
RNA from samples was obtained using Trizol reagent according to the manufacturer’s instructions 

(Invitrogen).  cDNA was then synthesized using oligodT primer and SuperScriptII enzyme (Invitrogen).  

Quantitative (q) PCR was performed using a Lightcycler 480 as instructed by the manufacturer (Roche, 

Woerden, The Netherlands). Sequences of primers used for qPCR were: H-Ras forward, tttgaggacatc-

caccagtaca; H-Ras reverse, gccgagattccacagtgc; K-Ras forward, tgttcacaaaggttttgtctcc; K-Ras reverse, 

ccttataatagtttccattgccttg; N-Ras forward, cagaggcagtggagcttga; N-Ras reverse, gcttttcccaacaccacct; 

hATPase 6 Uprobe 23 forward, cataatgacccaccaatcaca; hATPase 6 Uprobe 23 reverse, gagagggcccctgt-

tagg (Roche).  qPCR reactions for each sample were performed in quadruplicate and values corrected 

using control hATPase 6 to calibrate.

Locked Nucleic Acid (LNA) Synthesis 
LNA oligonucleotides were synthesized by Santaris Pharma A/S (Hørsholm, Denmark) using β-D-LNA 

monomers (Santaris Pharma A/S). Syntheses were synthesized with complete phosphorothioate back-

bones using the phosphoramidite approach [29] on an ÄKTA Oligopilot (GE Healthcare) and polystyrene 

primer support. LNA were purified by ion exchange, desalted, characterized by liquid chromatography/

mass spectrometry (Agilent), and the molecular mass of LNA verified by matrix-assisted laser desorp-

tion ionization time-of-flight mass spectrometry (MALDI-TOF) on a Biflex III MALDI (Brucker Instru-

ments, Leipzig, Germany).  The oligonucleotide sequences of LNA used in this study were (5’-3’; capital 

Immunohistochemical Analysis
Serial sections from six different biopsy samples per patient were cut with a cryostat (5 µm), fixed with 

acetone, and endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide and 0.1% 

sodium azide in phosphate-buffered saline (PBS).  Sections were stained overnight at 4ºC with murine 

monoclonal antibodies recognizing Ras proteins (pan-Ras, Cell Signaling, Beverly, MA), H-Ras (F235), 

K-Ras (F234), N-Ras (F155) (all from Santa Cruz Biotechnology, Santa Cruz, CA).  For control sections, 

primary antibodies were omitted or irrelevant immunoglobulins were applied.  Sections were then 

washed and incubated with goat anti-mouse horseradish peroxidase (HRP)-conjugated antibodies 

(from Dako, Glostrup, Denmark), followed by incubation with biotinylated tyramide and streptavidin-

HRP, and development with amino-ethylcarbazole (AEC, Vector Laboratories, Buringame, CA) [26].  

Sections were then counterstained with Mayer’s hematoxylin (Perkin Elmer Life Sciences, Boston, MA) 

and mounted in Kaiser’s glycerol gelatin (Merck, Darmstadt, Germany) for analysis.

Immunohistochemical Double Staining
To detect potential cell-specific expression of Ras homologues in RA synovial tissue, tissue sections 

were incubated with Ras proteins overnight at 4°C, followed by incubation with goat anti-mouse-HRP.  

Sections were then labeled for one hour at room temperature with FITC-conjugated antibodies to de-

tect T lymphocytes (anti-CD3, clone SK7, Beconton Dickinson, San Jose, CA), FLS (anti-CD55, mAB67, 

Serotec, Oxford, UK), and macrophages (anti-CD68, clone DK25, Dako), followed by rabbit anti-FITC 

antibodies (Dako) and swine anti-rabbit Ig-alkaline phosphatase (AP) conjugate (Dako) for 30 minutes 

each.  HRP staining was developed as above, and AP staining was visualized using an AP Substrate III 

kit (SK-5300, Vector Laboratories) according to the manufacturer’s instructions.

Digital Image Analysis
Stained slides were randomly coded by an observer blinded to antibodies used and clinical diagnosis, 

and analyzed by computer-assisted image analysis using the Qwin analysis system (Leica, Cambridge, 

UK) as previously described in detail [27].  Values of integrated optical densities (IOD)/mm2 were ob-

tained for both the intimal lining layer and the synovial sublining, and corrected for total number of 

nucleated cells/mm2.

Cell Culture
The human Jurkat T cell leukemia line, RA FLS and PsA FLS were cultured as previously described 

[16,28].  FLS were isolated from patient synovial biopsy samples by enzymatic digestion.  FLS were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL, Paisley, Scotland, U.K) containing 

10% FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin (all from Invitrogen, 

Breda, The Netherlands).  Experiments were conducted using fourth to ninth passage FLS, and all ex-

periments were conducted with FLS plated in 6-well tissue culture dishes.  
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Histological and Radiological Analyses
Hind paws were fixed in 10% buffered formalin for 48 hours, decalcified in 15% ethylenediamine-

tetraacetic acid (EDTA), and then embedded in paraffin.  Saggital serial sections of the paws (5 µm) 

were stained with hematoxylin and eosin, or Safranin O, as previously described (30). Inflammation was 

graded on a scale from 0 (no inflammation) to 3 (severely inflamed joint) based on infiltration of the 

synovium by inflammatory cells. Cartilage erosion was scored using a semi-quantitative scoring system 

from 0 (no erosions) to 3 (extended erosions).  Two observers without knowledge of the treatment 

groups scored viewed X-rays and scored joint destruction based on a scale from 0 to 4: 0, no damage; 

1, minor bone destruction observed in one enlightened spot; 2, moderate changes, two to four spots 

in one area; 3, severe erosions afflicting the joint; and 4, complete destruction of the joints.

Determination of Anti-collagen Antibodies by ELISA
Maxisorb 96-well plates (Nunc, Roskilde, Denmark) were coated with 5 µg/ml bovine collagen type 

II (bCII) in 0.1 M sodium carbonate buffer (pH 9.7) overnight at 4°C.  Plates were then blocked for 1 

hour with 2% milk in PBS at room temperature.  Mouse sera were added in serial dilutions in 2% milk/

PBS, and incubated overnight at 4°C, followed by washing and incubation with 1 µg/ml biotinylated 

rat anti-mouse IgG1 or IgG2a (Southern Biotechnology Associates, Birmingham, AL) in 2% milk/PBS 

for 1 hour at room temperature. After washing, plates were incubated with streptavidin-conjugated 

AP (Jackson ImmunoResearch, Newmarket, Suffolk, UK) for 1 hour at room temperature, washed, 

developed with p-nitrophenyl phosphate substrate (Sigma-Aldrich, St Louis, MO), and the reaction 

quenched with 2M H2SO4.  The resulting optical density (OD) was measured at 415 nm.

Statistical analyses
Wilcoxon’s nonparametric signed ranks test was used to compare protein expression between intimal 

lining layer and the synovial sublining layer within diagnostic groups.  The Mann-Whitney U test was 

used for the comparison of Ras homolog expression between diagnostic groups.  ELISA results were 

examined using Student’s t-test.  In murine arthritis experiments, the change in clinical arthritis scores 

for each mouse following booster immunization was determined and the areas under the curve calcu-

lated.  The significance of the differences between the means of delta paw swelling, radiological, and 

histologic scores between groups was determined by using the unpaired Student’s t-test.  P values ≤ 

0.05 were considered statistically significant.

letters, LNA; lowercase letters, DNA; C, methylcytosine):  H-Ras, TCCgtcatcgctCCTc; K-Ras, CACaagtt-

tatattCAGt; N-Ras, GGAttgtcagtGCGc; scrambled, ACTagctatactagCTAt; pan-Ras, CATGgcactgtacTCCt.

Cell Transfection and Gene Silencing
Jurkat cells were transfected by electroporation (250 V, 950 µF) with 40 µg empty pEF-BOS vector, or 

empty vector plus increasing quantities (3, 10, and 30 µg) of pEF-BOS encoding H-Ras, K-Ras, or N-Ras 

(kindly provided by Dr. R. Mareis, ICRF, London, UK).  Jurkat cells were harvested and lysed 48 hours 

post-transfection.  RA FLS transfection was performed using 5 µg empty pEF-BOS plasmid or plasmid 

encoding active Ras homologs, using 12.5 µl Lipofectamine 2000 transfection reagent (Invitrogen).  

24 hours post-transfection, medium was replaced with DMEM containing 1% FCS, and cells cultured 

for 24 hours in the absence or presence of additional stimuli prior to analysis of cells and culture 

supernatants.  LNA transductions were performed in six-well culture plates using increasing concen-

trations of LNA (up to 50 nM) mixed with Lipofectamine 2000 and serum-free DMEM medium, as per 

the manufacturer’s instructions.   After overnight incubation, transduction medium was replaced with 

fresh DMEM containing 1% FCS. 

Cytokine and MMP-3 Measurement
Transfected and transduced RA FLS were cultured 24 hours in the absence or presence of 10 ng/ml IL-

1β and cell-free supernatants were collected.  ELISA kits for IL-6, IL-8 (both from Sanquin Reagents, 

Amsterdam, The Netherlands) and MMP-3 (R&D Systems Europe, Ltd., Abingdon, UK) were used ac-

cording to the manufacturers’ directions.

Animals, Induction and Assessment of Collagen-Induced Arthritis (CIA)
C57BL/6 mice (Harlan, Horst, The Netherlands) were housed under conventional conditions and fed 

ad libitum.  All animal experiments were approved by the animal ethical committee of the Academic 

Medical Center, University of Amsterdam.  Mice (8-11 weeks of age) were immunized with chicken col-

lagen type II (cCII, Chondrex, Inc., Redmond, WA), dissolved at 2 mg/ml in 0.05M acetic acid by gently 

stirring overnight at 4°C, mixed with complete Freund’s adjuvant (CFA) (2 mg/ml of Mycobacterium 

tuberculosis, Chondrex, Inc.).  The immunization was performed by intradermal injection at the base 

of the tail on Day 0 using a 100 µl emulsion containing 100 µg cCII and 250 CFA.   Starting on Day 

14, mice were randomly assigned to one of four groups (n =8 per group), and treated intraperitoneally 

with 1 or 4 mg/kg/day with control or pan-Ras LNA.  On Day 21, mice received a repeat immunization 

with cCII in CFA.  Mice were monitored 3 times per week in a blinded manner for clinical signs of ar-

thritis, using a semi-quantitative scoring system (0 to 4): 0, normal; 1, redness and/or swelling in one 

joint; 2, redness and/or swelling in more than one joint; 3, redness and/or swelling in the entire paw; 

and 4, deformity and/or ankylosis.  Hind paw ankle thickness was measured using a dial caliper (POCO 

2T 0- to 10-mm test gauge; Kroeplin Längenmesstechnik, Schlüchtern, Germany).
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Results
 
Immunoreactivity of Ras antibodies
Previous studies of Ras protein expression in RA synovial tissue have been limited to semi-quantitative 

analysis of positive staining cells using pan-Ras antibodies which do not discriminate between Ras 

homologues [11,12].  To gain more insight into which Ras homologues were recognized by the pan-Ras 

antibody, we transfected Jurkat T cells with increasing amounts of cDNA encoding H-, K-, or N-Ras 

(Figure 1A).  Immunoblotting of lysates demonstrated that the pan-Ras monoclonal antibody recog-

nized primarily H- and K-Ras.  Of importance, immunoblotting with monoclonal antibodies specific 

for H-, K-, and N-Ras validated the specificity of these antibodies.  We next qualitatively addressed 

the question of Ras signaling protein expression levels in RA synovial tissue.  Consistent with previous 

studies [12], pan-Ras antibodies weakly but specifically stained RA synovial tissue (Figure 1B).  Each 

of the signaling proteins examined, H-Ras, K-Ras, and N-Ras, were expressed in both RA and inflam-

matory OA synovial tissue (Figure 1B).  In contrast, no staining was observed with negative control 

antibodies (Figure 1C).  Qualitative double labeling of RA synovial tissue with antibodies recognizing 

Ras homologues and markers for T lymphocytes (CD3), FLS (CD55), and macrophages (CD68) (Figure 

1D) revealed that H-Ras and N-Ras were detected in all cell types studied.  K-Ras expression was more 

restricted, detectable only in FLS and macrophages.  

Remmers van Ras GTPases zijn goede
targets voor de behandeling van artritis
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Ras homolog expression patterns in RA and non-RA synovial tissue
No differences were noted in pan-Ras antibody staining between RA synovial sublining and intimal 

lining layers.  However, staining in the synovial sublining of RA patients was significantly higher than 

that observed in non-RA (inflammatory OA and ReA) patients (p < 0.05) (Figure 2A).  H-Ras expression 

was significantly enhanced in the intimal lining layer of both RA (p < 0.01) and non-RA (p < 0.005) as 

compared to synovial sublining tissue. No differences in expression of H-, K-, or N-Ras were observed 

between diagnostic groups.  We also examined reactivity of pan-Ras and Ras homolog –specific anti-

bodies in a second cohort of 20 RA and 19 PsA patients (Figure 2B).  Again, pan-Ras antibody staining 

in RA synovial sublining tissue was significantly enhanced (p < 0.05).  In this cohort, H-Ras expression 

was also significantly higher in the intimal lining layer of RA and PsA patients (p < 0.01) than in the 

synovial sublining layer, and H-Ras expression in this synovial region was elevated in RA compared 

to PsA (p < 0.05).  No differences between diagnostic groups or synovial intimal lining and sublining 

layers were noted for N-Ras or K-Ras expression.

Figure 2 / Ras homologues are expressed at similar levels in the synovialtissue of patients with RA 

and other forms of inflammatory arthritis.
Quantitative analysis of immunoreactivity of pan-Ras, H-Ras, K-Ras, and N-Ras antibodies in the synovial lin-
ing (Lin) and sublining (Sub) of patients as determined by immunohistochemistry and digital imaging. (a) Ras 
antibody reactivity in patients with RA (n = 10), non-RA inflammatory arthritis (inflammatory OA, n = 4; ReA, n = 
7). (b) Ras antibody reactivity in patients with RA (n = 20) and PsA (n = 19). Data is expressed as the integrated 
optical density (IOD)/ mm2 (arbitrary units). Box plots represent the 25th to 75th percentiles, the lines within each 
box the median, and lines outside the boxes designate the 10th and 90th percentiles. *p < 0.05, **p < 0.01.

Figure 1 / Ras family homologues are expressed in the synovial tissue of patients with inflammatory 
arthritis.
(a) Jurkat cells were transfected with control cDNA (mock) or increasing concentrations (µg) of cDNA encoding 
active H-, K-, and N-RasV12 cDNA as indicated. The specificity of pan-Ras and homologue-specific Ras antibod-
ies was examined by immunoblotting of cell lysates. (b) Expression of Ras proteins in synovial tissue sections of 
patients with RA and inflammatory OA was examined with pan-, H-, K-, and N-Ras antibodies by IHC (n=5, a 
representative picture is shown for each staining). (C) RA patient synovial tissue was stained by IHC with control 
mouse IgG. Magnification: x100. (d) Ras homologues are widely expressed in synovial tissue cells. Immunohisto-
chemical double staining was performed on RA synovial tissue sections to detect T lymphocytes (CD3), FLS (CD55), 
and macrophages (CD68) (all blue) expressing H-Ras, K-Ras and N-Ras (red). Arrows indicate regions shown in 
insets. Magnification: x100; x400 (Inset).
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Given that each of the Ras homologues could be activated in FLS, we determined whether H-, K-, 

and N-Ras might make specific contributions to FLS activation.  RA FLS were transfected with control 

vector, or vector encoding active mutants of H-Ras, K-Ras, and N-Ras. Enhanced expression of each 

of the transfected Ras homologues could be detected in RA FLS lysates by immunoblotting (Figure 

4B). Analysis of tissue culture supernatants (Figure 4C, upper panels) revealed that active mutants of 

either H-Ras or K-Ras enhanced basal production of IL-6 by FLS (H-Ras, 260.09% of control, p <, 0.05; 

K-Ras, 299.45%, p< 0.05).  Each of the active Ras mutants also increased basal IL-8 production (H-

Ras, 331.82%, p < 0.0005; K-Ras, 244%, p < 0.05; N-Ras, 206.65%, p < 0.05).  In contrast, only H-Ras 

stimulated basal MMP-3 production (134.9%, p < 0.05).  When transfected RA FLS were stimulated 

with IL-1β (Figure 4C, lower panels, IL-6 production was robustly increased, but no cooperative or 

additive effects were observed by ectopic expression of active Ras mutants.  However, H-Ras (421.9%, 

p <0.0005) further enhanced IL-1β-induced IL-8 production.   Each of the active Ras mutants also 

enhanced IL-1β-induced MMP-3 secretion (H-Ras, 178.32%, p < 0.05; K-Ras, 166.35%, p < 0.05; N-

Ras, 198.5%, p < 0.005).

Figure 4 / Each of the Ras homologues responds to RA FLS stimulation and contributes to inflamma-
tory parameters of FLS activation.
 (a) GTPbound Ras proteins were precipitated with Raf-RBD protein from lysates of RA FLS treated for 5 minutes 
with medium alone, TNF-α, or IL-1ß. Activated proteins were detected by immunoblotting of precipitates with 
pan-Ras, H-Ras, K-Ras, and N-Ras antibodies. Immunoblotting with actin antibodies was performed on whole 
cell lysates. (b) RA FLS were transfected with empty control vector or vector encoding active H-Ras, KRas, and 
N-Ras V12 mutants. Immunoblotting of lysates of transfected cells was performed with antibodies recognizing 
H-Ras, K-Ras, N-Ras and tubulin. (c) Tissue culture supernatants of transfected RA FLS lines (n=5), in the absence 
(medium) or presence of overnight IL-1ß stimulation, were analyzed by ELISA for IL-6, IL-8 and MMP-3 content. 
*p < 0.05. **p < 0.01.

Expression of Ras homologues in FLS
To gain more insight into the potential participation of each Ras homolog in FLS activation, we first 

verified in vivo evidence of FLS H-, K-, and N-Ras protein expression in vitro.  Real-time PCR was 

performed on mRNA obtained from cultured RA (n = 5) and PsA (n = 4) FLS lines (Figure 3A).  H-Ras, 

K-Ras and N-Ras mRNA was expressed at similar levels in both RA and PsA lines.  At the protein level, 

each of the proteins could also be detected, albeit at highly variable levels, in both RA and PsA FLS 

lines (Figure 3B).

Figure 3 / Each of the three Ras homologues is expressed in RA and PsA FLS.
(a) q-PCR analysis of H-Ras, K-Ras, and N-Ras expression in RA (white bar, n =5) and PsA (gray bar, n = 4) FLS 
lines, normalized to hATPase 6 expression. Data are expressed in arbitrary units as the mean and standard error 
of the mean. (b) RA and PsA FLS lysates were analyzed by immunoblotting with antibodies recognizing pan-Ras, 
H-Ras, K-Ras, N-Ras and actin proteins.

Ras homologues participate in the inflammatory activation of RA FLS and support 
cytokine and MMP production
We next examined if the Ras homologues expressed in RA FLS participated in the inflammatory ac-

tivation of these cells.  RA FLS were left unstimulated, or stimulated with TNF-α or IL-1β. Active Ras 

proteins were precipitated from cell lysates and detected by immunoblotting with specific antibodies

(Figure 4a).  Cytokine-dependent activation of Ras proteins was readily detected with pan-Ras anti-

bodies.  Use of homolog-specific antibodies demonstrated that H-Ras, K-Ras, and N-Ras were each ac-

tivated following cytokine stimulation.  In unstimulated FLS, active H-Ras was most easily detected.
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Figure 5 / LNA allows gene silencing of specific Ras homologues in RA FLS.
(a)w Pan-Ras LNA suppresses expression of H-Ras, K-Ras and N-Ras. RA FLS were left untreated, exposed to 
transfection (Tx) reagent alone, or transfected with control scrambled LNA (50 nM) or increasing concentrations 
(5, 10 and 50 nM) pan-Ras LNA. (b): RA FLS were transfected with control scrambled LNA (50 nM) or increasing 
concentrations (5, 10 and 50 nM) H-Ras (left column), K-Ras (middle column) or N-Ras (right column) LNA. Whole 
cell lysates of transfected cells were analyzed by immunoblotting with antibodies recognizing pan- Ras, H-Ras, 
K-Ras, N-Ras, and actin proteins. Each column represents results from one of at least three independent transfec-
tion experiments.

 

Figure 6 / Ras homologues make differential but overlapping contributions to basal and IL-1ß-
induced cytokine production.
RA FLS lines (n=5) transfected with scrambled control, pan-Ras, H-Ras, K-Ras, and N-Ras LNA (50 nM each) were 
incubated overnight in medium alone or medium containing IL-1ß. Tissue culture supernatants were analyzed for 
IL-6, IL-8, and MMP-3 content by ELISA. *p < 0.05.

Effects of Ras homolog gene silencing on RA FLS cytokine and MMP production
Our studies with active Ras mutants suggested that each of the Ras homologues was sufficient to 

stimulate FLS secretion of one or more cytokines or MMPs, but not indicate whether or not there was 

requisite participation of the Ras proteins in IL-6, IL-8 and MMP-3 production.  To address this, we 

transduced RA FLS with increasing concentrations of control scrambled LNA, and pan-Ras LNA.  Treat-

ment of cells with pan-Ras LNA resulted in a specific, dose-dependent reduction in expression of each 

of the three Ras homologues (Figure 5A).  Treatment of cells with homolog-specific Ras LNAs resulted 

in selective suppression of H-, K-, and N-Ras (Figure 5B).  Treatment of FLS with 50 nM H-Ras LNA did 

result in slight reductions in K- and N-Ras expression, but as this higher concentration of LNA was 

required for efficient H-Ras knockdown, all further experiments were performed with 50 nM control 

and Ras LNAs.

Although active forms of each of the Ras proteins could enhance basal IL-6 and IL-8 production 

(Figure 4C) only pan-Ras and H-Ras LNA signficantly reduced IL-6 production (Figure 6).  In con-

trast, N-Ras expression was required to support basal IL-8 production.  Significant reductions in basal 

MMP-3 production were observed only in the presence of H-Ras LNA, consistent with our previous 

observerations that RA FLS MMP-3 production is regulated by the H-Ras-specific GEF RasGRF1 [17].  

In the presence of IL-1β, suppression of H-Ras resulted in signficant decreases in the production of 

IL-6 (61.07% inhibition) and MMP-3 (37.52%) (p < 0.05).  K-Ras knockdown only influenced IL-1β-

dependent IL-6 production (52.19% decrease, p < 0.05).   N-Ras LNA inhibited IL-1β-dependent pro-

duction of both IL-6 (54.51%) (p < 0.05) and IL-8 (71.62%) (p < 0.05). 
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Figure 7 / Pan-Ras LNA decrease disease severity and paw swelling in murine CIA.
(a) mRNA expression of H-Ras, K-Ras and N-Ras was measured by q-PCR in livers of healthy un-
treated wild-type (WT) mice, and arthritic mice treated with scrambled control and pan-Ras LNA. 
Data was normalized relative to hATPase 6 expression. (b) Disease severity was assessed by clini-
cal scoring and expressed as the area under the curve for the course of the experiment. (c) Paw joint 
swelling in mice was measured using a caliper and data expressed as the change in paw thickness 
(Δ paw swelling) relative to paw size at the induction of arthritis. *p < 0.05. ***p < 0.005.

Pan-Ras LNA reduces disease severity in murine collagen-induced arthritis (CIA)
As our in vitro studies indicated distinct but highly overlapping contributions of Ras homologues to 

the inflammatory activation of RA FLS, we examined the influence of pan-Ras LNA treatment on CIA in 

mice.  C57BL/6 mice were immunized with chicken collagen type II (cCII) in CFA, and the immunization 

was repeated on Day 21.  Starting on Day 14, mice were treated with control or pan-Ras LNA (1 or 4 

mg/kg/day).  At the time of animal sacrifice on Day 43, mRNA was isolated from the livers of mice to 

monitor the efficiency of Ras homolog knockdown (Figure 7A).  H-Ras, K-Ras, and N-Ras mRNA levels 

in mice treated with control LNA did not differ significantly from untreated control mice.  In contrast, 

H-Ras mRNA levels were suppressed by approximately 90% in pan-Ras LNA –treated mice, and signifi-

cant but more modest decreases in K-Ras and N-Ras mRNA expression were observed.

Compared to control LNA, pan-Ras LNA had no influence on disease incidence following induction of 

CIA (data not shown).  However, administration of pan-Ras LNA significantly reduced disease severity 

during the course of the experiment (p < 0.005) (Figure 7B).  Increasing the dose of pan-Ras LNA to 4 

mg/kg had no further significant effect on disease severity.  Effects of pan-Ras LNA on paw swelling 

were more modest, and only transient nature, occuring between Day 25 and Day 32 (p < 0.05) (Figure 

7C).  Pan-Ras LNA treatment resulted in decreased synovial infiltration (p < 0.05) (Figures 8A and 8B) 

and cartilage destruction (p < 0.05) (Figures 8A and 8C) as evidenced by HE and safranin O staining, 

respectively.  Similar partial protection against erosive bone disease was also provided by pan-Ras LNA 

(Figure 8D).  Finally, mice treated with pan-Ras LNA displayed significant reductions in serum levels of 

anti-bCII IgG1 (28.5% of control; p < 0.05) and IgG2a (30.7% of control; p < 0.005) antibodies (Figure 

9A).  The ratio of anti-bCII IgG2a to anti-bCII IgG1 was also severely reduced in mice treated with 

pan-Ras LNA (p < 0.01), indicating that suppression of Ras signaling interfered with antibody isotype 

class switching (Figure 9B).
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Figure 9 / Silencing of Ras homologue expression reduces anti-collagen antibody production in 
murine CIA.
(a) Serum was obtained from arthritic mice and the concentration of anti-bovine collagen type II (anti-bCII) im-
munoglobulins (Ig) G1 and G2a determined by ELISA. (b) Ratio of antibCII IgG2a to anti-bCII IgG1 concentrations. 
Box plots represent the 25th to 75th percentiles, the lines within each box the median, and lines outside the boxes 
designate the 10th and 90th percentiles. *p < 0.05. **p < 0.01.

  

 

Figure 8 / Pan-Ras LNA decrease synovial infiltration, cartilage destruction, and bone erosion in 

CIA.
(a) Knee joints of arthritic mice treated with scrambled control LNA and pan-Ras LNA were stained with HE and 
safranin O. (b) Synovial infiltration in mice was assessed by semiquantitative scoring of HE-stained tissue sec-
tions. (c) Cartilage destruction in mice was assessed by semi-quantitative scoring of safranin O-stained tissue 
sections. (d) X-Rays were obtained from paws of mice treated with scrambled control LNA and pan-Ras LNA. E: 
Bone erosions were assessed by semi-quantitative scoring of radiographs. *p < 0.05.
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synovial tissue, or changes in the functional expression of Ras regulatory proteins, such as RasGRF1, 

rather than differential expression of Ras homologues, are more likely to determine involvement of Ras 

proteins in inflammatory arthritis [17].  

Specificity in Ras protein signaling is achieved at several levels [35].  First, although widely expressed, 

different homologues are enriched in specific tissues.  For example, we detect primarily H-Ras and N-

Ras in synovial T lymphocytes.  Even within FLS lines established from different RA and PsA patients, 

we note wide variation in the expression of each Ras homologue.  Whether this is maintained in vivo, 

and whether the in vitro variation is a consequence in the differentiation status of the FLS, prior 

inflammatory pressures in vivo, or epigenetic mechanisms is currently unknown.  A second level of 

specificity is obtained by differential expression and utilization of GEFs which activate Ras proteins.  

Some GEFs, such as RasGRF1, demonstrate fine specificity for activation of H-Ras [36].  We have pre-

viously found that RasGRF1 is over-expressed in RA synovial tissue, in an active form, and that this 

protein is sufficient and required for constitutive MMP-3 production by RA FLS [17].  Consistent with 

this, we observed in this study that only H-Ras, but not other Ras homologues, can regulate basal 

MMP-3 secretion in RA FLS.  Other Ras GEFs, such as Sos (son of sevenless), can activate each of the 

Ras homologues, and we observe that both TNF-α and IL-1β efficiently activate H-, K-, and N-Ras in 

RA FLS.  A third variable which will affect the cellular output of Ras signaling is the array of potential 

downstream effectors expressed in a given cell type [9].  In a given cell type, H-, K-, and N-Ras each 

display different efficiencies in activating downstream effector pathways (c-Raf, PI3K and Rac path-

ways) and cellular functions (focus formation, anchorage-independent growth, and cell migration) 

[37-39].  Finally, cells may express one or more related downstream effectors, such as c-Raf, B-Raf, and 

Raf-A, or the α, β, γ and δ isoforms of the PI3K catalytic subunit, which in turn differentially interact 

with a given Ras homolog [40].

These complexities in Ras signaling are underscored by our analyses of the effects of Ras activation 

and silencing on RA FLS.  While activation of any of the Ras homologues is sufficient to enhance IL-

1β-induced MMP-3 production, only H-Ras cooperates with IL-1β to produce IL-8.  In contrast, while 

each of the Ras homolgues participates in IL-1β signaling and contributes to optimal IL-6 production, 

only N-Ras is required for IL-8 synthesis, and H-Ras for MMP-3.  Retroviral introduction of dominant-

negative H-Ras to the joints of rats reduces clinical disease severity and radiological damage in the 

adjuvant-induced model of RA [18].  However, our analyses of RA synovial tissue and RA FLS indicate 

that due to redundancies in Ras signaling in RA, clinically beneficial strategies may need to broadly 

target Ras family members.  Previous studies have shown that transfection of RA FLS with DN c-Raf 

slows their invasiveness following implantation into SCID mice [19].  Additionally, farnesylation in-

hibitors, which disrupt post-translational  modifications of Ras family members needed for protein 

function, suppress IL-1β and TNF-α -induced activation of RA FLS in vitro, and are protective in CIA 

Discussion

Recent advances have provided us with an unparalleled ability to design and develop highly selective 

pharmacological inhibitors which distinguish between closely related proteins. A prototypical example 

of this is the recent identification of compounds which specifically inhibit distinct isoforms of PI3K 

catalytic subunits, allowing the selective targeting of isoforms primarily involved in inflammatory 

immune cell trafficking and activation [31].  However, the design of compounds and their clinical 

application in the treatment of RA and other diseases can outpace our understanding of the specific 

biological and pathological contributions of their targets.  This is observed in recent clinical trials 

involving the treatment of RA patients with inhibitors of p38 MAPK, which have reported a disap-

pointing lack of clinical efficacy [32;33].  One possible contributing factor to this may be that while 

the compounds used in these trials targeted primarily p38α, ongoing fundamental studies have de-

monstrated prominent activation of not only p38α in RA synovial tissue, but p38δ as well [34].

Ras proteins represent a newly emerging set of targets in the treatment of chronic inflammatory 

diseases, playing a central role in coupling the ligation of antigen, cytokine, growth factor, and TNF 

family receptors to cellular responses of gene regulation, proliferation and survival.  Receptor-depend-

ent activation of GEFs converts Ras proteins to their GTP-bound form, allowing interaction with and 

signaling to downstream effector pathways, such as MAPK cascades, PI3K, and other small GTPases 

[35].  In RA, enhanced expression and or activation of Ras proteins has been proposed to cooperate 

with other proto-oncogene products, such as c-Myc, to promote FLS activation and proliferation [19].  

Although a small number of in vivo experiments have suggested a therapeutic potential in targeting 

Ras proteins, a lack of knowledge about the contributions of specific Ras homologues to RA currently 

precludes hypothesis-based development and application of compounds.  Initial characterizations us-

ing a monoclonal antibody recognizing H- and K-Ras reported expression of Ras proteins in the intimal 

lining layer and vasculature of RA, but not OA, synovial tissue [11].  An independent study using a 

distinct pan-Ras antibody observed weak expression of Ras throughout the synovium in RA and other 

forms of inflammatory arthritis, which was lower than that observed in OA [12].  In our study, a pan-

Ras antibody primarily recognizing H- and K-Ras, and to a lesser extent N-Ras, displays quantitatively 

enhanced immunoreactivity in the synovial sublining of RA patients compared to non-RA patients.  

Discrepancies between these three studies can likely be attributed to variation in the cross-reactivity 

of pan-Ras antibodies used.  Using homolog-specific antibodies, we find that H-Ras is most readily 

detectable in synovial tissue, at significantly higher levels in the intimal lining layer than in the syno-

vial sublining layer, in both RA and non-RA patients.  H-Ras and N-Ras are widely expressed in all cell 

types studied (T cells, macrophages, and FLS), while weak K-Ras expression is restricted to macrophages 

and FLS.  However, we were unable to detect any difference in expression of specific H-Ras, K-Ras, or 

N-Ras homologues between RA and non-RA patients.  Thus, the repertoire of inflammatory stimuli in 
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Introduction

Joint destruction in inflammatory arthritis is mediated by infiltration of activated immune 
cells, the release of matrix metalloproteinases (MMPs) and other proteinases by activated 
macrophages and fibroblast-like synoviocytes (FLS), activation of osteoclasts, and angiogen-
esis in the synovium of affected joints.  Recent attention has focused on the role of widely 
expressed mitogen-activated protein kinases (MAPK) in mediating cytokine production and 
tissue damage in rheumatoid arthritis (RA) [1,2].  MAPKs, consisting of p38 kinases (α, β, γ 
and δ isoforms), extracellular signal-regulated kinases (ERKs) 1 and 2, and c-Jun N-terminal 
kinases (JNK) 1-3, are activated by many extracellular stimuli, including growth factors and 
inflammatory cytokines.  Activation of each MAPK is achieved by specific upstream serine/
threonine protein kinase cascades, which are initiated by extracellular signals and result in 
MAPK phosphorylation [2].

In the synovial tissue of RA patients, each MAPK is detected in its phosphorylated, ac-
tive form [3,4].  Activation of p38 plays an important role in coupling FLS by IL-1β, TNFα, 
toll-like receptors (TLR) and pattern-recognition receptors to synthesis of pro-inflammatory 
cytokines, chemokines, and MMPs [3,5-8].  The same extracellular stimuli, as well as growth 
factors, also promote ERK activation [3].  Although ERK can regulate activation of AP-1 and 
Elk transcription factors, involved in cytokine and MMP synthesis, potential contributions 
of ERK to inflammation and joint destruction in RA have yet to be indentified.  In RA FLS, 
ERK inhibition has no influence on TNFα -induced IL-6, IL-8 or MMP-3 production, but can 
partially prevent MMP-1 transcription [7,9].  Additionally, several studies have indicated 
that ERK activation appears to be important in chondrocyte and osteoclast-mediated joint 
destruction [2].  As is the case with ERK, the consequences of JNK activation in RA synovial 
tissue are also largely unknown.  However, inhibition of JNK activity in RA FLS can suppress 
induction of MMP-1 by IL-1β [9].

In animal models of arthritis, pharmacological or genetic inhibition of MAPK signaling sup-
presses inflammatory cytokine production, paw swelling and joint destruction [1,2].  Specifi-
city in the involvement of each MAPK in RA is suggested by studies in mice over-expressing 
human TNFα, where arthritis development is associated with selective activation of p38 and 
ERK, but not JNK [10].  Inhibition of p38, but not JNK1, blocks arthritis in this model [11,12].  
Collectively these studies have suggested a therapeutic benefit in the targeting of MAPKs 
in RA, and compounds targeting MAPKs are in pre-clinical and clinical assessment [1,2,13].  
Despite this, synovial MAPK phosphorylation status has only been assessed in RA patients 
with destructive end-stage arthritis, and not in patients most likely to be participating in 

Abstract

Introduction: Animal studies suggest important roles for the mitogen-activated protein 
kinases (MAPKs) p38, extracellular signal regulated kinases (ERK) 1/2 and c-Jun N-terminal 
kinase (JNK) in the perpetuation of inflammation and disease progression in rheumatoid 
arthritis (RA).  The objective of this study was to determine the expression and activation of 
MAPKs, and their potential relationship with clinical and cellular parameters of disease, in 
patients with clinically active RA and psoriatic arthritis (PsA).

Methods: Expression and phosphorylation of p38, ERK, and JNK was examined in arthro-
scopic synovial biopsies from 20 RA and 19 PsA patients by immunohistochemical analysis, 
using quantitative computer-assisted image analysis.  Phosphorylated (p)-MAPK levels were 
related to patient clinical parameters and synovial expression of tumor necrosis factor α 
(TNFα), matrix metalloproteinase (MMP)-1, MMP-3, and the angiogenic receptor Tie2.  Lo-
calization of p-MAPKs and Tie2 in distinct cell populations within synovial tissue was deter-
mined by immunofluorescent double staining.

Results: No differences in the number of cells expressing p-p38, p-ERK, or p-JNK were 
observed between RA and PsA synovial tissue.  However, the percentage of cells expressing 
JNK that had detectable p-JNK was elevated in PsA synovial tissue (p< 0.05).  The relative 
phosphorylation of p38 (p < 0.05) and ERK (p< 0.05), but not JNK, compared to total ex-
pression of each MAPK, was significantly higher in RA synovial tissue than in PsA.  MAPK 
phosphorylation status was not associated with clinical parameters of disease activity in RA 
or PsA, or with expression of MMP-1 or MMP-3.  In RA, p-ERK was associated with increased 
Tie2 expression (R = 0.583, p < 0.01), while in PsA p-JNK was associated with expression of 
TNFα (R = 0.713, p < 0.01).  In RA synovial tissue, Tie2 and p-ERK prominently colocalized to 
synovial macrophages.   

Conclusion: In patients with clinically active arthritis, relative participation of p38 and ERK 
signaling in synovial tissue distinguishes RA from PsA.  However, there is no clear association 
of MAPK activation with clinical parameters of disease activity in these forms of arthritis.  
ERK phosphorylation is intimately associated with Tie2 expression in RA, primarily in syno-
vial macrophages, while in PsA, JNK phosphorylation is associated with TNFα production.  
Our results suggest that activation of specific MAPKs is differentially linked to angiogenesis 
and inflammation in RA and PsA.
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Materials and Methods

Patients and synovial tissues
Synovial biopsies were obtained from the active joints of 20 RA and 19 PsA patients by 
needle arthroscopy as previously described [21].  All RA and PsA patients fulfilled the 1987 
American College of Rheumatology criteria for RA [22] and the classification criteria for 
psoriatic arthritis (CASPAR) [23], respectively.  Patient characteristics are described in Table 
1.  All patients supplied prior written informed consent, and this study was approved by the 
medical ethics committee of the Academic Medical Center, University of Amsterdam.

Table 1 / Characteristics of study patients

* RA= Rheumatoid Arthritis; PsA= Psoriatic Arthritis; MTX= methotrexate; No.= number; RF= rheumatoid factor; 
ESR= erythrocyte sedimentation rate; CRP= C-reactive protein; DAS28= Disease Activity Score 28.  Unless indi-
cated otherwise, values are expressed as the median (range).
#Difference in values between RA and PsA patient cohorts is statistically significant (P < 0.05).

Immunohistochemistry
Biopsy sections were cut with a cryostat (5 μm) and mounted on glass slides (Starfrost; 
Knittelglaser, Braunschweig, Germany).  The tissues were then fixed with acetone, and en-
dogenous peroxidase activity blocked by immersion in 0.3% hydrogen peroxide and 0.1% 
sodium azide in phosphate–buffered saline (PBS). Slides were incubated overnight at 40 °C 
with primary antibody diluted in 1% bovine serum albumin (BSA)/PBS.  Primary antibodies 
used in this study were polyclonal rabbit antibodies specific for p38, ERK, JNK (all from Cell 
Signaling, Beverly, MA) and Tie-2 (Santa Cruz Biotechnology, Santa Cruz, CA) and murine 
monoclonal antibodies recognizing phosphorylated (p)- p38, ERK, and JNK (Santa Cruz Bio-
technology), MMP-1, MMP-3 (both from Chemicon International, Temecula, CA), and anti-

clinical trials.  RA synovial tissue obtained during arthroscopy and tissue obtained during 
surgery display differences in both cellular composition and cytokine profiles [14].  Additio-
nally, clinical parameters or cellular biomarkers associated with MAPK activity in RA or other 
types of inflammatory arthritis have yet to be identified.  These questions are particularly 
relevant given initial disappointing results of p38 inhibitors in clinical trials [13,15,16].  Here, 
we quantitatively examined the phosphorylation and expression of MAPKs in the synovial 
tissue of patients with clinically active RA.  In comparison, we also studied the synovial tis-
sue of patients with PsA, an inflammatory arthritis which, although clinically distinct from 
RA, has similarities in regard to level of inflammatory cell infiltration, inflammatory cytokine 
expression, and contribution of angiogenesis to joint destruction [17-20].    

Age, years
No. male/no. female
Disease durations, years
Swollen Joint Count
Tender Joint Count
No.receiving MTX
Dosage MTX, mg/wk#
No. erosive/No. non erosive
% RF positive
ESR, mg/hour
CRP, mg/liter
DAS28

RA (n=20)

52.0 (38-68)
11/9
12.0 (3-44)
12 (3-26)
8 (2-18)
19
15 (7.5-30)
14/5
85
19 (4-101)
4 (1-98)
6.0 (3.7-8.0)

PsA (n=19)

54.5 (35-70)
8/11
12.5 (4-22)
8 (1-32)
10 (2-48)
18
10 (2.5-20)
7/12
0
29 (4-59)
11 (3-51)
7.8 (3-12.6)
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Results

Patient characteristics
The characteristics of RA and PsA patients with clinically active disease included in this study 
are summarized in Table 1.  Between RA and PsA patient cohorts, no significant differences 
were observed in regard to disease duration, swollen joint counts (SJC), tender joint counts 
(TJC), DAS28, erythrocyte sedimentation rate (ESR), or serum C-reactive protein concentra-
tions (CRP).  Dosages of methotrexate were slightly higher in RA patients (median 15 mg/wk, 
range 7.5-30) than in PsA patients (median 10 mg/wk, range 2.5-20) (p < 0.05).

Expression and phosphorylation of MAPKs in RA and PsA patient synovial tissue
Representative photomicrographs of p-MAPK and MAPK staining in RA and PsA patient 
synovial biopsies are shown in Figure 1.  The number of cells expressing phosphorylated (p)-
p38 (positive cells/mm2) was significantly higher in the synovial sublining tissue than in the 
intimal lining layer in both RA (p < 0.005) and PsA (p < 0.01) (Figure 2A).  In both RA and PsA 
similarly enhanced numbers of cells expressing p-ERK (RA, p < 0.01; PsA, p < 0.01) and p-JNK 
(RA, p < 0.005; PsA, p < 0.05) were also observed in the synovial sublining tissue as compared 
to the intimal lining layer.  However, increased numbers of p-MAPK-positive cells observed 
in the synovial sublining tissue were mirrored by significant increases in the frequencies 
of cells in the synovial sublining tissue expressing p38 (RA, p < 0.005; PsA, p < 0.005), ERK 
(RA, p < 0.01; PsA, p < 0.005), and JNK (RA, p < 0.005; PsA, p < 0.05) (Figure 2B).  Between 
patient cohorts, no significant differences in the numbers of cells expressing p-MAPKs were 
observed, but the number of cells expressing p38 (p < 0.01) and ERK (p < 0.01) were sig-
nificantly enhanced in PsA synovial sublining tissue compared to RA.  Thus, engagement of 
each MAPK in synovial tissue, as measured by the presence of cells expressing p-MAPK, ap-
pears to be a reflection of the number of cells in the synovial tissue expressing each MAPK, 
rather than region- or disease- specific activation of MAPKs.  The only exception to this was 
observed in PsA patient intimal lining layer tissue, where the percentage of JNK-expressing 
cells demonstrating p-JNK (32.2% ± 7.6, mean ± SEM) was elevated compared to RA (17.2% 
± 4.5) (Figure 2C, p < 0.05).

TNFα (Monosan, Amersfoort, The Netherlands).  Equivalent concentrations of control rabbit 
polyclonal or mouse monoclonal antibodies were used as negative controls. Sections were 
washed with PBS and incubated with goat anti-mouse or swine-anti-rabbit -horseradish 
peroxidase (HRP)-conjugated antibodies (Dako, Glostrup, Denmark), followed by incubation 
with biotinylated tyramide and streptavidin-HRP, and development with aminoethylcarba-
zole (Sigma, St. Louis, MO) [24].  Slides were counterstained with Mayer’s hematoxylin and 
mounted in Kaiser’s glycerol gelatin (Merck, Darmstadt, Germany).

Digital image analysis
Stained sections were analyzed in a random order by two independent observers blinded to 
the clinical diagnosis. Expression and/or phosphorylation of proteins in synovial tissue was 
determined using computer-assisted image analysis as previously described (Qwin analysis 
system, Leica, Cambridge, UK) [25].  Expression and/or phosphorylation of proteins was cal-
culated for both the intimal lining layer and synovial sublining as the number of positive 
cells/mm2 or the median integrated optical density (IOD) per mm2 tissue, and normalized for 
tissue cellularity.  Relative phosphorylation values were obtained by dividing p-MAPK IOD 
by total MAPK IOD.

Immunoflourescence staining
Synovial tissue sections were incubated with primary anti- p-ERK antibodies overnight at 
4°C in 1% BSA/PBS, blocked with normal goat serum, and incubated with Alexa-594-con-
jugated goat anti-mouse antibodies (Molecular Probes Europe, Leiden, The Netherlands).  
Sections were then incubated with Alexa-488-conjugated mouse antibodies specific for 
CD3, CD20, CD55, CD68, CD163, and vWF (Molecular Probes Europe).  To visualize potential 
colocalization of Tie2 in specific cell populations, or with p-p38, p-ERK, and p-JNK, Alexa-
594-conjugated goat anti-rabbit antibodies were used to detect Tie2, Alexa-488-conjugated 
goat anti-mouse antibodies for p-MAPKs, and directly labeled antibodies as above for cel-
lular markers.  Slides were mounted in Vectashield (Vector Laboratories) and analysed using 
a fluorescence microscope (Leica) which was coupled to a CCD camera and Image-Pro Plus 
software (Media Cybernetics, Dutch Vision Components, Breda, The Netherlands).

Statistics
Statistical analysis was performed using Windows Graphpad Prism 4 software.  For compari-
son of values between the synovial sublining and intimal lining layers within patient co-
horts, Wilcoxon’s nonparametric signed rank test was used.    The Mann-Whitney U test was 
used to compare differences in expression or phosphorylation of markers between cohorts.  
Correlations between markers or between markers and clinical parameters were examined 
by Spearman’s rank correlation coefficient.  Results were considered significant if p < 0.05.
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Figure 2 / Quantitative analysis of number of cells expressing MAPKs and phosphorylated MAPKs 
in RA and PsA synovial tissue.
(a) Quantitative analysis of number of cells staining positive for phosphorylated (p-) p38, ERK and JNK. (b) Quan-
titative analysis of number of cells staining positive for p38, ERK and JNK. Values indicated are the number of 
positive cells/mm2 corrected for cellularity as calculated by digital image analysis in RA and PsA synovial sublin-
ing (SL) (gray boxes) and intimal lining (L) layers (white boxes). 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. (c) The percentage of cells expressing p-MAPK relative to the number of 
cells expressing MAPKs ([number p-MAPK-positive cells/number MAPK-positive cells] x100). Data is presented as 
mean and SEM. Statistically significant differences are indicated above lines connecting relevant data sets. * p < 

0.05, ** p < 0.01, *** p < 0.005.

Figure 1 / Expression and phosphorylation of MAPKs in RA and PsA synovial tissue.
Representative stainings of RA and PsA synovial tissue with antibodies recognizing phosphorylated (p-) and total 
p38, ERK and JNK. Stainings were developed with biotin tyramide enhancement, horseradish peroxidase and ami-
noethylcarbazole, followed by counterstaining with Mayer’s hematoxylin.
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Figure 3 / Quantitative analysis of expression levels of MAPKs and phosphorylated MAPKs in RA 
and PsA synovial tissue.
(a) Quantitative analysis of phosphorylated (p-) p38, ERK and JNK staining intensity. (b) Quantitative analysis 
of p38, ERK, and JNK staining intensity. Values indicated are the integrated optical density (IOD)/mm2 corrected 
for cellularity. Calculated by digital image analysis in RA and PsA synovial sublining (SL) (gray boxes) and intimal 
lining (L) layers (white boxes). (c) Relative MAPK phosphorylation in RA and PsA synovial tissue. Values were calcu-
lated by determining the ratio of the IOD of p-MAPK to the IOD of total MAPK for each patient. 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. Statistically significant differences are 
indicated above lines connecting relevant data sets. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001.

Relative phosphorylation levels of MAPKs in RA and PsA synovial tissue
To examine the relative engagement of each MAPK in RA and PsA synovial tissue, we mea-
sured the integrated optical density of stainings with antibodies recognizing phospho-spe-
cific and total MAPKs (Figure 3).  Phosphorylation of p38 was significantly higher in PsA 
than RA (sublining, p < 0.05; intimal lining layer, p < 0.05), as was phosphorylation of ERK 
(sublining, p < 0.0005; intimal lining layer, p < 0.005), and JNK (intimal lining layer, p < 0.01) 
(Figure 3A).  However, as observed in analysis of the numbers of cells expressing p-MAPKs 
and MAPKs (Figure 2), many of the differences in MAPK phosphorylation levels between RA 
and PsA synovial tissue reflected differences in expression of each MAPK between cohorts 
(Figure 3B), rather than changes in the relative phosphorylation levels of each MAPK (Figure 
3C).  For example, p38 and JNK expression was significantly higher in PsA synovial sub-
lining layers than in RA (Figure 3B).  When normalized to patient variation in total MAPK 
expression (Figure 3C), relative p38 phosphorylation was significantly higher in the synovial 
sublining of RA compared to the intimal lining layer (p < 0.005), and greatly enhanced in RA 
compared to PsA (p < 0.005).  Relative phosphorylation of ERK was also elevated in the inti-
mal lining layer compared to the synovial sublining in both RA (p < 0.005) and PsA synovial 
tissue (p < 0.01).  Comparing RA to PsA, the relative phosphorylation of both p38 (p < 0.05) 
and ERK (p < 0.05) was elevated in RA synovial sublining compared to PsA.  We observed 
no differences in relative JNK phosphorylation between the synovial sublining and intimal 
lining layers in RA or PsA, nor between RA and PsA.
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Figure 5 / Relationship between MAPK phosphorylation and Tie2 expression in RA synovial tissue.
Potential correlations between p38, ERK, and JNK phosphorylation with Tie2 expression in RA synovial tissue 
intimal lining (lining) and sublining layers were calculated by Spearman’s rank correlation coefficient. Squares 
indicate individual patient values. Statistically significant R and p values are indicated.

Relationship between MAPK phosphorylation and clinical and cellular markers of 
disease activity in RA and PsA
No correlation was observed between the relative phosphorylation levels of p38, ERK or JNK, 
and patient serum concentrations of CRP or RF, patient ESR, or patient DAS28, SJC or TJC 
(data not shown).  Additionally, we observed no significant relationship between relative 
MAPK phosphorylation and TNFα, MMP-1, or MMP-3 synovial tissue expression in RA (data 
not shown).  In PsA however, we observed a strong positive relationship between relative 
p-JNK and TNF-α expression in the intimal lining layer (R= 0.7133; p = 0.0092), but no as-
sociation of MAPK phosphorylation with MMP-1 or MMP-3 production (data not shown).  
Examining potential relationships between MAPK activation and Tie2, a biomarker for an-
giogenesis, we observed that Tie2 was expressed at equivalent levels in RA and PsA synovial 
tissue (Figure 4A and Figure 4B).  Both in RA (p < 0.005) and PsA (p < 0.05), Tie2 expression 
was elevated in the synovial sublining compared to the intimal lining layer (Figure 4B).  
Strikingly, relative phosphorylation levels of ERK, but not other MAPKs, displayed a strong 
positive correlation with Tie2 expression in RA synovial sublining tissue (R= 0.583, p < 0.01) 
(Figure 5).  In PsA, no correlations were observed between relative MAPK phosphorylation 
levels and Tie2 expression (Figure 6).

Figure 4 / Quantitative analysis of Tie2 expression in RA and PsA.
(a) Representative stainings of RA synovial tissue with anti-Tie2 (upper panel) and control rabbit IgG (lower panel) 
antibodies. (b) Expression of Tie-2 in the intimal lining layer (gray bars) and synovial sublining (white bars) of RA 
and PsA synovial tissue as determined by digital image analysis. Statistically significant differences between data 
sets are indicated. *** p< 0.005.
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synovial tissue macrophages and endothelial cells (Figure 9).  In contrast, ERK phosphoryla-
tion in PsA synovial tissue was restricted primarily to synovial macrophages.  Together, these 
results suggest that in RA synovial tissue, p-ERK is found primarily in Tie2-bearing macro-
phages, providing a cellular basis for the observed correlation between these two markers.

Figure 7 / Colocalization of phosphorylated MAPKs with Tie2 in RA and PsA synovial tissue.
RA and PsA synovial tissue sections were stained with primary antibodies and fluorochrome-conjugated second-
ary antibodies to detect phosphorylated (p-) p38, ERK, or JNK (all green) and Tie2 (red). Colocalization of proteins 
is visualized by yellow labeling in merged images.

Figure 6 / Relationship between MAPK phosphorylation and Tie2 expression in PsA synovial tissue.
Potential correlations between p38, ERK, and JNK phosphorylation with Tie2 expression in PsA synovial tissue 
intimal lining (lining) and sublining layers were calculated by Spearman’s rank correlation coefficient. Squares 
indicate individual patient values. Statistically significant R and p values are indicated.

Localization of Tie2 and phosphorylated MAPKs in RA and PsA synovial tissue
Due to the size of our study and number of comparisons assessed, we could not rule out that 
the association we observed between ERK phosphorylation and Tie2 expression was due to 
chance.  To gain further insight into the potential relationship between ERK activation and 
Tie2 expression, we performed immunofluorescent doublestaining experiments on RA and 
PsA synovial tissue, examining Tie2 expression in relationship to p-MAPKs and specific cell 
populations.  When examined in relationship to MAPK phosphorylation, Tie2 colocalized in 
RA synovial tissue with cells expressing p-ERK, but not p-p38 or p-JNK (Figure 7), while in 
PsA synovial tissue, Tie2 colocalized only in cells expressing p-JNK.  In RA synovial tissue, 
Tie2 was not expressed in CD3+ T lymphocytes, and rarely in endothelial cells and CD55+ 
FLS (Figure 8).  In contrast, Tie2 was readily detected in CD68+ synovial macrophages.  A 
qualitatively identical cellular distribution of Tie2 was observed in PsA synovial tissue.  In RA 
synovial tissue ERK phosphorylation was most prominently observed in RA T lymphocytes, 
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Figure 9 / Cellular distribution of phosphorylated ERK in RA and PsA synovial tissue.
RA and PsA synovial tissue sections were stained with primary antibodies recognizing phosphorylated (p-) ERK 
and secondary fluorochrome-conjugated anti-mouse IgG antibodies (red), followed by fluorochrome-conjugated 
antibodies recognizing T lymphocytes (CD3), FLS (CD55), macrophages (CD163), or endothelial cells (vWF) (all in 
green). Localization of p-ERK in specific cell populations is visualized by yellow labeling in merged images.

Figure 8 / Cellular distribution of Tie2 expression in RA and PsA synovial tissue.
RA and PsA synovial tissue sections were stained with primary antibodies and fluorochrome-conjugated sec-
ondary antibodies to detect Tie2 (red) and T lymphocytes (CD3), FLS (CD55), macrophages (CD68 and CD163) or 
endothelial cells (vWF) (all in green). Localization of Tie2 in specific cell populations is visualized by yellowing 
labeling in merged images.
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Discussion

Given that each of the MAPKs is activated in RA synovial tissue, their central role in coupling 
extracellular stimuli to proliferation and cytokine gene transcription, and a large literature 
identifying protective effects of MAPK inhibitors in animal models, a strong therapeutic 
potential for targeting MAPKs in RA and other chronic inflammatory diseases has been sug-
gested [1-3].  Particularly, elegant studies showing prominent and requisite involvement of 
p38 activation in mediating synovial inflammation and joint destruction in the human TNFα 
transgenic mouse model of arthritis have indicated that strategies targeting this MAPK 
may be effective in treating RA [10,11].  However, despite the clinical promise observed in 
experimental systems, recently reported trials in which RA patients have been treated with 
p38 pharmacological inhibitors have failed to demonstrate efficacy [15,16].  Particularly 
in regard to p38, evidence is emerging that inhibition of upstream MAPK kinases may be 
more effective in preventing inflammation and joint destruction in animal models [26].  
Additionally, meticulous evaluation of experimental arthritis in mice has indicated model- 
specific involvement and kinetics of activation of each of the MAPKs during the induction of 
disease [10,11,27].  These new developments have collectively underscored our current lack 
of knowledge regarding the activation status of MAPKs in patients with active arthritis, and 
the contributions of each MAPK to the persistence of inflammation and disease progression 
in RA.

MAPK phosphorylation and expression in patients with clinically active arthritis is subtly 
different than the localization of these enzymes and their activity in the synovium of pa-
tients undergoing joint replacement surgery, which may be important clinically.  In previous 
studies, p-p38 was primarily detected in the intimal synovial lining layer, as well as sub-
lining endothelial cells, p- ERK in the synovial sublining, and p-JNK at low levels in synovial 
sublining macrophages and intimal lining layer FLS [3].  In synovial specimens from RA and 
PsA patients with active disease, we detect cells engaging each of the MAPKs most readily 
in the synovial sublining.  However, many of these differences simply reflect the number of 
cells expressing each MAPK, and taking this into consideration, there are few differences 
in the synovial distribution of cells in which MAPKs are activated.  Exceptions include in-
creased frequencies of p-p38-positive cells in the intimal lining layer of PsA, compared to 
the synovial sublining, and of p-ERK in the synovial sublining of RA tissue compared to the 
intimal lining layer.

The presence of a given phosphorylated MAPK in a cell, in and of itself, provides little infor-
mation regarding the signaling output of the MAPK.  In T cells, antigen receptor-dependent 

Een meer specifieke behandeling
van RA is niet altijd beter
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that ERK is most highly activated in RA synovial macrophages, and Tie2 merely an unex-
pectedly robust marker for synovial macrophages.  Tie2 protein is expressed on a subset of 
human peripheral blood monocytes and tumor-infiltrating monocytes, but is downregulated 
following macrophage differentiation [36,37].  Alternatively, Tie2 signaling in RA synovial 
macrophages might selectively activate ERK.  The ligands for Tie2, angiopoietin (Ang) -1 and 
-2, differentially activate endothelial cell MAPKs in vitro.  While Ang-1 activates p38, ERK, 
and JNK, Ang-2 activates only JNK [38,39].  The differential association of Tie2 expression 
with p-ERK in RA and PsA might thus mirror the relatively enhanced production of Ang-1 
compared to Ang-2 in RA synovial tissue [40].  While future studies will need to test these 
possibilities, our data suggest that specific targeting of ERK MAPKs may be therapeutically 
beneficial in preventing angiogenesis in RA.  

activation of ERK is a digital, “all-or-nothing” signaling event [28].  However, MAPK activa-
tion can be regulated in a digital or graded analog manner, dependent upon the cell type, 
external stimulus, the intracellular compartment in which the MAPK is activated, and the 
repertoire of guanine nucleotide exchanges factors available to initiate the MAPK signaling 
cascade [28-31].  Given the heterogeneity of cellular composition and inflammatory stimuli 
present in synovial tissue, MAPK output is likely to be regulated by both digital and analog 
signaling networks.  Therefore, we also determined the relative levels of MAPK activation 
in synovial tissue, comparing the total intensity of p-MAPK and total MAPK signals.  Using 
this strategy, we found that enhanced activation of synovial sublining p38 and ERK distin-
guished RA from PsA synovial tissue.  

Despite the efficacy of MAPK pharmacological inhibitors in preventing arthritis in animal 
models, in this study we were unable to establish an association between localized MAPK 
phosphorylation and clinical parameters of disease activity in RA or PsA, including SJC, TJC, 
ESR, CRP, and DAS28.  Rather than indicating that MAPK activation does not contribute to 
pathology in inflammatory arthritis, our data likely suggest that multiple signaling path-
ways, including MAPKs, make redundant contributions to the disease process.  In line with 
this, RA patients treated with p38 inhibitors display a transient decrease in CRP levels, which 
later recover to baseline levels [15,16].  Additionally, MAPK activity may make pleiotropic 
contributions to both inflammatory and reparatory processes in arthritis.  Although data 
in patients is lacking, kinetic analyses of collagen-induced arthritis in mice has revealed a 
bimodal wave of p38 activation, the second of which occurs while clinical disease is dimin-
ishing [27].  Substantial p38 and ERK activity is also maintained following succesful anti-
TNF-α treatment of established arthritis in the human TNF-α transgenic model [10].  We 
similarly fail to find an association between MAPK activation and TNF-α or MMP production 
in RA synovial tissue.  In PsA, an association was found between JNK activation and synovial 
TNF-α production, possibly suggesting a more central role for JNK in this disease.  This pos-
sibility is also suggested from prospective studies of PsA patients treated with etanercept, 
where decreases in ERK and JNK activity were observed, while p38 phosphorylation status 
was unaffected [32].

In this study, we observe a specific and strong positive correlation between phosphoryla-
tion of ERK and expression of the angiogenic marker Tie2, a receptor tyrosine kinase, in the 
synovial sublining layer of RA, but not PsA patients.  Previous studies of RA synovial tissue 
have indicated that Tie2 is expressed by endothelial cells, macrophages, and FLS [33-35].  In 
RA, we find that both p-ERK and Tie2 are prominently localized to synovial macrophages.  
The molecular basis of this association remains to be determined.  One trivial possibility is 
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Conclusions

This study provides our first insights into the relationships between activation of MAPKs 
and clinical and cellular parameters of disease activity in RA and PsA.  Despite elevated p38 
phosphorylation in RA synovial tissue compared to PsA synovial tissue, no relationship of 
p38 phosphorylation with clinical parameters of disease activity, or cellular markers of in-
flammation (TNF-α), joint destruction (MMP) or angiogenesis (Tie2) is observed in RA of PsA.  
This may explain in part the lack of sustained efficacy of p38 inhibitors in the clinical set-
ting.  JNK phosphorylation is closely associated with TNF-α production in PsA, suggesting a 
potential clinical benefit of JNK inhibitors in this disease.  ERK phosphorylation is enhanced 
in RA compared to PsA, and intimately associated with expression of Tie2.  Although the 
molecular association between ERK phosphorylation and Tie2 expression requires further 
elucidation, strategies targeting ERK may be useful in suppressing angiogenesis in RA.
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Introduction

Mitogen-activated protein (MAP) kinases are ubiquitously expressed intracellular enzymes which oc-

cupy critical positions in signal transduction cascades coupling extracellular stimuli to cellular res-

ponses.  Members of the MAP kinase family, namely p38 kinases (α, β, γ, and δ isoforms), extracellular 

signal-regulated kinases (ERKs) 1 and 2, and c-Jun N-terminal kinases (JNK) 1-3,  serve as substrates of 

complex protein kinase cascades initiated by diverse cell surface proteins, including antigen receptors, 

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

(TLR) [1,2]. Once phosphorylated, MAP kinases are activated in turn to phosphorylate transcription 

factors needed for gene transcription.

Members of each MAP kinase family are expressed and activated in the synovial tissue of patients with 

rheumatoid arthritis (RA) and other forms of inflammatory arthritis [3-5].  Highly selective pharma-

cological inhibitors of p38 [6-9], ERK [10, 11] and JNK [3, 12, 13] can prevent inflammatory activation 

of stromal fibroblast-like synoviocytes (FLS) derived from synovial tissue of RA patients, chondrocytes 

and osteoclasts.  Additionally, pharmacological inhibition or genetic deletion of MAP kinase activity 

reduces inflammation and joint destruction in multiple experimental animal models of RA [6, 8, 10, 

12, 14-18].  Together, these data have suggested the possibility that therapeutic strategies aimed at 

inhibiting MAP kinase activation may be useful in the treatment of RA [1, 2, 19, 20].

Despite this wealth of pre-clinical analyses, little is known about the distinct contributions of each 

MAP kinase to the onset and perpetuation of RA. Clinical parameters and biomarkers have yet to be 

identified which are associated with synovial MAP kinase activation status, and MAP kinase activation 

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

genic human TNF overexpression model of murine arthritis, p38 activation is selectively associated 

with and required for induction of inflammation and joint destruction [15,21].  Additionally, anti-TNF 

treatment results in decreased p38 activation in RA patient peripheral blood T cells, and decreased 

ERK and JNK phosphorylation in the synovial tissue of psoriatic arthritis (PsA) patients [22-24]. These 

changes in MAP kinase activation following effective treatment indicate a potential role for MAP 

kinases in promoting arthritis in RA and PsA.  Whether these observations can be eventually translated 

into successful treatment of RA with MAP kinase inhibitors, especially in the early stages of disease, is 

uncertain however, as clinical trials with p38 inhibitors have not been successful [25, 26].

Recent kinetic analyses of MAP kinase activation status in experimental arthritis have revealed model-

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

activation during disease onset and resolution [27]. In this study, to examine if similar differences 

in MAP kinase involvement might be relevant to the earliest stages of the development of RA, we 

examined the relationship between MAP kinase expression and activation, and disease diagnosis and 

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

thritis patients.

Abstract

Objectives: To investigate the expression and activation of mitogen-activated protein (MAP) 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 according to criteria for undifferentiated arthritis 

(UA), rheumatoid arthritis (RA), or spondyloarthritis (SpA). Synovial biopsies from actively inflamed 

joints were obtained at baseline by needle arthroscopy and examined by immunohistochemistry for 

expression and phosphorylation of p38, extracellular signal regulated kinases (ERK) 1/2 and c-Jun 

N-terminal kinase (JNK) MAP kinases, using computer-assisted image analysis. Results 

were compared between patients with different diagnoses and different disease outcomes. 

Results: Activation of ERK was enhanced at inclusion in patients meeting RA criteria after two 

years (n = 27) compared to SpA (n = 7) (p < 0.05) and UA (n = 16) (p < 0.005). Similarly, relative 

JNK activation was significantly higher in RA than in SpA (p < 0.005) and UA p< 0.01).  However, 

relative p38 activation was similar between diagnostic groups.  Logistic regression analysis demon-

strated that synovial JNK activation, but not p38 or ERK activation, is a predictor of fulfillment of 

classification criteria for RA after two years (R2 = 0.59, p = 0.02).  When comparing patients di-

agnosed with UA at baseline who fulfilled classification criteria for RA after two years (UA>>RA, 

n = 8) with those who remained UA (UA>>UA, n = 16), activation of JNK (p < 0.005), but not 

p38 or ERK was significantly enhanced.  Activation of ERK (p < 0.01) and JNK (p < 0.01) at base-

line was also enhanced in RA patients with progressive joint destruction as assessed by compari-

son of X-rays at baseline and after two years.  Comparing all early arthritis patients, activation of 

p38 (p < 0.05), ERK (p < 0.005) and JNK (p < 0.001) was elevated in patients with erosive disease. 

Conclusions: In patients with early arthritis, elevated ERK and JNK activity distinguish RA from other 

forms of arthritis, and JNK activation is already elevated in patients with RA even before classifica-

tion criteria of RA are met. Activation of MAP kinases is also associated with development of erosive 

disease, and JNK activation predicts the development of erosive disease in early arthritis patients. 

Together, our data suggest that strategies targeting ERK and JNK, rather than p38, may be beneficial 

in treating RA early in the disease process.
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goat anti-mouse or swine-anti-rabbit -horseradish peroxidase (HRP)-conjugated antibodies (Dako, 

Glostrup, Denmark), followed by incubation with biotinylated tyramide and streptavidin-HRP, and 

development with aminoethylcarbazole (Sigma, St. Louis, MO) [33].  Slides were counterstained with 

Mayer’s hematoxylin and mounted in Kaiser’s glycerol gelatin (Merck, Darmstadt, Germany). 

Immunohistochemical analysis
After staining of the slides the sections were analyzed by digital image analysis. All sections were ana-

lyzed in random order by readers (DD, GS, MS) who were blinded with regard to the patient’s clinical 

characteristics. Images were acquired and analyzed using a Syndia algorithm on a Qwin-based analysis 

system (Leica, Cambridge, UK) as previously described [34].  Expression and/or 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 phospho-MAP kinase IOD by IOD/

mm2 total MAP kinase, controlled for cellularity by calculating the number of nucleated cells/mm2.

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.  Univariate logistic regression analysis was used to analyze the relationship between rela-

tive MAP kinase expression and development of RA and the development of erosive disease.  Results 

were considered to be of statistical significance if p < 0.05.

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 or ankle joint 

underwent arthroscopic synovial biopsy. Diagnosis of RA or spondyloarthritis (SpA) was made accor-

ding to established classification criteria [28,29].  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 disease modifying anti-rheumatic drugs (DMARD) at inclusion. None were 

taking corticosteroids, but previous corticosteroid use for diagnoses other than inflammatory joint 

diseases was allowed up to three months before inclusion in the study.  At inclusion we assessed dis-

ease activity by acquisition of 68 tender and 66 swollen joint score, patients 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.  Paired serum and arthroscopic synovial tissue biopsy 

samples were collected at baseline. X-rays were obtained at baseline and after 2 years of follow up; 

erosion scoring was based on the presence or absence of erosions on X-rays of hands and feet in cases 

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, and all study patients 

provided written informed consent.  

Measurement of autoantibodies in patient serum
The presence of IgM rheumatoid factor (IgM-RF) and anti-citrullinated protein antibodies (ACPA) in 

patient serum was measured using IgM-RF (Sanquin, Amsterdam, The Netherlands) and anti-CCP2 

(Eurodiagnostica, Arnhem, The Netherlands) ELISA kits, respectively.

Synovial tissue biopsy sampling and immunohistochemistry
 All patients underwent arthroscopic synovial tissue biopsy sampling of an ankle, wrist or knee joint 

[31]. Six synovial tissue biopsies were collected from each patient for immunohistochemistry, as previ-

ously described [32]. The synovial biopsy samples were snap-frozen en bloc in TissueTek OCT (Miles, 

Elkhart, IN) immediately after collection.  Prior to staining, cryostat sections of tissue (5 µM) were cut 

and mounted on adhesive glass slides (Kintetelglaser, Braunschweig, Germany) and stored at -80°C 

until needed for staining.  For staining, slides were incubated overnight at 40°C with primary antibody 

diluted in 1% w/v bovine serum albumin in phosphate-buffered saline (PBS).  Primary antibodies 

used in this study were polyclonal rabbit antibodies specific for p38, ERK, JNK (all from Cell Signal-

ing, Beverly, MA) and murine monoclonal antibodies recognizing phosphorylated (p)- p38, ERK, and 

JNK (Santa Cruz Biotechnology, Santa Cruz, CA). Sections were washed with PBS and incubated with 
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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 from 50 DMARD-naive early 

arthritis patients, using antibodies which recognized total and phosphorylated (phospho-) p38, ERK, 

and JNK MAP kinases.  Within the cohort, 27 patients were diagnosed with RA at 2 years after en-

rollment in the study, 7 with SpA, and 16 with UA. Clinical characteristics of each patient group are 

shown in Table 1. Initial qualitative analysis demonstrated that p38 was readily detected in synovial 

tissue of patients from all diagnostic groups. Expression of p38 was highest in patients with UA, and 

significantly different in this group compared to SpA (p <0.05), but not patients with RA (Figure 1, 

right top panel).  In contrast to p38, phospho-p38 was hardly detectable in early arthritis synovial 

tissue, although phospho-p38 levels were again higher in patients with UA than those with SpA (p < 

0.05) (Figure 1, left top panel).  ERK expression was significantly higher in patients with RA than in 

those with SpA (p < 0.01) and UA (p < 0.01) (Figure 1, right middle panel).  Phospho-ERK levels were 

also highest in the synovial tissue of RA patients, where it was significantly elevated compared to SpA 

(p < 0.01) and UA (p <0.01) (Figure 1, left middle panel). No differences in JNK expression were noted 

between diagnostic groups (Figure 1, right lower panel), but phospho-JNK levels were higher in RA 

than in SpA (p < 0.005) and UA (p < 0.01) (Figure 1, left lower panel). Together, these initial analyses 

indicated that MAP kinases are differentially expressed and phosphorylated in early arthritis patients, 

dependent on patient disease diagnosis.

Table 1 / Characteristics of study patients*

UA>>UA = undifferentiated arthritis at baseline and at two years follow-up; RA = rheumatoid arthritis at base-
line; UA>RA = classified as UA at baseline and diagnosed as RA at two year follow-up; SpA = spondyloarthritis; 
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.

JNK en ERK MAP kinases zijn goede
biochemische voorspellers van
erosiviteit in RA

Age (years)
Female (n)
Disease duration (m)
VAS (0-100)
TJC68 (n)
SJC66 (n)
ESR (mm/h)
CRP (mg/l)
IgM-RF pos.
ACPA pos. (n)

UA>>UA
n=16
39 (20-67)
12
3.75 (1-10)
63 (9-93)
3 (0-37)
1 (1-19)
34 (4-85)
11 (2-58)
2
2

RA
n=19
52.5 (22-82)
10
5 (1-12)
37 (11-99)
16 (5-38)
8 (4-41)
32 (3-91)
12 (3-133)
13
10

UA>>RA
n=8
54 (43-66)
7
3.5 (1-11)
48 (32-98)
13 (3-25)
6 (1-20)
30 (14-77)
17 (3-42)
1
3

SpA
n=7
44 (20-56)
0
2 (1-12)
35 (17-91)
4 (0-11)
2 (1-5)
11 (3-47)
7 (1-46)
0
0
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Relative phosphorylation of ERK and JNK is enhanced in patients with early RA, 
even before fulfillment of classification criteria for RA
To gain more insight into the relative degree of engagement of each MAP kinase by inflammatory 

stimuli in synovial tissue, we calculated the relative phosphorylation of p38, ERK, and JNK proteins for 

each patient (IOD phospho-MAP kinase/IOD total MAP kinase, arbitrary units), and compared these 

values between diagnostic groups. Relative phosphorylation of p38 was similar in all diagnostic groups 

(Figure 2, left panel). In contrast, relative ERK phosphorylation in RA (mean ± SEM, arbitrary units, 1.51 

± 0.82) was significantly higher than in SpA (0.49 ± 0.45, p < 0.05) and UA (0.010 ± 0.005, p < 0.01) 

(Figure 2, middle panel). Striking differences were also observed for relative JNK phosphorylation levels 

between diagnostic groups (Figure 2, right panel).  Relative JNK phosphorylation was highly elevated 

in patients with RA (1.77 ± 0.58) compared to UA (0.41 ± 0.09, p < 0.01) and SpA (0.06 ± 0.0003, p < 

0.005).

Figure 2 / Quantitative comparison of relative MAPK phosphorylation in the synovial tissue of pa-
tients with early arthritis.
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, SpA, and UA. Data is 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 signifi-
cant differences between groups. * p < 0.05. ** p < 0.01. *** p < 0.005.

Figure 1 / Quantitative comparison of mitogen-activated protein kinase (MAPK) phosphorylation 
(phospho-MAPK) and expression (total MAPK) in the synovial tissue of patients with early arthritis.
Tissue sections from patients diagnosed with rheumatoid arthritis (RA), spondyloarthritis (SpA), and undiffer-
entiated 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. Values indicated are the integrated optical densi-
ty (IOD)/mm2 of stainings with the indicated antibodies. Data is 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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Relative ERK and JNK activation is elevated in RA patients developing erosive 
disease
We next examined the relationship between MAP kinase activation and disease outcome in patients 

with RA. All patients with RA (RA»RA and UA»RA) were pooled and then grouped based on the de-

velopment of erosive disease.  Patients were defined as having erosive disease based on the presence 

of erosions observed on X-rays of hands or feet at 2 year follow up where the modified Sharp-van der 

Heijde erosion score was ≥ 1 [35].  Clinical characteristics of these patients are described in Table 2.  Of 

all the early arthritis patients, only one had erosive disease at baseline.

When MAP kinase engagement was assessed in this manner, no differences were observed in the rela-

tive phosphorylation of p38 between patients with non-erosive (n=15) and erosive disease (n=12) 

(Figure 4A, left panel). In contrast, relative phosphorylation of ERK (p < 0.01) (Figure 4A, middle panel) 

and JNK (p < 0.01) (Figure 4A, right panel) was significantly higher in patients who developed erosive 

disease. When we compared the relationship of disease progression with MAP kinase activation in all 

early arthritis patients, regardless of diagnosis (see Table 3 for patient characteristics), we found that 

activation of each of the MAP kinases was elevated in patients with erosive disease (Figure 4B).  Com-

paring all early arthritis patients, activation of p38 (p < 0.05), ERK (p < 0.005) and JNK (p < 0.001) was 

elevated in patients with erosive disease, and JNK activation predicted development of erosive disease 

(R2 = 0.16, p < 0.05).

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

RA = rheumatoid arthritis at two years follow-up; DAS28 = disease activity score 28; ESR = erythrocyte sedimen-
tation rate; CRP = C-reactive protein; VAS = visual analog scale of global disease activity; IgM-RF pos. = immu-
noglobulin M rheumatoid factor positive; ACPA pos. = anti-citrullinated protein antibody positive.

Given the observed elevation in ERK and JNK phosphorylation of patients with RA compared to other 

diagnostic groups, we examined if the MAP kinases might already be preferentially activated in pa-

tients diagnosed with UA at baseline who were classified as RA after two years (see Table 1 for pa-

tient characteristics).  We observed no differences in relative p38 phosphorylation between patients 

diagnosed with UA who remained classified as UA (UA>>UA) (n=16) and UA patients who later met 

ACR criteria for RA (UA>>RA) (n=8) (Figure 3, left panel). ERK phosphorylation was also similar in the 

two diagnostic groups (Figure 3, middle panel).  In contrast, JNK phosphorylation levels were signifi-

cantly elevated in UA>>RA patients (Figure 3, right panel) compared to UA>>UA patients (p < 0.005). 

Univariate logistic regression alaysis 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). However relative ERK and p38 expression were not related to fulfillment of clas-

sification criteria for RA after follow up. Thus,  in patients with early arthritis, elevated ERK and JNK 

activity distinguish RA from other forms of arthritis, and JNK activation is already elevated in patients 

with RA even before classification criteria of RA are met.

Figure 3 / Quantitative comparison of relative MAPK phosphorylation in the synovial tissue of pa-
tients classified 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 (ratio of IOD phosphorylated protein to IOD of total protein, arbitrary units) of 
p38, ERK, and JNK were calculated for patients diagnosed with UA>>UA and UA»RA. Data is 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.

 



  






















































     

Age (years)
Disease duration (months)
DAS 28
ESR (mm/h)
CRP (mg/l)
VAS (0-100)
IgM-RF pos. (%)
ACPA pos (%)

RA erosive
n=12
53 (24-82)
5 (1-10)
5.0 (2.9-6.6)
37 (3-91)
9 (3-114)
27 (11-76)
66
44
 

RA non-erosive
n=15
54 (22-58)
4 (1-12)
5.9 (3.3-6.7)
27 (7-76)
16 (3-133)
50 (25-98)
43
50

p-value
 
0.88
0.86
0.13
0.67
0.62
0.12
0.27
0.80



134

chapter 5 Selective involvement of erk and jnk mitogen-activated protein kinases in early rheumatoid 
arthritis

135

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

Relative ERK and JNK activation is enhanced in early arthritis patients seropositive 
for RF and ACPA
Lastly, we examined if differences in the relative activation of MAP kinases might be associated with 

the presence of RF and ACPA, humoral biomarkers predictive in the development of RA, as well as 

disease course and prognosis [36, 37].  RA and UA»RA patients were grouped and then classified based 

on the absence or presence of serum RF or ACPA at baseline (see Tables 4 and 5 for clinical character-

istics of patients).  When comparing RF+ (n=14) to RF- patients (n=13), the relative activation of ERK 

(p < 0.0005) and JNK (p < 0.005), but not p38, was significantly higher in RF+ patients (Figure 5, left 

panels).  Similarly,   ACPA+ patients (n = 13) also displayed enhanced relative ERK (p < 0.001) and JNK 

(p < 0.005) activation compared to ACPA- patients (n = 14) (Figure 5, right panels).

Table 4 / Characteristics of RF seropositive and seronegative RA patients*

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 sedimentation rate; CRP = 
C-reactive protein.  

Table 5 / Characteristics of ACPA seropositive and seronegative RA patients*

ACPA+ = anti-citrullinated protein antibody seropositive; ACPA- = anti-citrullinated protein antibody seronega-
tive; 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. 

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

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.

Figure 4 / Quantitative comparison of relative MAPK phosphorylation in the synovial tissue of early 
arthritis patients with persistent erosive and persistent non-erosive disease.
Relative phosphorylation levels (ratio of IOD phosphorylated protein to IOD of total protein, arbitrary units) of 
p38, ERK, and JNK were calculated for RA (a) and all early arthritis patients (b) diagnosed with erosive (Sharp-van 
der Heijde erosion score ≥ at two year follow up) and non-erosive persistent disease. Data is 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. * p < 0.05. ** p < 0.01. *** p < 0.005.

 

 







































 













 



 















































 










 

  













Age (years)
Disease duration (months)
DAS 28
ESR (mm/h)
CRP (mg/l)
VAS (0-100)
IgM-RF pos. (%)
ACPA pos (%)

erosive
n=17
54 (24-81)
5.8 (1-11)
3.7 (1.1-5.7)
36 (3-91)
14 (1-114)
42 (11-81)
35
24

 

non-erosive
n=33
46 (20-75)
4.9 (1-12)
2.4 (0.6-6.3)
32 (9-93)
10 (1-133)
38 (3-98)
21
27

p-value
 
0.92
0.39
0.012
0.72
0.68
0.88
0.32
0.88

Age (years)
Disease duration (months)
VAS (0-100)
TJC68 (n)
SJC66 (n)
DAS 28
ESR (mm/h)
CRP (mg/l)

Age (years)
Disease duration (months)
VAS (0-100)
TJC68 (n)
SJC66 (n)
DAS 28
ESR (mm/h)
CRP (mg/l)

RF+
n=14
53.3 (30-75)
7.3 (1-12)
36 (20-75)
12 (5-38)
7 (1-41)
3.7 (1.1-6.3)
31 (14-91)
20 (3-133)

ACPA+
n=13
53.7 (40-75)
7.5 (1-12)
35 (0-75)
11 (5-38)
6 (2-41)
3.6 (1.1-6.3)
31 (14-91)
23 (3-133)

 

RF-
n=13
57.1 (27-71)
5.4 (1-11)
23 (3-43)
4 (3-14)
3 (1-17)
2.7 (1.3-3.4)
30 (3-77)
20 (3-42)

ACPA-
n=14
56 (30-71)
5.6 (1-11)
22 (3-43)
7 (3-17)
3 (1-17)
3.2 (1.2-6.2)
30 (3-77)
16 (3-42)

p-value
 
0.53
0.23
0.23
0.07
0.07
0.22
0.86
0.96

p-value
 
0.75
0.23
0.11
0.44
0.43
0.72
0.86
0.49

(a)

(b)
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Discussion

The MAP kinases p38, ERK, and JNK are each detected in their activated form in the synovial tissue 

of patients with various forms of inflammatory arthritis [3,4].  Moreover, a requisite role for each of 

these MAP kinases in the initiation and perpetuation of inflammation, as well as joint destruction, 

has been demonstrated in multiple animal models of arthritis, using both gene-silencing techniques 

and increasingly specific pharmacological inhibitors [1-3]. These findings have cumulatively suggested 

that MAP kinases might represent attractive therapeutic targets in the treatment of RA and other 

forms of arthritis. However, the clinical inefficacy of p38 inhibitors displayed in early trials with RA 

patients has indicated a need for a greater understanding of the contributions of MAP kinase acti-

vation to synovitis and joint destruction [25, 26, 38].  In this study, we provide the first analysis of 

MAP kinase activation in relationship to disease development and prognosis in a prospective study 

of DMARD-naive early arthritis patients.  We find that activation of ERK and JNK, but not p38, is 

significantly elevated in patients with RA compared to patients with other diagnoses, and is closely 

associated with patient production of RF and ACPA auto-antibodies, considered important biomarkers 

for development of RA and disease course [39, 40].  Activation of ERK and JNK is also highly elevated 

in the synovium of patients who develop erosive RA.  Perhaps important to the etiology of RA, JNK 

activation is elevated in patients with RA even before classification criteria of RA are met.  When we 

assessed all early arthritis patients, regardless of disease diagnosis, we found that each of the MAP 

kinases was more highly activated in patients with erosive disease, and here, JNK activation predicted 

the development of erosive disease.     

Initial characterizations of MAP kinase activation status in patients with RA were confined to patients 

undergoing joint surgery [4, 41].  Although relative activation levels of each MAP kinase were not 

described, the percentages of cells in which phosphorylated p38, ERK, and JNK could be detected in 

RA synovial tissue were similar [4]. We have recently reported similar findings in studies of synovial 

tissue from patients with active RA and PsA (de Launay et al, submitted). However, we also noted that 

the relative activation of total p38 and ERK protein was elevated in RA compared to PsA, indicating 

that in different forms of arthritis, active engagement of each MAP kinase may vary and make specific 

contributions to pathology. Intriguingly, recent kinetic analyses of MAP kinase activation in multiple 

murine models of RA have also indicated differential involvement of p38, ERK and JNK in distinct 

phases of initiation, perpetuation, and resolution of disease in inflammatory arthritis [27].  This latter 

observation prompted us to examine MAP kinase expression and phosphorylation in the earliest stages 

of human arthritis.

Figure 5 /Relationship between relative MAPK phosphorylation in the synovial tissue of early arthritis 
patients and the presence of autoantibodies in patient serum.
RA patients were grouped based on the presence (+) or absence (-) of rheumatoid factor (RF, left panels) or 
anticitrullinated protein antibodies (ACPA, right panels) and relative MAPK phosphorylation levels (ratio of IOD 
phosphorylated protein to IOD of total protein, arbitrary units) of p38, ERK, and JNK were calculated for each 
patient. Data is 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. P values (p) of 
statistically signficant differences between patient groups are indicated.
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17]. However, in vitro studies in RA FLS with MEK/ERK inhibitors have revealed that many secreted 

products routinely assessed as TNF-dependent activation markers relevant to RA, including IL-6, IL-8, 

MMP-1, MMP-3 and PGE2, are relatively insensitive to ERK activity status [44]. Thus, the mechanisms 

by which ERK contribute to the initiation of inflammation and disease progression, in RA and animal 

models of RA, remain to be established.

We find that JNK phosphorylation is also significantly elevated in early RA patient synovial tissue, even 

before classification criteria are met.  Synovial JNK phosphorylation has previously been detected in 

patients with longstanding RA, especially in FLS of the intimal lining layer [4, 45].  In terms of kinetics 

of activation, JNK participation in RA appears to be most similar to the K/BxN, rather than CIA, animal 

model [27].  Similarly to CIA, synovial JNK phosphorylation is not prominent in transgenic human TNF-

induced arthritis, and JNK1 is dispensable for disease onset in this model [46].  In murine FLS, both 

JNK1 and JNK2 contribute to IL-1β-induced collagenase expression, and an absolute requirement for 

JNK2 activity in passive murine CIA has been demonstrated [12, 18].  Additionally, pharmacological 

inhibition of JNK signaling  is protective in rat adjuvant-induced arthritis, particularly in regard to 

suppressing collagenase-3 expression and bone damage [12].

Our studies suggest that pharmacological targeting of ERK and JNK may be of particular benefit in 

limiting inflammation and joint destruction early in the development of RA. Continued research will 

be needed to determine the exact mechanisms by which ERK and JNK contribute to these phases of 

RA, and profiling of ERK and JNK –dependent gene expression in early arthritis patients will likely ac-

celerate accomplishment of this goal.

In this study, we find no evidence supporting a specific 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 observations that p38, along with ERK, is highly activated in 

the human TNF-transgenic murine model of RA were also consistent with the idea that p38 contrib-

uted to inflammation and joint destruction [3, 4, 21]. Indeed, pharmacological inhibition of p38 blocks 

disease onset in this animal model of RA [15]. Despite this, initial clinical trials using highly selective 

p38 inhibitors to treat RA patients have reported little clinical efficacy, while noting a small and tran-

sient, albeit reproducible decrease in systemic inflammation [25, 26]. This has raised the possibility that 

p38 may also make significant contributions to negative feedback mechanisms which dampen inflam-

matory responses, or even, primarily participate in cellular attempts to resolve inflammation or repair 

tissue in established RA. Several experimental and clinical observations support these possibilities. At 

the cellular level, p38 activity can both promote and suppress the stability of mRNA encoding pro-

inflammatory gene products, initiate negative feedback loops suppressing the activity of ERK and JNK, 

and is required for IL-10 production [42].  In murine collagen-induced arthritis (CIA), p38 phosphoryla-

tion levels are only modestly increased over baseline until late in the disease (day 40-50), when clinical 

parameters and cytokine biomarkers of disease activity are receding [27]. In the human TNF-transgenic 

murine model of RA, anti-TNF therapy resolves disease in arthritic mice but fails to diminish synovial 

p38 phosphorylation to levels observed in healthy mice [21]. Parallel observations are emerging in the 

clinic, as successful treatment of PsA patients with etanercept decreases phosphorylation of synovial 

ERK and JNK, while leaving the phosphorylation status of p38 unaffected [43].  Possibly, our failure to 

detect significant levels of p38 phosphorylation in patients with early arthritis may reflect that repair 

mechanisms have not yet been initiated in this stage of the disease.  This can be formally tested in the 

future as follow-up synovial samples are acquired from patients enrolled in early arthritis studies.

We observe a clear and significant elevation of ERK phosphorylation in early arthritis patients diag-

nosed with RA.  Strikingly, ERK phosphorylation is also elevated in those RA patients who develop ero-

sive disease.  Previous reports have readily detected ERK phosphorylation in the synovial tissue of RA 

patients undergoing joint replacement [4]. ERK also participates in the pathology of murine models of 

RA, although the kinetics and degree of ERK activation vary between specific models. In the passive K/

BxN serum transfer model of RA, ERK activation is detected early during disease initiation, peaks at the 

height of clinical disease activity, and then subsides in parallel with disease resolution [27]. In contrast, 

the same authors were unable to detect ERK phosphorylation throughout the disease course of CIA. 

This may suggest a negligible role for ERK in CIA, but other investigators have detected a sharp tran-

sient increase in ERK activation between days 28-35 of the CIA model [10].  Indeed, a generalized role 

for ERK in inflammatory arthritis is suggested by findings that either genetic deletion of scaffolding 

proteins needed for ERK activation, or pharmacological inhibition of the upstream kinases responsible 

for ERK activation, MEK-1 and MEK-2, are protective in passive serum transfer arthritis and CIA [10, 
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Introduction

Inflammation and bone destruction in the affected joints of rheumatoid arthritis (RA) patients results 

from the improper recruitment, activation, proliferation, survival and retention of white blood cells 

and stromal cells [1].  While the mechanisms leading to the induction of RA are poorly understood, 

defects in cellular apoptosis contribute to the accumulation and persistence of inflammatory neu-

trophils, macrophages, lymphocytes and fibroblast-like synoviocytes (FLS) in RA synovial tissue [2,3].  

Intracellular signaling pathways, including NF-κB, p53, and phosphatidylinositol 3-kinase (PI3K) path-

ways, regulate apoptosis and cell survival in the RA synovium through modulation of expression and 

activity of proteins involved in apoptosis, and a better understanding of these signaling pathways may 

provide new therapeutic tools in the treatment of RA (2-5). PI3Ks have recently emerged as potential 

key mediators of cell recruitment to, and persistence in, the RA synovial joint [5;6].  PI3Ks are he-

terodimeric enzymes which can be activated by recruitment of the regulatory subunit p85 to activated 

growth factor and cytokine receptors, or direct binding of the catalytic subunit to activated G-protein 

coupled receptors, including chemokine receptors, or Ras family GTPases.  The resultant generation of 

phosphorylated lipid metabolites recruits and activates pleckstrin homology (PH) domain –containing 

proteins, such as the protooncogene product protein kinase B (PKB, also known as Akt).  PI3K signaling 

is attenuated by the tumor suppressor phosphoinositide phosphatase, phosphatase and tensin homolog 

deleted on chromosome 10 (PTEN).  Involvement of PI3K in RA was suggested by the observation that 

PTEN mRNA expression is decreased in the intimal lining layer compared to the synovial sublining, and 

in invasive RA FLS in the severe combined immunodeficiency (SCID) mouse model of RA [7]. This would 

be predicted to result in activation of PI3K signaling, a notion substantiated by the finding that PI3K-

dependent activation of PKB is enhanced in RA synovial tissue and FLS, compared to tissue and FLS 

obtained from OA patients [8].  Many of the effects of PI3K on cellular proliferation and survival are 

mediated by PKB-dependent phosphorylation and subsequent inactivation of three FoxO family tran-

scription factors, FoxO1, FoxO3a, and FoxO4 [9].  Activated PKB phosphorylates FoxO family members 

on conserved residues, directly interfering with FoxO binding to target DNA sequences [10;11], and/or 

promoting FoxO association with 14-3-3 proteins mediating FoxO nuclear export and exclusion [11].  

Unphosphorylated active FoxO family proteins promote transcription of genes which regulate cell 

cycle progression and survival, including FasL, p27KIP1 [12;13], cyclin D proteins [14], Bim [15], Bcl-6 

[16], and manganese-dependent superoxide dismutase [17].  In overexpression studies, constitutively 

active FoxO proteins can stimulate cell-cycle arrest or apoptosis, in a protein- and cell-specific man-

ner.  A potential role for FoxO family members in autoimmune disease has been suggested by analysis 

of FoxO3a-deficient mice, which display an age-dependent T cell lymphoproliferation, associated with 

multi-organ inflammation [18].  As these studies suggested a potential role for PKB-dependent inac-

tivation of FoxO family members in human chronic inflammatory disease, we examined the expression 

and PKB-dependent phosphorylation status of FoxO family members in RA synovial tissue.

Abstract

Objectives: Phosphatidylinositol 3-kinase (PI3K)-dependent activation of protein kinase B (PKB) has 

been observed in rheumatoid arthritis (RA) synovial tissue, and interfering with PI3K-dependent PKB 

activation is protective in animal arthritis models.  PKB can regulate cellular survival and prolifera-

tion via phosphorylation-dependent inactivation of FoxO family transcription factors.  We examined 

if FoxO transcription factors are differentially inactivated in RA synovial tissue and if this inactivation 

correlates with disease parameters.  

Methods: We assessed FoxO family expression and phosphorylation in synovial biopsies from 12 RA 

and 9 inflammatory osteoarthritis (OA) patients by immunohistochemistry and quantitative computer-

assisted image analysis.  IL-1β and TNF-α -induced phosphorylation of FoxO1 and FoxO4 in cultured 

fibroblast-like synoviocytes (FLS) and macrophages, respectively, was detected by immunoblotting.  

Results: FoxO1, FoxO3a, and FoxO4 were expressed and phosphorylated in both RA and OA synovial 

tissue.  Phosphorylation of FoxO1 was observed in both RA FLS and synovial macrophages.  FoxO3a 

and FoxO4 were phosphorylated in T lymphocytes and macrophages, respectively.  FoxO1 and FoxO4 

were phosphorylated in RA and OA FLS, and macrophages, respectively, following IL-1β and TNF-α 

stimulation. Inactivation of FoxO4 was significantly enhanced in RA synovial sublining compared to 

inflammatory OA.  Strong negative correlations were observed between inactivation of FoxO4 in RA 

synovial tissue and CRP and ESR serum levels.  

Conclusion: Although all three FoxO family members are phosphorylated in both RA and OA synovial 

tissue, inactivation of FoxO4 in synovial macrophages is significantly enhanced in RA.  Cell-specific 

inactivation of FoxO family members may differentially regulate cell survival and proliferation in the 

RA synovium.
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Patients and Methods

Patient samples 
Synovial biopsy samples were obtained from clinically active joints of twelve patients with active RA 

and 9 patients with inflammatory osteoarthritis (OA) undergoing joint needle arthroscopy as previ-

ously described [19].  RA patients fulfilled the American College of Rheumatology (formerly American 

Rheumatism Association) revised criteria for the diagnosis of RA [20].  OA patients fulfilled established 

criteria [21] and had a joint effusion in the absence of rheumatologic disease other than OA.  The pa-

tients were followed at least one year to allow confirmation of the diagnosis.  Patient characteristics 

are shown in Table 1.  A synovial biopsy was obtained from the wrist of one RA patient and all other 

RA and OA biopsies were obtained from knee joints.  Synovial biopsy specimens were immediately em-

bedded in Tissue Tek OCT (Miles Diagnostics, Elkhart, IN), snap-frozen by immersion in methylbutane 

(-80°C) and stored in liquid nitrogen until further processing.  All patients provided informed consent 

prior to the start of this study.  This study was approved by the Medical Ethics Committee of the Aca-

demic Medical Center, University of Amsterdam, Amsterdam, The Netherlands.

Table 1 / Characteristics of study patients

Except when indicated otherwise, values represent the median (range). RA = rheumatoid arthritis;
OA = osteoarthritis; DMARDs = disease-modyfing antirheumatic drugs; ESR = erythrocyte sedimentation rate; 
CRP =  C-reactive protein; VAS  = Visual analog scale; NA = not applicable

Activatie van een ontstekings pathway
hoeft niet per se bij te dragen
aan de ontsteking

Disease diagnosis
Age, years
No. men/no. women
% receiving DMARDs
% rheumatoid factor positive
ESR, mm/hour
CRP, mg/liter
Disease duration, median months (range)
Morning stiffness, median minutes (range)
Assesment of pain, mm (0-100 mm VAS)
Swollen joint count

RA
56.2 (41-72)
6/5
40
80
65.8 (21-108)
28.7 (8-53)
75.1 (2-300)
36.2 (0-80)
56.8 (40-90)
7.1 (3-14)

OA
54.5 (43-76)
4/4
0
12
21.5 (13-63)
10.5 (7-55)
35 (2-240)
NA
10.0 (0-90)
1.0 (1-1)



152

chapter 6 Inhibition of FoxO Family Member Transcription Factors in Rheumatoid Synovial Tissue

153

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

(IOD)/nucleus/mm2). Values were calculated for both intimal lining layer and synovial sublining, and 

normalized for tissue cellularity.  For double stainings, slides were analyzed qualitatively by two inde-

pendent observers (JL and TJMS).

Cell culture and stimulation
RA and OA FLS were isolated from patient synovial biopsy samples by enzymatic digestion and cul-

ture in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS).  Experi-

ments were conducted using fourth to ninth passage FLS.  FLS were plated in 12-well tissue culture 

dishes and cultured in medium containing 0.5% FCS for 24 hours prior to stimulation.  Monocytes were 

obtained from healthy donor peripheral blood by sequential density gradient centrifugation on Lym-

phoprep (Nycomed, Torshov, Norway) and Percoll (Pharmacia Biotech, Uppsala, Sweden) as previously 

described [25], and differentiated into macrophages by culture for 7-10 days in medium containing 500 

units/ml recombinant GM-CSF (R&D Systems Europe Ltd., Abingdon, UK).  Differentiation into CD68+ 

macrophages was confirmed by flow cytometric analysis.  FLS or macrophages were left unstimulated or 

stimulated over timecourses ranging from 5-60 minutes with 125 pg/ml recombinant IL-1β or 10 ng/ml 

recombinant TNF-α (both compounds from R&D Systems Europe Ltd.).  Stimulations were quenched by 

washing cells in cold phosphate-buffered saline (PBS) and lysis in 1x Laemli’s sample buffer.

Immunoblotting analysis
Proteins from FLS and macrophage lysates were resolved on 9% sodium dodecyl sulphate (SDS)-poly-

acrylamide gels and transferred to polyvinylidine difluoride membrane (PVDF) (Bio-Rad, Hercules, CA).  

Membranes were blocked for 1 hour at room temperature in Tris-buffered saline (10 mM Tris, pH 8.0; 

150 mM NaCl)/0.05% Tween-20 (Bio-Rad)  (TBS/T) containing 2% milk protein  (Bio-Rad).  Membranes 

were then incubated overnight at 4°C in primary antibodies diluted 1:1000 in TBS/T.  Primary rabbit 

antibodies used for immunoblotting were:  anti-FoxO1 (FKHR), anti-phospho-FoxO1 (FKHR), anti-

FoxO4 (AFX), and anti-phospho-FoxO4 (AFX) (all from Cell Signalling).  Blots were then washed exten-

sively, incubated for 1 hour at room temperature with HRP-conjugated anti-rabbit immunoglobulin 

(Bio-Rad), washed again, and developed using an enhanced chemoluminescence detection kit (Amer-

sham, Little Chalfont, U. K.).

Statistical analysis
Wilcoxon’s nonparametric signed ranks test was used to compare protein expression and/or phosphor-

ylation between intimal lining layer and synovial sublining within diagnosis groups.  The Mann-Whit-

ney U test was used to compare differences between OA and RA expression and/or phosphorylation of 

FoxO transcription factors.  Correlations between patient clinical parameters and FoxO expression or 

phosphorylation were assessed using Spearman’s rank correlation coefficient.  P values less than 0.05 

were considered statistically significant.  Given the exploratory nature of the study, statistical signifi-

cance was determined without adjustment for multiple comparisons.

Immunohistochemical analysis
Serial sections of six different biopsy samples were cut with a cryostat (5 µm), fixed with acetone, and 

endogenous hydrogen peroxide activity was quenched with 0.3% hydrogen peroxide.  Sections were 

stained overnight at 4°C with rabbit polyclonal antibodies against phospho-PKB (Thr308), FoxO1, phos-

pho-FoxO1(Ser256) (all from New England BioLabs, Beverly, MA), FoxO3a, phospho-FoxO3a (Ser253) 

(both from Upstate Biotechnology, Lake Placid, NY), goat polyclonal antibodies against FoxO4 and 

phospho-FoxO4 (Ser193) (both from Santa Cruz Biotechnology, Santa Cruz, CA), or PTEN monoclonal 

antibody (clone 6H2.1, Cedarlane Laboratories, Hornby, Ontario, Canada).  Equivalent concentrations 

of irrelevant control polyclonal rabbit and goat, or monoclonal mouse antibodies were used as nega-

tive controls.  Bound antibody was detected according to a 3-step immunoperoxidase method using a 

biotinylated tyramine amplification method as previously described [22].  Slides were incubated with 

horseradish peroxidase (HRP)-conjugated swine anti-rabbit, swine anti-goat, or goat anti-mouse im-

munoglobulin (Dako, Glostrup, Denmark), followed by biotinylated tyramide (Dako), streptavidin-HRP 

(Dako) and developed with amino-ethylcarbazole (AEC, Vector Laboratories, Buringame, CA).  Slides 

were counterstained with Mayer’s hematoxylin (Merck, Darmstadt, Germany) and mounted in Kaiser’s 

glycerol gelatin (Merck). Cell-specific expression or phosphorylation of proteins in synovial tissue was 

assessed by inclusion of antibodies against T lymphocytes (anti-CD3, Becton Dickinson, San Jose, CA), 

FLS (anti-CD55, mAb67, Serotec, Oxford, UK), and macrophages (anti-CD68, clone DK25, and anti-

CD163, clone Ber-MAC3, both from Dako).  Staining with anti-phospho-FoxO was developed with 

AEC as above.  Sections were then labeled with antibodies against cell markers, followed by goat anti-

mouse alkaline phosphatase-conjugated antibody (Dako), and development with FastBlue (Vector).  

Alternatively, sections were labeled with primary antibodies against phospho-FoxO proteins overnight 

at 4°C, followed by incubation with Alexa-488-conjugated goat anti-rabbit or rabbit anti-goat anti-

bodies (Molecular Probes Europe, Leiden, The Netherlands).  Sections were then incubated with mouse 

monoclonal antibodies (see above) against CD3, CD55, CD68, or CD163 for one hour at room tempera-

ture, followed by labeling with Alexa-596-conjugated goat anti-mouse antibody (Molecular Probes 

Europe).  After labeling, slides were mounted in Vectashield (H-1000, Vector) and analysed using a 

fluorescence microscope (Leica DMRA, Wetzlar, Germany) coupled to a CCD camera and Image-Pro 

Plus software (Media Cybernetics, Dutch Vision Components, Breda, The Netherlands).

Digital image analysis
For analysis of FoxO expression and phosphorylation in RA and OA synovial biopsies, 18 high-power 

fields were analyzed by computer-assisted digital imaging analysis using the Qwin analysis system 

(Leica, Cambridge, UK) as previously described [23;24].  Briefly, all sections were coded and analyzed 

in a random order by and independent observer blinded to the clinical diagnosis (MV). The number 

of positive cells per mm2 tissue was calculated.  Additionally, to assess the degree of phosphorylation 

in positive cells, we also calculated the integrated optical density (IOD) per cell (expressed as median 
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Cell-specific inactivation of FoxO family proteins in RA synovial tissue. 
As FoxO family members are known to have cell-specific functions in the regulation of cell prolifera-

tion and survival, we sought to identify cells in which FoxO family members had been inactivated by 

phosphorylation (Figure 2A).  Phospho-FoxO1 was observed in CD55-positive FLS and, less frequently, 

in both CD68 and CD163 positive macrophages, primarily in the intimal lining layer (indicated by ar-

rows).  Phosphorylated FoxO3a was observed primarily in CD3-positive T lymphocytes.  Not all T cells 

displayed inactivation of FoxO3a, but rather, phosphorylated FoxO3a was found almost exclusively in T 

cell aggregates.  Phosphorylated FoxO4 was detected only in CD68 and CD163 –positive macrophages.  

These results were confirmed by an independent methodology, immunofluorescent double-labelling 

of RA synovial biopsy tissue (Figure 2B).  Here, FoxO1 phosphorylation was observed only in CD55-

positive FLS, and FoxO4 phosphorylation only in CD68 and CD163 –positive synovial macrophages.  

FoxO3a phosphorylation was again observed in CD3-positive T lymphocytes.  We were unable to detect 

phosphorylation of any of the FoxO proteins in synovial B lymphocytes (data not shown). 

Figure 2 / Phosphorylation of FoxO family members in specific cell-types in RA synovial tissue.
(a) Representative double-staining of RA synovial tissue with phospho-specific anti-FoxO family antibodies and 
cell-specific markers. Synovial tissue sections were stained overnight at 4°C with anti-phospho (p)FoxO antibod-
ies, followed by antibodies to detect CD3- positive T lymphocytes, CD55-positive FLS, and CD68 and CD163 – posi-
tive macrophages. After biotin thyramide enhancement, staining was developed with AEC (red, pFoxO protein) and 
Fast blue (blue, cell-specific markers). Arrowheads show representative double-stained cells, except for pFoxO3a 
staining in which colocalization with CD3-positive T cells is readily evident. (b) Representative merged micro-
graphs of immunofluorescent double-staining of RA synovial tissue with phosphospecific anti-FoxO antibodies 
(green) and CD markers (red).

Results

Expression and phosphorylation of FoxO family members in RA synovial tissue. 
In accordance with previous reports [8], phosphorylated active PKB was readily detected in RA synovial 

tissue, and observed throughout the synovial sublining and intimal lining layer (Figure 1).  We next ex-

amined the expression and phosphorylation status of FoxO family members in RA synovial tissue.  Al-

though FoxO1 was ubiquitously expressed throughout the intimal lining layer and synovial sublining, 

phosphorylated inactive FoxO1 was predominantly detected in the intimal lining layer.  Both FoxO3a 

and phospho-FoxO3a were observed primarily in the synovial sublining.  FoxO4 and phospho-FoxO4 

were also most readily detected in the synovial sublining, although staining could also be observed in 

the intimal lining layer.  No detectable staining was observed with irrelevant control polyclonal rabbit 

or goat antibodies.

Figure 1 / FoxO family members are expressed and phosphorylated in RA synovial tissue.
RA synovial tissue sections were stained with control irrelevant rabbit or goat IgG, or antibodies against phospho 
(p) PKB, pFoxO1, FoxO1, pFoxO3a, FoxO3a, pFoxO4, and FoxO4 as indicated. Stainings were developed with biotin 
tyramide enhancement horseradish peroxidase and AEC, followed by Mayer’s hematoxyline counterstaining.
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rylation was statistically insignificant between RA and OA intimal lining layer and synovial sublining, 

the number of phospho-FoxO3a positive cells in RA intimal lining layer (441 [range, 154-1,245]) was 

decreased compared to OA (988 [range, 274-1,697]) (p< 0.005).  Of interest, significant differences in 

FoxO4 phosphorylation were observed between RA and OA.  The intensity of phospho-FoxO4 staining 

was significantly higher in intimal lining layer (RA 2,561 [range, 0-14,569]; OA 136 [range, 0-1,650]; 

p< 0.05) and synovial sublining (RA 16,404 [range, 640-117,572]; OA 1,171 [range, 299-6,896]; p< 

0.01) in RA compared to OA.  Similarly, the number of phospho-FoxO4 positive cells was significantly 

elevated in RA intimal lining layer (RA 89 [range, 0-556]; OA 18 [range, 0-89]; p< 0.05) and synovial 

sublining (RA 904 [range, 53-4,221]; OA 80 [range, 30-422]; p< 0.05).

To measure the degree of inactivation of each FoxO family member in synovial tissue, we calculated 

the ratio of phospho-specific staining intensity to the number of cells staining positive for phospho-

specific antibodies (Figure 3, right panels).  Again, no statistically significant differences were observed 

in the degree of phosphorylation of FoxO1 or FoxO3a between RA and OA synovial tissue, either in 

the intimal lining layer or synovial sublining.  In contrast, in RA synovial sublining, but not the intimal 

lining layer, the degree of FoxO4 phosphorylation was significantly higher than in OA (p< 0.05).  Thus, 

although there is no difference in FoxO1, FoxO3a or FoxO4 protein expression between RA and OA, 

FoxO4 phosphorylation is significantly enhanced in RA synovial tissue.

Figure 3 / Comparison of FoxO family phosphorylation in RA and OA synovial lining and sublining.
Synovial biopsy sections of 12 RA and 9 OA patients were stained with antibodies against (a) phosphorylated (p)
FoxO1, (b) pFoxO3a and (c) pFoxO4. Integrated optical density (IOD, left panels), number of positive cells (middle 
panels), and specific inactivation (ratio of IOD phosphorylated FoxO protein to number of positive cells) (right 
panels) were calculated by computer-assisted digital image analysis. Each box plot indicates the 25th to 75th 
percentiles and the bar within each box indicates median values. Lines outside the box plots indicate the 10th and 
90th percentiles. * indicates statistically significant differences for values p < 0.05 and ** for p < 0.005 between 
RA and OA or intimal lining layer (lin) and synovial sublining (sub).

Comparison of FoxO protein expression and phosphorylation status in RA and OA 
patients.  
We next sought to determine if FoxO family members were differentially phosphorylated in RA and 

inflammatory OA synovial tissue.  Therefore, we performed quantitative computer-assisted image 

analysis of FoxO expression and phosphorylation on synovial biopsy samples.  Twelve RA and nine 

inflammatory OA patients were included in this study (see Table 1 for patient characteristics).  The me-

dian age for the RA patients was 60 years (range 41-72), and median disease duration was 11 months 

(range 2-300).  Three RA patients were using methotrexate (12.5, 15, and 25 mg/week) at the time of 

biopsy, and two were being treated with prednisolone (5 and 20 mg once daily).  The median age for 

OA patients was 54 years (range 43-76), with a disease duration of 35 months (range 2-240).  Four OA 

patients were being treated with NSAIDs at the time of biopsy. No statistically significant differences 

in either expression or number of expressing cells were observed for FoxO1, FoxO3a or FoxO4 between 

RA and inflammatory OA synovial tissue, using antibodies recognizing total (both phosphorylated and 

non-phosphorylated) FoxO proteins, either in the intimal lining layer or the synovial sublining (data 

not shown).  Phosphorylation of FoxO1 was enhanced, but insignificantly so, in both RA intimal lining 

layer (median IOD and range- 13,891 [range, 0-40,047]) and synovial sublining (15,641 [range, 19-

43,362]) compared to OA synovial tissue (intimal lining layer 3032 [range, 19-24,228]; synovial sublin-

ing 3660 [range, 23-32,752]) (Figure 3).  A similar but insignificant trend was observed in the number 

of cells staining positive for phospho-FoxO1 (RA intimal lining layer 755 positive cells/mm2 [range, 

0-1,573]; OA intimal lining layer 262 [range, 2-1,042]; RA synovial sublining 1028 [range, 3-2,065]; 

OA synovial sublining 370 [range, 6-1,505]).  For FoxO3a, although the intensity of protein phospho-
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FoxO1 monitored by immunoblotting.  Both stimuli resulted in the time-dependent phosphorylation 

of FoxO1 without altering total protein expression.  Similar results were also obtained following CD40 

ligation (data not shown), and were representative of experiments conducted in 3 independent RA 

FLS lines.  FoxO1 was phosphorylated in response to these stimuli in 2 OA FLS lines examined, with 

similar magnitudes of response and kinetics observed in RA FLS (data not shown).  Treatment of human 

macrophages derived from healthy donor peripheral blood with IL-1β (Figure 4D, left panels), TNF-α 

(Figure 4D, right panels) enhanced phosphorylation of FoxO4.  Soluble CD154 also stimulated PI3K-

dependent FoxO phosphorylation in both FLS and macrophages (data not shown).

Figure 4 / FoxO phosphorylation levels are regulated not by PTEN expression, but by extracellular 
signals.
(a) Comparison of PTEN protein expression in RA and OA synovial tissue intimal lining (lin) and sublining (sub) 
layers. (b) Lack of correlation between inactivation of FoxO4 and PTEN protein expression in RA synovial tissue 
intimal lining and sublining layers. Pearson R values (R) and P values are indicated. (c) Phosphorylation of FoxO1 
in RA FLS following stimulation with IL-1ß and TNF-α. RA FLS were stimulated for the indicated times in minutes 
(min) with IL-1ß (125 pg/ml) or TNF-α (10 ng/ml) prior to lysis and detection of phosphorylated FoxO1 (pFoxO1) 
and total FoxO1 protein by immunoblotting. (d) Phosphorylation of FoxO4 in human macrophages following 
stimulation with IL-1ß and TNF-α. In vitro –differentiated human macrophages were stimulated for indicated 
times with IL-1ß and TNF-α as in (c) and phosphorylated FoxO4 (pFoxO4) and total FoxO4 detected by immuno-
blotting of whole cell lysates.

Inflammatory stimuli promote PI3K-dependent phosphorylation of FoxO proteins in 
FLS and macrophages.
Pap and colleagues have previously reported that mRNA expression of PTEN, a suppressor of PI3K 

signaling, is depressed in RA synovial tissue, particularly in the invasive intimal lining layer [7].  As this 

might provide a mechanism for regulating FoxO phosphorylation status in synovial tissue, we exa-

mined if FoxO phosphorylation levels were associated with differential expression of PTEN.  RA syno-

vial biopsy sections were stained with anti-PTEN monoclonal antibody, and expression levels assessed 

in RA synovial intimal lining and sublining layers quantified by digital imaging analysis.  Surprisingly, 

we found that at the protein level no significant differences could be observed in PTEN expression 

levels between RA intimal lining and sublining layers, nor between RA and OA synovial tissue (Figure 

4A).  Additionally, no significant correlation was observed between PTEN expression and FoxO4 phos-

phorylation levels in either the RA intimal lining (R= -0.31, p= 0.402) or sublining layer (R= 0.44, p= 

0.224) (Figure 4B).   Similarly we failed to find any significant correlation between PTEN expression 

and phosphorylation levels of FoxO1 or FoxO3a (data not shown).  These results suggest that PI3K-

dependent FoxO phosphorylation in RA synovial tissue is regulated independently of changes in PTEN 

expression. To determine if inflammatory mediators present in RA synovium could modulate PI3K-

dependent FoxO phosphorylation, cultured RA FLS were stimulated for various times with IL-1β (Figure 

4C, left panels) or TNF-α (Figure 4C, right panels), cells lysed, and phosphorylation and expression of 
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Figure 5 / Correlation of FoxO4 phosphorylation levels (IOD/positive cell) in RA synovial lining (upper 
panels) and sublining (lower panels) with patient CRP (mg/ml) (left panels) and ESR (mm/hrs) (right 
panels).
Pearson R values (R) and P values are indicated.

Correlation of FoxO phosphorylation with clinical parameters.
We next examined if PI3K-dependent phosphorylation of FoxO family members correlated with 

laboratory and clinical parameters of disease activity in RA (Figure 5).  In both RA intimal lining 

layer and synovial sublining, significant negative correlations were observed between the phospho-

rylation status of FoxO4 with serum C-reactive protein (CRP) levels (intimal lining layer R= -0.82, 

p= 0.049; synovial sublining R= -0.41, p= 0.024) and erythrocyte sedimentation rate (ESR) (initimal 

lining layer R= -0.74, p= 0.034; synovial sublining R= -0.77, p= 0.034).  In contrast, FoxO4 phos-

phorylation status did not correlate with serum rheumatoid factor (RF) levels (intimal lining layer 

R= -0.15, p= 0.726; synovial sublining R= -0.09, p= 0.823) (data not shown).  Statistically significant 

negative correlations of synovial sublining FoxO1 phosphorylation and intimal lining layer FoxO3a 

phosphorylation with CRP and ESR, but not RF, were also observed (data not shown).  No signifi-

cant correlations were observed between phosphorylation status of any of the FoxO proteins and 

patient age, sex, disease duration, morning stiffness, VAS or swollen joint count (data not shown). 
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observed in vitro, synovial tissue macrophages represent one of the first cell types in which regulation 

of endogenous FoxO4 has been reported.  RANKL-dependent phosphorylation of FoxO4 was recently 

reported in murine osteoclasts [33]. Thus, FoxO4 may play a specific role in cells of the myeloid lineage.  

FoxO4-deficient mice do not have overt developmental defects [34], but analysis of myeloid lineage 

development and function in these mice has not been reported.  Activation of PKB promotes survival 

in human blood-derived macrophages by maintaining transcription of the anti-apoptotic Bcl-2 family 

protein Mcl-1 [35], and PKB activity in bone marrow-derived murine macrophages is stimulated by 

both growth factors and inflammatory CD40 signaling [36;37]. Although direct regulation of Mcl-1 

transcription by FoxO family members has not been reported, FoxO4 may provide a link between 

PKB and regulation of anti-apoptotic gene products in macrophages.  Consistent with this, we have 

observed phosphorylation of FoxO4 in human blood-derived macrophages in vitro following IL-1β, 

TNF-α and CD40 stimulation.  Because synovial sublining macrophage numbers are a highly sensitive 

biomarker of patient responses to treatment [38;39], further analysis of the activation status of intrac-

ellular signaling pathways regulating FoxO transcriptional activity in RA synovial tissue, in conjunction 

with analysis of gene target expression profiles in RA patients may identify molecular networks that 

differentially support inflammation and joint destruction, or predict therapeutic responses, in distinct 

RA patient subpopulations.

Discussion

Our data provide the first direct evidence that FoxO family members, targets of the PI3-kinase/PKB 

signaling pathway, are modulated in human chronic inflammatory disease.  Although we find that 

each of the three family members, FoxO1, FoxO3a, and FoxO4 are expressed and phosphorylated on 

PKB-dependent residues in both RA and OA synovial tissue, phosphorylation of FoxO4 in synovial 

macrophages, particularly those in the synovial sublining, is significantly enhanced in RA.  RA patients 

with high phosphorylation levels of FoxO family members appear to represent a distinct subset of 

patients displaying low disease activity, as assessed by ESR and CRP.  Interestingly, we have previously 

noted a similar correlation between disease activity and mRNA expression of insulin-like growth factor 

1 (IGF-1), which targets PI3K signaling pathways [26;27]. It is currently unknown which mechanisms 

might regulate PI3K signaling pathways in RA, as growth factors, inflammatory cytokines, TNF recep-

tor family members and chemokines can all activate specific PI3K isoforms.  We observed no signifi-

cant correlation between phosphorylation of different FoxO family proteins within patients (data not 

shown).  Additionally, we were unable to detect a relationship between FoxO phosphorylation levels 

and expression of PTEN protein.  However, we did find that inflammatory extracellular stimuli present 

in synovial tissue, such as IL-1β and TNF-α, were able to promote FoxO phosphorylation in FLS and 

macrophages in vitro.  Together, this may suggest that FoxO protein phosphorylation is regulated 

by heterogeneous cytokine and cell-cell contacts in RA synovial tissue. In the present study, we ob-

served PKB-dependent phosphorylation of FoxO1 in synovial FLS.  In vitro, PI3K/PKB signaling has 

been shown to protect RA FLS against TNF-α and Fas-induced cell death [8;28].  Inactivation of FoxO1 

in RA FLS may also provide a mechanism for the accumulation of reactive oxygen species-induced 

mutations in p53 and other tumor suppressor genes, as in quiescent fibroblasts, active FoxO protects 

cells from oxidative stress through transcriptional regulation of manganese-dependent superoxide 

dismutase (MnSOD) [17] and promotes DNA repair via upregulation of Gadd45 [29].  Consistent with 

this, MnSOD mRNA levels are depressed in RA FLS compared to OA FLS in vitro [30].  Therefore, inacti-

vation of FoxO1 in RA FLS may make these cells prone to the accumulation of oxidative stress-induced 

mutations in tumor suppressor genes and allow these cells to persist and proliferate in the presence of 

elevated inflammatory cytokine levels observed in RA [31]. We found that phosphorylation of FoxO3a 

in RA synovial tissue was restricted to a subset of T lymphocytes aggregated in lymphoid follicles.  T 

lymphocytes in these structures are thought to either represent oligoclonal expansions of T cells re-

sponding to antigenic stimulation, or, alternatively, apoptosis-defective aggregates of T cells with a 

restricted T cell receptor repertoire.  FoxO protein activation status can influence both interleukin-2 

–dependent T cell survival, as well as cell cycle progression [32], and mice lacking FoxO3a display 

age-dependent T lymphoproliferation disease associated with multi-organ inflammation [18].  It will 

therefore be of interest to explore whether FoxO3a activity is differentially regulated in specific T 

cell subpopulations in RA. Although PKB-dependent phosphorylation of transfected FoxO4 has been 
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Introduction

Joint destruction in inflammatory arthritis is mediated by the release of matrix metalloproteinases 

(MMPs) and other proteinases by activated stromal fibroblast-like synoviocytes (FLS) and macrophag-

es, differentiation and activation of osteoclasts, and angiogenesis in the synovial membrane of in-

flamed joints. Angiogenesis in the synovial membrane increases inflammatory white blood cell access 

to affected joints, sustains the enhanced nutritional requirements of invasive, hyperplasic synovial 

tissue, and stimulates osteoclast-mediated bone resorption [1,2]. In both rheumatoid arthritis (RA) 

and psoriatic arthritis (PsA), expression of angiogenic factors and markers of endothelial activation 

are closely associated with joint destruction [1,3]. For example, in recently diagnosed RA, elevated 

serum concentrations of both vascular endothelial growth factor (VEGF) and angiopoietin (Ang)-1 

predict the development and rate of erosive joint damage [4,5]. Serum VEGF levels similarly predict 

the development of erosive disease in PsA [4]. Reciprocally, RA and PsA patients treated with tumor 

necrosis factor α (TNFα)-blocking compounds display decreases in both serum and synovial VEGF con-

centrations, synovial expression of angiogenic markers, and vascular endothelial deactivation [6-10]. 

Signaling via the tyrosine kinase receptor Tie2 makes contributions to angiogenesis and blood vessel 

remodeling that are critically distinct from VEGF receptor ligation [11]. Like VEGF, Tie2 and its ligand 

Ang-1 are required for embryonic angiogenesis [12,13]. Early studies indicated that Ang-2, a second 

ligand of Tie2, may act as an endogenous antagonist of Ang-1, as transgenic over-expression of Ang-2 

in mice resulted in embryonic lethality similar to that observed following genetic deletion of Ang-1 

or Tie2 [14]. However, subsequent analysis of Ang-2 knock-out mice revealed that this growth factor, 

while not required during embryogenesis, is essential for post-natal remodeling of vascular and lym-

phatic structures [15]. The distinct roles of Ang-1 and Ang-2 in angiogenesis might reflect differences 

in the ability of these growth factors to stimulate Tie2-dependent intracellular signaling pathways. 

Ang-1 activates phosphatidylinositol 3-kinase, p38, extracellular signal regulated kinase (ERK) and 

c-Jun Nterminal kinase (JNK) signaling pathways in endothelial cells [16,17]. Ang-2 can also activate 

each of these pathways, with the exception of JNK, but is far less potent than Ang-1. Moreover, while 

Ang-1 synergizes with VEGF to stimulate endothelial cell ERK activation, Ang- 2 is antagonistic [18]. 

Ang-1, Ang-2 and Tie2 are all expressed in the synovial tissue of patients with RA and PsA [19-22]. 

Tie2 activation on endothelial cells and FLS, respectively, promotes angiogenesis and cartilage destruc-

tion in synovial tissue [21,23]. Blockade of Tie2 signaling in vivo prevents angiogenesis in the murine 

collage-induced arthritis model [21], and forced over-expression of Tie-2 in vivo promotes murine 

disease resembling psoriasis [24]. While these studies collectively suggest a therapeutic benefit in the 

targeting of Tie2, little is known regarding how or if interplay between Ang-1 and Ang-2 regulates 

synovial Tie2 activation, or the pathological consequences of synovial Tie2 engagement. Here, we 

quantitatively examined the engagement of Tie2 in RA and PsA, and the relationship between angi-

opoietin expression and Tie2 phosphorylation in each disease. 

Abstract

Objectives: The angiogenic factors angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang-2) are differen-

tially expressed in the serum and synovium of patients with different forms of arthritis, but the con-

sequences of this for engagement of their common receptor Tie2, and Tie2 contributions to inflamma-

tion and joint destruction are unknown. Here we examined relationships between synovial Ang-1 and 

Ang-2 expression and Tie2 activation in patients with rheumatoid arthritis (RA) and psoriatic arthritis 

(PsA) in vivo.

Patients and methods: The expression of Ang-1, Ang-2, Tie2, and phosphorylated (p) active Tie2 

was examined by immunohistochemistry and digital imaging analysis in synovial biopsies from 20 RA 

patients and 19 PsA patients. Relationships between angiopoietin expression and Tie2 engagement 

were compared. RA synovial biopsies were cultured in the absence or presence of Ang-1 or Ang-2, 

alone or in combination with tumor necrosis factor α (TNFα or lipopolysaccharide (LPS), and tissue 

culture supernatants examined for IL-6 production by enzyme-linked immunosorbent assay (ELISA).

Results: Synovial Ang-1 expression was elevated in patients with RA (p < 0.05), while Ang-2 expres-

sion was similar in RA and PsA. As a result the ratio of Ang-1 expression to Ang-2 was increased in RA 

(p < 0.001). Reciprocal regulation of Ang-1 and Ang-2 expression was observed in RA synovial tissue 

r = 0.784, p < 0.005) but not PsA. Relative engagement of Tie2 was enhanced in RA compared to PsA 

(p < 0.05), and a strong positive correlation was observed between Tie2 engagement and the ratio of 

Ang-1/Ang-2 expression (r = 0.786, p < 0.01). In contrast, PsA synovial Tie2 engagement inversely cor-

related with the ratio of Ang-1/Ang-2 expression (r = -0.752, p < 0.01). Ex vivo, both Ang-1 and Ang-2 

induced IL-6 production in RA synovial culture explants.

Conclusion: Expression of Ang-1 and Ang-2 is differentially regulated in RA and PsA. In RA, synovial 

Tie2 engagement is driven primarily by Ang-1, while Ang-2 promotes Tie2 activation in PsA. Both 

Ang-1 and Ang-2 can directly contribute to inflammation in RA synovial tissue by stimulating IL-6 

production, but potential distinct contributions of Ang- 1 and Ang-2 to inflammatory arthritis remain 

to be defined. 
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Digital image analysis
Expression and/or phosphorylation of proteins in synovial tissue were determined using computer-

assisted image analysis of 18 high-power fields from different parts of each section (Qwin analysis 

system, Leica, Cambridge, UK) [30,31]. Expression and/or phosphorylation of proteins was calculated 

as the median integrated optical density (IOD) per mm2 tissue, and normalized for tissue cellularity. 

Relative phosphorylation of Tie2 was calculated by dividing the IOD p-Tie2 by the IOD Tie2 for each 

patient and expressed in arbitrary units. Data for Tie2 stainings was previously obtained in Chapter 4, 

this thesis.

 
Synovial biopsy explant culture
Intact synovial biopsies were obtained from three RA patients and cultured, three biopsies per condi-

tion, for 48 hours in complete DMEM medium supplemented with 10% FCS. Biopsies were left un-

stimulated or stimulated with Ang-1 or Ang-2 (both 200 ng/ml, R&D Systems Europe, Ldt., Abingdon, 

UK), alone or in combination with TNF-α (10 ng/ml, Biosource International, Camarillo, CA) or LPS ( 1 

µg/ml, Sigma). Cell-free tissue culture supernatants were harvested for cytokine analysis.

Measurement of cytokine production
IL-6 concentrations in cell-free tissue culture supernatants from synovial biopsy explants were ex-

amined by ELISA (Sanquin Reagents, Amsterdam, The Netherlands) as per the manufacturer’s instruc-

tions.

Statistics
Statistical analysis was performed using Windows Graphpad Prism 4 software. The Mann-Whitney U 

test was used to compare differences in expression or phosphorylation of markers between cohorts. 

Correlations between markers were examined by Spearman’s rank correlation coefficient. Results were 

considered significant if p < 0.05.

Methods

Patients and synovial tissues
Synovial biopsies were obtained from the active joints of 20 RA and 19 PsA patients by needle ar-

throscopy as previously described [25]. All RA and PsA patients fulfilled the 1987 American College 

of Rheumatology criteria for RA [26] and the classification criteria for psoriatic arthritis (CASPAR) 

[27], respectively. Patient characteristics for both cohorts have been previously described in detail 

(de Launay et al, submitted, Chapter 3 in this thesis). Clinical characteristics of the patient cohorts 

were similar, with no significant differences between RA and PsA patients in regard to disease dura-

tion, swollen joint counts, tender joint counts, DAS28, erythrocyte sedimentation rate (ESR), or serum 

C-reactive protein concentrations (CRP). Dosages of MTX received by RA patients (median 15 mg/wk, 

range 7.5-30) were higher than those received by PsA patients (median 10 mg/wk, range 2.5-20) (p< 

0.05). All patients supplied written informed consent prior to inclusion in the study, and this study was 

approved by the medical ethics committee at the Academic Medical Center, University of Amsterdam. 

Six samples of synovial tissue from each joint was embedded en bloc in Tissue Tek OCT (Miles Diagnos-

tics, Elkhart, IN) and immediately snap-frozen in methylbutane (-70ºC). The biopsies were subsequently 

stored in liquid nitrogen until processing

 
Immunohistochemistry
Biopsy sections from each patient were cut with a cryostat (5 μm) and mounted on glass slides (Star-

frost; Knittelglaser, Braunschweig, Germany). The tissues were then fixed with acetone, and endog-

enous peroxidase activity blocked by immersion in 0.3% hydrogen peroxide and 0.1% sodium azide in 

phosphate–buffered saline (PBS). The slides were incubated overnight at 40ºC with optimized dilutions 

of primary antibody diluted in 1% bovine serum albumin/PBS. Primary antibodies used in this study 

were polyclonal rabbit antibodies specific for FITC (Invitrogen, Breda, The Netherlands), Tie2 (Santa 

Cruz Biotechnology, Santa Cruz, CA), anti-phospho (p)-Tie2 rabbit hyperimmune serum (Calbiochem/

Merck Chemicals Ltd., Nottingham, UK). Goat polyclonal antibodies specific for Ang-1 and Ang-2 were 

from Santa Cruz. Equivalent concentrations of irrelevant goat or rabbit polyclonal antibodies were 

used as negative controls for angiopoietin and Tie2 stainings, respectively. For p-Tie2 stainings, the 

concentration of IgG in anti-p-Tie2 hyperimmune serum was determined and normal rabbit serum 

supplemented with an equivalent concentration of rabbit anti- FITC antibodies used as a negative 

control. Sections were washed with PBS and incubated with mouse anti-goat or swine anti-rabbit 

- horseradish peroxidase (HRP)-conjugated antibodies (Dako, Glostrup, Denmark), followed by sequen-

tial incubation with biotinylated tyramide and streptavidin-HRP, and development with aminoethyl-

carbazole (Sigma, St. Louis, MO) [28,29]. Slides were counterstained with Mayer’s hematoxylin and 

mounted in Kaiser’s glycerol gelatin (Merck, Darmstadt, Germany).
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Figure 1 / Expression of angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang- 2) in rheumatoid arthritis 
(RA) and psoriatic arthritis (PsA) synovial tissue.
RA tissue sections were stained with negative control goat antibodies (a) and RA and PsA tissue sections stained 
with goat anti-Ang1 and anti-Ang- 2 antibodies. (b) Stainings were developed with biotin tyramide enhancement, 
horseradish peroxidase and aminoethylcarbazole, followed by counterstaining with Mayer’s hematoxylin.

Results

Reciprocal expression of Ang-1 and Ang-2 in RA and PsA synovial tissue
To better understand the relationship between angiopoietin expression and synovial Tie2 activation, 

we performed quantitative immunohistochemical analysis of synovial tissue from arthroscopic biop-

sies obtained from 20 RA and 19 PsA patients. We first examined synovial expression of Ang-1 and 

Ang-2. In control experiments, no visible staining was observed in synovial tissue incubated with irre- 

levant polyclonal goat antibodies (Figure 1A). Ang-1 was expressed throughout the synovium of RA 

patients (Figure 1B). Intense staining was noted in the intimal lining layer, but expression was also no-

ted in the synovial sublining and perivascular regions (Figure 1B upper left panel, and data not shown). 

Ang-2 expression in RA synovial tissue was distributed similarly to that observed for Ang-1, although 

staining intensity was consistently lower (Figure 1B, upper right panel). RA synovial tissue Ang-1 and 

Ang-2 expression patterns observed in our studies were consistent with previous independent obser-

vations [20-22]. In PsA, Ang-1 was most highly expressed in the intimal lining layer, with only weak 

expression in the synovial sublining (Figure 1B, lower left panel). Ang-1 staining patterns contrasted 

sharply with Ang2, which was strongly expressed in both the intimal lining layer and synovial sublin-

ing cellular infiltrates (Figure 1B, lower right panel). Again, qualitative staining patterns of Ang-1 and 

Ang-2 in PsA synovial tissue were comparable to previous independent observations [22]. Quantitative 

analysis of Ang-1 and Ang-2 expression in RA and PsA synovial tissue revealed that Ang-1 expression 

was significantly higher in RA (p < 0.05) (Figure 2A). Additionally, a trend toward enhanced Ang-2 

expression was observed in PsA synovial tissue, although this did not reach statistical significance 

(p = 0.061). Both in vitro and in vivo observations have suggested that under certain conditions, Ang-2 

can antagonize Ang-1-dependent activation of endothelial cell Tie2, suggesting that relative diffe-

rences in Ang-1 and Ang-2 expression may be biologically relevant [14,15,32]. Comparing Ang-1 ex-

pression relative to Ang-2 in each patient, we also noted that the ratio of expression of synovial Ang-1 

to Ang-2 was elevated in RA (IOD Ang- 1/IOD Ang-2, median ± SEM, arbitrary units, 4.873 ± 1.022) 

compared to PsA (0.573 ± 0.203) (p < 0.001) (Figure 2B). Remarkably, Ang-1 and Ang-2 expression in 

RA synovial tissue appeared to mutually exclusive of each other, as a strong negative correlation was 

observed between Ang-1 and Ang-2 expression within this cohort of patients (R = 0.784, p < 0.005) 

(Figure 2C). In contrast, no relationship was observed between Ang-1 and Ang-2 expression in PsA 

(R = 0.001, p = 0.907) (Figure 2D). These data indicate not only that Ang-1 and Ang-2 are differentially 

expressed in RA and PsA synovial tissue, but that different cellular or genetic mechanisms may drive 

angiopoietin production in each disease.
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Tie2 peptide phosphorylated at tyrosine residue 1111 (p-Tie2). Normal rabbit serum supplemented with 

rabbit anti-FITC antibodies, which served as negative control antibodies for anti- p-Tie2, failed to stain 

RA synovial tissue (Figure 3A). Tie2 phosphorylation was observed in the intimal lining layer, perivas-

cular regions, and cellular infiltrates within the synovial sublining of RA patients (Figure 3B). Similar 

variable staining patterns were observed in PsA synovial tissue (data not shown). Quantitative analysis 

demonstrated similar amounts of Tie2 and p-Tie2 in RA and PsA synovial tissue (Figure 3C). However, 

when p-Tie2 levels were adjusted to account for patient variation in Tie2 expression, it was evident 

that engagement of expressed Tie2 was elevated in RA (IOD p-Tie2/IOD Tie2, median ± SEM, arbitrary 

units, 0.623 ± 0.098) compared to PsA (0.184 ± 0.107) (p < 0.05) (Figure 3D).

Figure 3 / Expression and phosphorylation of Tie2 in RA and PsA synovial tissue.
Representative stainings of RA synovial tissue with negative control (a) rabbit antibodies diluted in normal rabbit 
serum. (b) Representative stainings of synovial tissue from 3 RA patients with anti-phospho (p)-Tie2 antibodies. 
Quantitative analysis of Tie2 expression and phosphorylation (p-Tie2) (c) and relative Tie phosphorylation (IOD 
p-Tie2/IOD Tie2, arbitrary units) (d) in RA and PsA. Data is 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. * p < 0.05.

 

Figure 2 / Quantitative comparison of Ang-1 and Ang-2 expression in RA and PsA synovial tissue.
Synovial sections from 20 RA and 19 PsA patients were stained with antibodies against Ang-1 and Ang-2 as in 
Figure 1 and the integrated optical density (IOD)/mm2 corrected for cellularity calculated by digital image analysis 
(a). (b) Ratios of Ang-1 expression relative to Ang-2 (IOD Ang-1/IOD Ang-2, arbitrary units) were calculated for RA 
and PsA patients. Data is 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. P values 
(p) of statistically significant differences are indicated above lines connecting relevant data sets. (c) Correlations 
between Ang-1 and Ang-2 expression in RA (c) and PsA (d) patient cohorts. Correlations were calculated by Spear-
man’s rank correlation coefficient. Circles indicate individual patient values and R and P values are indicated.

 

Relative engagement of synovial Tie2 is enhanced in RA compared to PsA

Activation of Tie2 is accompanied by phosphorylation of multiple tyrosine residues on the intracellular 

tail of the receptor, generating binding sites for downstream signaling proteins [33]. To determine the 

relative participation of Tie2 signaling in RA and PsA synovium, synovial tissue sections were stained 

with purified rabbit polyclonal antibodies recognizing rabbit hyper-immune serum generated against 
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tissue (Figure 5, upper panel). Little effect of either Ang-1 or Ang-2 was observed on RA synovial ex-

plant IL-6 production in response to TNFα (Figure 5, middle panel), while in two of three patients, both 

angiopoietins enhanced LPSinduced IL-6 production (Figure 5, lower panel). These pilot experiments 

provide initial indications that angiopoietins can directly stimulate inflammatory cytokine production 

in RA synovial tissue.

Figure 5 / Ang-1 and Ang-2 enhance RA synovial tissue IL-6 production ex vivo.
Synovial biopsy explants from 3 RA patients were cultured in triplicate for 24 hours in medium alone (upper 
panel), TNFα (TNF, middle panel) or LPS (lower panel) in the absence (-) or presence of 200 ng/ml Ang-1 or Ang-2. 
Cell-free tissue culture supernatants were harvested and analyzed for IL-6 content by ELISA.

Angiopoietins make specific contributions to synovial Tie2 activation in RA and 
PsA
If Ang-2 were to act as an antagonist of Ang-1 in synovial tissue, we would expect Tie2 phosphoryla-

tion status to be dependent upon relative local expression levels of Ang-1 and Ang-2. We therefore ex-

amined how Ang-1 and Ang-2 expression might influence engagement of Tie2 in RA and PsA synovial 

tissue. In RA, we observed a strong positive correlation between the ratio of Ang-1/Ang-2 expression 

and the relative phosphorylation of Tie2 (R = 0.786, p < 0.01) (Figure 4A). Such a relationship was not 

apparent in PsA synovial tissue. Indeed, synovial Tie2 engagement was inversely correlated with the 

ratio of Ang-1/Ang-2 expression in PsA (R = -0.752, p < 0.01) (Figure 4B). These data indicate that 

while Ang-2 may antagonize Tie2 phosphorylation in RA synovial tissue, paradoxically, Ang-2 is largely 

responsible for Tie2 engagement in PsA synovial tissue.

Figure 4 / Relationship between Tie2 phosphorylation and Ang1/Ang2 expression in RA and PsA 
synovial tissue.
Potential correlations between relative Tie2 phosphorylation (IOD p-Tie2/IOD Tie2) and the ratio of Ang- 1/Ang-2 
expression (IOD Ang-1/IOD Ang-2) in (a) RA and (b) PsA patients were calculated by Spearman’s rank correlation 
coefficient. Circles indicate individual patient values and R and P values are indicated

Both Ang-1 and Ang-2 stimulate synovial IL-6 production in RA
Although angiopoietins have been largely studied within the context of their ability to maintain or 

restructure vascularization, recent studies have indicated that they might promote inflammation and 

joint destruction through direct influences on endothelial cell and FLS cytokine and matrix metal-

loproteinase production [23,34]. To examine if angiopoietins might contribute directly to synovial 

activation in RA, freshly isolated intact synovial biopsies from RA patients were cultured ex vivo in 

the absence or presence of Ang-1 or Ang-2. To examine potential effects of angiopoietins on synovial 

TNFα receptor or toll-like receptor signalling, parallel cultures were also stimulated with TNFα or LPS. 

In all three patients examined, Ang-1 or Ang-2 alone could stimulate IL-6 production in RA synovial 
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Discussion

In this study we confirm and extend previous reports indicating RA and PsA differ significantly in 

regard to the relative synovial expression of Ang-1 and Ang-2 [22]. Remarkably, our data provide 

evidence that Ang-1 and Ang-2 synthesis is regulated by distinct mechanisms in RA and PsA. This 

has consequences for functional engagement of synovial Tie2 in each form of arthritis, as in RA, Tie2 

engagement is largely dependent upon Ang-1 expression. In contrast, Ang-2 expression drives Tie2 

phosphorylation in PsA. These data are consistent with morphological observations that vasculariza-

tion in RA and PsA displays Ang-1 and Ang-2 phenotypes, respectively [22]. However, we also provide 

preliminary evidence that both Ang-1 and Ang-2 can redundantly promote IL-6 production in RA 

synovial tissue, indicating a proinflammatory role for angiopoietins independent of their effects on 

vascular stabilization and remodeling.

The importance of angiogenesis in supporting inflammation and bone destruction in RA and other 

forms of inflammatory arthritis has been well-documented in the clinic. Serum levels of VEGF, the 

best characterized pro-angiogenic growth factor, are elevated in the serum of RA patients compared 

to disease controls [7]. In studies of patients with early arthritic symptoms, serum VEGF levels were 

higher in patients with RA than those with self-limiting arthritis or OA. In these early RA patients, a 

strong correlation was observed between serum VEGF levels and eventual development of bone ero-

sions [4]. VEGF contributes to joint destruction via several mechanisms. A primary mechanism is likely 

the induction of endothelial cell proliferation and blood vessel formation, required for delivering nu-

trients and inflammatory white blood cells to synovial tissue [1]. Additionally, VEGF may promote bone 

resorption through direct stimulation of osteoclasts or indirectly via RANKL induction on endothelial 

cells [35,36]. Studies in animal models of RA have previously demonstrated a protective value in direct 

targeting of neovascularization [37,38]. Based on differences in synovial expression levels, it is thought 

that Ang-1 and Ang-2 make distinct contributions to RA and PsA, particularly in regard to stabilizing 

or remodeling synovial vascularization [22]. However, it is uncertain why Ang-1 expression is elevated 

relative to Ang-2 in RA. Additionally, we note that Ang-1 and Ang-2 expression appear to be recipro-

cally regulated in RA but not PsA. One possibility is that Ang-1 and Ang-2 expression is restricted to 

cell populations which differentially contribute to synovial tissue composition in RA and PsA. This 

explanation seems unlikely however, as RA and PsA are remarkably similar in regard to the magnitude 

of inflammatory cell infiltration, cellular composition, contribution of angiogenesis to joint destruc-

tion, and responses of these parameters to anti-TNF treatment [1,3,4,8,9,39,40]. In RA synovial tissue, 

Ang-1 is produced by endothelial cells, macrophages and FLS [20,21], while the same cell populations, 

as well as smooth muscle cells produce Ang-2 [20]. Similar studies have not yet been performed in 

PsA synovial tissue, and thus direct comparison of cellular localization of angiopoietins in RA and PsA 

will need to be conducted. An alternative possibility is that differences in Ang-1 and Ang-2 expres-

sion could be related to the activation status of cells within the synovial membrane or disease-specific 

Het netwerk van de NS verschilt niet veel 
van de signaaltransductie in RA
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cytokine networks contributing to inflammation in RA and PsA. TNFα can stimulate Ang-1 produc-

tion in RA FLS [21,41]. Tumor growth factor β, but not IL-1β can also induce Ang-1 production by RA 

FLS, but Ang-2 expression is not altered in response to any of these cytokines [41,42]. Again, formal 

experiments examining how angiopoietin expression is regulated in cells derived from PsA synovial 

tissue are needed. A final possibility which might explain differential expression of angiopoietins in 

RA and PsA is the contribution of genetic polymorphisms, as single nucleotide polymorphisms (SNPs) 

have been detected in the ANG2 gene [43]. Although these SNPs have not been well-characterized 

in regard to their effects on Ang-2 expression or function, at least one has been identified as making 

potential contributions to acute respiratory distress syndrome [44]. A second intriguing finding in our 

study is that we observe a strong positive correlation between Tie2 phosphorylation and the ratio of 

synovial Ang-1/Ang-2 expression in RA. In contrast, an inverse relationship is observed in PsA synovial 

tissue. How might we reconcile these phenomena? The idea that Ang-1 and Ang-2 might act as mutual 

antagonists was raised by initial observations that mice transgenically expressing Ang-2 died du- 

ring embryonic development, displaying phenotypic characteristics of Ang-1 and Tie2 knockout mice 

[14]. However, eventual analysis of Ang-2 knock-out mice demonstrated that Ang-2 plays a critical 

post-natal role in promoting remodeling of the vascular and lymphatic systems [15]. Similarly, initial 

reports that Ang-2 could inhibit Ang-1-dependent endothelial cell Tie2 activation were not widely 

reproducible and more likely represented use of biologically inactive Tie2 rather than a physiological 

property of Ang-2. [3,6,8-10]. However, the intracellular signaling pathways initiated by Ang-1 and 

Ang-2, though highly overlapping, are distinct, which by inference might mean that each angiopoietin 

differentially promotes phosphorylation of distinct tyrosine residues on Tie2 [17,45]. We have used an 

antibody recognizing tyrosine-phosphorylated residue 1111 of Tie2 in our studies. The development of 

antibodies suitable for immunohistochemistry recognizing phosphorylated residues 1100 and 1106, 

currently unavailable, will allow us to consider if the differential relationships we observe between 

angiopoietin expression and Tie2 phosphorylation manifest themselves as differences in Tie2 engage-

ment or differences in Tie2-dependent signaling pathways initiated by angiopoietins. An additional 

possibility which bears consideration is the influence of the cellular environment on Tie2 signaling, 

as recent studies have indicated that the ability of Ang-1 and Ang-2 to stimulate Tie2 activation 

is dependent upon whether cells bound to other or to extracellular matrix components [32,46]. A 

final important observation is our initial evidence that both Ang-1 and Ang-2 can stimulate IL-6 

production in RA synovial biopsies ex vivo. Although potential roles of Tie2 signaling in inflammatory 

arthritis have focused primarily on vascular remodeling [1], it is now evident that angiopoietins have 

pro-inflammatory effects on many cell types relevant to RA. Ang-1 can directly stimulate MMP-3 

production in RA FLS, and Ang-2 can sensitize activation of endothelial cells by TNFα as well as act 

as a chemoattractant for monocytes [23,34,47]. Together, these data suggest that strategies targeting 

Ang-1 and Ang-2 in RA and other forms of arthritis might suppress synovial inflammation by mecha-

nisms distinct from direct effects on angiogenesis.
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and immunology studies from knock-out mice, as well as in vitro studies have indicated discreet roles 

for each protein in biology [17-21]. In chapter 3, we examined the contribution of each of the Ras 

homologues to pathology in RA. Previous studies examining whether Ras proteins were overexpressed 

in the synovial tissue of RA patients had reach disparate conclusions, likely a result of using different 

Ras antibodies which recognized multiple Ras homologues with different selectivities [5,6]. Studying 

multiple RA and non-RA patient cohorts with homolog-specific antibodies, we found that H-Ras, 

K-Ras and N-Ras were expressed at similar levels in RA synovial tissue compared to disease controls, 

although elevated H-Ras expression was elevated in RA compared to psoriatic arthritis (PsA). Each of 

the three homologues was expressed at variable levels in RA FLS, and each was activated following 

stimulation with TNFα or IL-1β. Over-expression of active Ras mutants in RA FLS revealed that H-Ras, 

K-Ras, and N-Ras could all enhance spontaneous IL-8 production, H-Ras and K-Ras had similar effects 

on IL-6, and only H-Ras could stimulate MMP-3 production. Gene silencing experiments demonstrated 

specific requirements for N-Ras in IL-1β-induced IL-8 production, while H-Ras was required for MMP-

3 production.  The clear involvement of H-Ras in MMP-3 regulation was consistent with our findings 

in chapter 2 that RasGRF1, an H-Ras GEF, could regulate RA FLS production of MMP-3. However, the 

overall picture which emerged from our in vitro studies was that there was extensive redundancy in 

RA FLS regarding the regulation of global inflammation parameters. This combined with the widely 

variable expression of each Ras homolog in RA FLS, suggested that strategies broadly targeting Ras 

function would be beneficial in protecting against arthritis in vivo. In support of this, we found that 

simultaneous silencing of H-Ras, K-Ras, and N-Ras expression in mice using a pan-Ras locked nucleic 

acid, protected mice against inflammation and joint destruction in collagen-induced arthritis (CIA). 

These results are generally in agreement with studies intending to abrogate Ras family function with 

less specific compounds, such as dominant-negative Raf and farnesyltransferase inhibitors [22,23], 

and validate the broad targeting of Ras proteins as a potential therapeutic approach. However, future 

studies with homologue-specific LNA and knock-out mice will be needed to examine the specific con-

tributions of each Ras protein to pathology.  

As our studies in chapter 3 clearly demonstrated involvement of Ras homologues in the inflamma-

tory activation of RA FLS, we next examined in chapter 4 the involvement of one downstream arm of 

Ras signaling, mitogen-activated protein (MAP) kinase signaling cascades, in RA.  Previous indepen-

dent studies of synovial tissue in patients undergoing joint replacement surgery had indicated that 

members of each of the families of MAP kinases, p38 kinases, extracellular-regulated kinases (ERKs) 

and C-jun N-terminal kinases (JNKs) were expressed and activated in RA synovial tissue [24,25]. This 

observation, in combination with numerous studies showing that genetic deletion or pharmacological 

inhibition of MAP kinases prevented inflammation and joint destruction in animal models of RA, has 

initiated extensive investment of academic, pharmaceutical, and clinical resources to the development 

of specific MAP kinase inhibitors which might be used to treat RA [8,26]. However, no studies had 

Summary and General Discussion

In rheumatoid arthritis (RA), stromal fibroblast-like synoviocytes (FLS) play a central role in orchestra-

ting the influx of immune cells needed to perpetuate inflammation, activating osteoclasts to mediate 

bone erosion, as well as directly invading cartilage and bone tissues [1]. FLS display many behavioral 

properties that are similar to transformed cancer cells:  they proliferate quickly in vitro in an ancho-

rage-independent manner, spontaneously secrete autocrines and matrix metalloproteinases (MMPs), 

and in vivo, can “metastasize” to unaffected joints to initiate pathology [1-3]. Members of the Ras 

family of small GTPases are widely expressed intracellular signaling proteins, which when activated act 

as potent oncogenes [4]. Given previous reports that Ras proteins were over-expressed or potentially 

mutated in RA synovial tissue, and that multiple downstream signaling pathways of Ras proteins were 

activated in RA synovial tissue, in this thesis we examined the potential contributions of Ras signaling 

pathways in RA [5-8].

Increases in the expression of wild-type (non-mutated) Ras family GTPases in a cell usually has neutral 

functional consequences, as Ras activation is tightly and catalytically regulated by activating guanine 

nucleotide exchange factors (GEFs) and inactivating GTPase activating proteins (GAPs) [9]. Potential 

changes in Ras GEF and GAP expression in RA synovial tissue had not been previously examined. In 

chapter 2 we examined the potential role of the Ras GEF Ras guanine nucleotide releasing factor 1 

(RasGRF1) in RA, as recent evidence had suggested that post-translational modification of this protein 

contributed to spontaneous MMP production in cancer cells [10,11]. We found that protein expression 

of RasGRF1 was significantly enhanced in the synovial tissue of RA patients compared to osteoarthritis 

(OA) and reactive arthritis patients.  Remarkably, visualization of RasGRF1 expressed in synovial tis-

sue, as well as RA FLS lines cultured in vitro by immunoblotting revealed that RasGRF1 was expressed 

in a truncated form which should render it constitutively active, as previously observed in melanoma 

cells [11]. Consistent with this, RasGRF1 transfected into FLS was expressed in truncated forms, and 

increased the spontaneous production of MMP-3 production by RA FLS.  The molecular mechanisms 

leading to RasGRF1 cleavage were not addressed in this study, but RasGRF1 is known to be sensitive to 

calpain-dependent cleavage [10]. In line with this possibility, calpain levels are increased in the syno-

vial fluid and tissue of patients with RA [12]. We inferred from our studies that RasGRF1 mediates its 

effect on MMP-3 production via H-Ras, as previous studies have indicated that of the Ras homologues, 

RasGRF1 specifically targets H-Ras [13]. However, RasGRF1 also displays exchange activity against the 

Rho family GTPase Rac [14,15]. The role of Rac in RA FLS biology has not been extensively studied, but 

interference with Rac function can decrease RA FLS invasiveness in vitro [16].

Although each of the closely related Ras homologues, H-Ras, K-Ras, and N-Ras, with the exception of 

one splice variant of K-Ras, make redundant contributions to mammalian development, gene array 
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animal model used [39].  Third, in analyses of data obtained in chapter 4, we noted that although 

activation of p38 and ERK was significantly elevated in RA compared to PsA, ERK was selectively 

activated in those RA patients with erosive disease (data not shown). However, since this was a cross-

sectional study, this data could not be interpreted as we could not establish a relationship between 

ERK activation at the time of arthroscopy and initiation or progression of bone erosions. Therefore, 

we conducted a prospective study in which synovial biopsies were obtained from disease-modifying 

antirheumatic drug (DMARD)-naïve early arthritis patients at baseline. These patients were diagnosed 

with either RA, spondyloarthritis (SpA) or undifferentiated arthritis (UA) at baseline, and followed for 

2 years. A definitive diagnosis was made at the end of two years as RA, SpA, or UA, and X-rays obtained 

at baseline and at two years follow-up.  Strikingly, we found that ERK and JNK, but not p38, activity 

at baseline was elevated in patients receiving a final diagnosis of RA compared to other diagnostic 

outcomes. Additionally, JNK activation was elevated in UA patients later diagnosed with RA compared 

to patients who remained UA, and JNK activation was predictive for eventual diagnosis as RA. JNK 

and ERK were also elevated in RA patients who developed erosive disease. Of interest, JNK activation 

could predict erosive disease in the within the total early arthritis cohort. Together, these findings 

suggest a specific role for JNK in the development of RA, and a general role for this protein in the 

development of erosive disease. These findings are significant as they generate, to our knowledge, the 

first biochemical “fingerprint” of the development of RA and erosive disease. Understanding the gene 

targets of JNK and ERK in these early arthritis patients will further our knowledge of the molecular 

processes by which RA develops.

An additional important finding in chapter 5 was the comparative non-involvement of p38 in early 

arthritis. Previous studies in patients undergoing joint replacement [25] and patients with active di-

sease (chapter 4, this thesis) readily detected active p38 in the synovial tissue of patients with RA, 

but we observed very little in patients with early UA, RA or SpA, even though p38 itself was present. 

This finding will need to be validated in independent cross-sectional studies of patients from these 

cohorts, as well as future analyses of patients in our early arthritis cohort as they participate in follow-

up arthroscopies. However, the result is intriguing in light of kinetic studies performed in animal 

models of RA. In murine CIA, p38 activation is most evident late in disease, when clinical parameters 

and cytokine biomarkers of disease activity are declining [39]. This raises the possibility that p38 ac-

tivation observed in established RA might drive repair mechanisms, albeit ineffectively, rather than 

make pro-inflammatory contributions to disease. Such a possibility may explain the lack of clinical 

efficacy observed in recent clinical trials treating RA patients with p38 inhibitors [40,41]. Activation 

of p38 can suppress ERK and JNK signaling pathways, promote anti-inflammatory IL-10 production, 

and destabilize pro-inflammatory cytokine mRNA [42]. Unfortunately, none of these parameters have 

been currently assessed in these p38 inhibitor clinical trials. Additionally, it may be useful to test the 

possible extension of findings in cancer biology, where p38 activation has been demonstrated to be an 

yet investigated the activation status of MAP kinases in patients which will eventually be enrolled 

in clinical trials, those with active RA, and no cellular or clinical markers associated with MAP kinase 

activation had been identified. Using digital imaging techniques, we found by immunohistochemical 

analyses that there were no differences between RA and PsA patients in regard to the percentages of 

synovial cells with detectable phosphorylated p38, ERK or JNK. However, the percentages of cells with 

detectable MAP kinase phosphorylation is of questionable (patho)physiological significance, as even 

in healthy tissue MAP kinases would be activated by normal exposure to growth factors and cell-cell 

contacts. When we measured the intensity of staining for phosphorylated MAP kinases in relationship 

to total MAP kinase protein present in the synovial tissue, we found that relative activation of p38 

and ERK was enhanced in RA synovial tissue, suggesting a specific role for these MAP kinases in RA. 

We were unable to establish an association between relative MAP kinase activation and any patient 

clinical parameters in RA or PsA, nor association with expression of MMP-1 and MMP-3, often used 

as readouts in in vitro studies examining the effects of MAP kinase inhibitors on RA FLS activation 

[27,28]. Remarkably however, we found a clear positive correlation between ERK activation and ex-

pression of the angiogenic marker Tie2 in RA synovial tissue.  This may suggest either a selective role 

for ERK signaling pathways in promoting angiogenesis in RA or, alternatively, reflect selective activa-

tion of ERK proteins by angiogenic (Tie2) signaling in RA. Curiously, using immunofluorescent double 

labeling techniques, we found that activated ERK proteins and Tie2 co-localized in RA synovial mac-

rophages. Previous studies had demonstrated Tie2 to be expressed on synovial endothelial cells, FLS, 

and macrophages [29]  The effects of Tie2 ligation by angiopoietin 1 (Ang1) and angiopoietin 2 (Ang2) 

on endothelial cells has been best characterized. Ang-1 promotes vascular stabilization, while Ang-2 

can promote vascular remodeling and sensitizes endothelial cells to TNFα-induced inflammatory gene 

transcription [30,31].  Also, Ang-1 stimulation induces MMP-3 production by RA FLS [32].  Potential 

effects of angiopoietin signaling on myeloid lineage cells, especially in regard to inflammation, are not 

well-studied, but numerous recent reports have identified an essential role for Tie2-bearing monocytes 

in promoting tumorigenesis [33,34], and demonstrated a chemotactic effect of Ang-2 on monocytes 

[35]. Therefore, it is possible that the relationship between Tie2 and ERK activation in synovial mac-

rophages reflects angipoietin-dependent signaling in RA, and this possibility was further studied in 

chapter 7.

In chapter 5, we extended our analysis of synovial MAP kinase activation to a distinct cohort of early 

arthritis patients. This study was initiated for three reasons.  First, patients with established RA are 

similar to patients with PsA in regard to synovial cellular composition and cytokine expression, as well 

as responses to TNFα blockade, and little is known at the cellular or molecular level regarding how 

distinct forms of inflammatory arthritis develop from initial synovitis [36-38]. Second, recent analyses 

of the kinetics of MAP kinase activation in murine models of RA demonstrated that each MAP kinase 

participated differently in the initiation, destructive and repair phases of disease, dependent upon the 
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in RA compared to PsA. To test this we examined the relationship between expression of Ang-1 and 

Ang-2, the ligands of Tie2, and relative phosphorylation of Tie2, in RA and PsA synovial tissue. Tie2 is 

a receptor tyrosine kinase which is phosphorylated on several cytoplasmic tail tyrosine residues fol-

lowing activation [30]. At least in endothelial cells, Ang-1 stimulation prominently activates p38, ERK, 

JNK and phosphatidylinositol 3-kinase (PI3 kinase), while Ang-2 activates primarily JNK [55,56]. In our 

study, we observed expression patterns of Ang-1 and Ang-2 that were similar to previous independent 

reports [57,58]. Ang-1 expression was significantly higher in RA patients compared to PsA, while Ang-

2 levels were similar. However, the ratio of Ang-1/Ang-2 was much higher in RA patients, and a strong 

inverse correlation between Ang-1 and Ang-2 expression was observed in RA, but not PsA, indicating 

that in RA expression of these two cytokines is mutually exclusive. The reason for this is uncertain, 

and will require additional studies to identify the cell populations producing Ang-1 and Ang-2 in each 

cohort. Possibly, different cytokines regulate Ang-1 and Ang-2 production in each disease, or specific 

gene polymorphisms regulating Ang-2 protein expression [59,60] may be involved in RA.

Relative phosphorylation of Tie2 was enhanced in RA, and correlated strongly with Ang-1/Ang-2 

ratios. In PsA, an inverse correlation was observed, suggesting that Ang-2 plays a more prominent 

role in Tie2 activation, while Ang-1 predominates in RA. In light of our finding that Tie2 is associated 

with ERK activation in RA, this interpretation would be consistent with observations that Ang-1 more 

robustly stimulates ERK activation than Ang-2, at least in endothelial cells. Ongoing studies are exam-

ining if Ang-1 and Ang-2 similarly regulate Tie2 downstream signaling pathways in macrophages.

In conclusion, studies presented in this thesis have provided our most comprehensive insight into the 

contributions of Ras family protein signaling to pathology in RA. We find that activation of Ras family 

proteins, rather than changes in their expression, are most relevant to FLS activation in RA. However, 

redundancies in the signaling capacity of each Ras homologue may preclude the development of 

effective strategies targeting single Ras proteins. We also demonstrate selective involvement of the 

MAP kinases p38 and ERK in established active RA, and ERK is tightly associated with Tie2 angiogenic 

signaling. In early arthritis, ERK and JNK play a more prominent role, and JNK activation is predictive 

of eventual diagnosis of RA, as well as erosive disease. Lack of involvement of p38 early in the disease 

process may indicate that it is not playing a strong pro-inflammatory role in RA. Finally, we show that 

PKB-dependent inactivation of FoxO proteins is enhanced in RA compared to disease controls, but that 

this occurs primarily in patients with decreased disease activity. This points to a role of FoxO-regulated 

transcriptional targets in the perpetuation of inflammation in RA. Future studies designed to identify 

the molecular mechanisms regulated by Ras-dependent signaling pathways will are likely to provide 

important insights into the etiology and perpetuation of disease in RA.

important brake on Ras-induced oncogenesis, which may be relevant to FLS biology in RA [43].

In chapter 6, we examined the involvement of forkhead box O (FoxO) transcription factors in RA. FoxO 

transcription factors regulate expression of genes involved in cellular proliferation, cell cycle arrest, 

apoptosis, and protection against environmental stress [44-46]. Activation of PI3 kinases, three of 

which (p110 α, β, and δ) are Ras effectors, results in activation of protein kinase B (PKB, also known 

as Akt). PKB in turn phosphorylates FoxO family members FoxO1, FoxO3a, and FoxO4. Phosphoryla-

tion of FoxO proteins by PKB disrupts FoxO association with DNA, and promotes association with 

14-3-3 proteins and nuclear export [44,45]. Previous studies had reported depressed expression of 

phosphatase and tensin homologue deleted on chromosome 10 (PTEN), a negative regulator of PI3 

kinase signaling, and enhanced PKB phosphorylation in RA synovial tissue [47-49]. This indicated to us 

that enhanced PI3 kinase-dependent inactivation of FoxO family proteins may promote cellular pro-

liferation and survival in RA synovial tissue. We found that FoxO1, FoxO3a and FoxO4 were expressed 

and phosphorylated on PKB-dependent residues in RA and inflammatory OA synovial tissue. Of the 

three FoxO proteins, only FoxO4 phosphorylation was significantly higher in RA than in OA, and FoxO4 

phosphorylation was primarily detected in synovial macrophages. We could find no relationship be-

tween phosphorylation of FoxO4, or FoxO1 in FLS, or FoxO3a in T lymphocytes, and expression of PTEN 

in synovial tissue. Moreover, no correlations were observed between the FoxO proteins in regard to 

phosphorylation levels. Together, this indicated that local cytokine environments, rather than defects 

in PTEN expression drive PI3-kinase signaling pathways in RA. Intriguingly, phosphorylation of each 

of the FoxO proteins inversely correlated with clinical parameters of disease activity in RA patients. 

Expecting PI3 kinase activity to drive cellular proliferation and survival, we had expected, if anything, 

a positive correlation. However, it is now known that inflammatory stimuli and oxidative stress induce 

JNK-dependent phosphorylation of FoxO proteins, which drives FoxO nuclear import and counterba-

lances PKB effects [46,50]. This would provide a relatively straight-forward interpretation of the data. 

Additionally, it is now also clear that active FoxO proteins can stimulate transcription of genes directly 

involved in promoting inflammation and joint destruction, including chemokine receptors, adhesion 

molecules, and MMPs [51-53].  Thus, the need for transcriptional activity of FoxO proteins to promote 

survival and inflammatory gene expression may outweigh the needs for cellular proliferation in RA 

synovial tissue. A relevant experimental example of this may be found in FoxO3a knockout mice, which 

are resistant to autoantibody-induced arthritis because neutrophils are unable to suppress expression 

of pro-apoptotic Fas ligand [54]. Further studies will be needed to determine specific contributions of 

each FoxO family member to RA, especially in regard to the gene targets regulated by these transcrip-

tion factors.

Finally, in chapter 7, we again extend on unexpected findings in chapter 4, which indicated a strong 

association between ERK activation and Tie2 expression in RA synovial tissue. Active ERK and Tie2 

colocalized to the cell same population, raising the possibility that Tie2 may be differentially activated 
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Reumatoïde artritis (RA) is een van de meest voorkomende chronische ontstekingsziekten in de Wes-

terse wereld. Bij ongeveer 1% van de bevolking komt RA voor en de ziekte manifesteert zich het meest 

bij vrouwen. RA is een ontstekingsziekte van de gewrichten, waarbij de synoviale membraan, het 

weefsel aan de binnenkant van het gewricht, het meest is aangedaan door de infiltratie van inflam-

matoire cellen. Wordt deze ontstekingsziekte niet adequaat behandeld, dan ontstaat er onherstelbare 

schade aan het gewricht wat gepaard gaat met pijn en invaliditeit. De oorzaak van RA is nog altijd 

niet bekend, maar wordt de laatste jaren steeds beter bestreden met ontstekingsremmers en ‘Disease 

modifying antirheumatic drugs’ (DMARDs). Deze medicijnen hebben echter niet bij alle patiënten 

een goed effect. Het is dan ook nodig om onderzoek te blijven doen naar nieuwe behandelings-

methoden. Momenteel wordt er veel onderzoek gedaan naar processen die zich afspelen binnen de 

cellen. Uit deze onderzoeken blijkt dat de processen anders verlopen in cellen van RA patiënten dan 

in cellen van gezonde personen. De ontstekingscellen die het gewricht infiltreren zijn voornamelijk 

immuuncellen (macrofagen, T lymfocyten, mestcellen, dendritische cellen, neutrofielen en natural 

killer cellen) en stromale fibroblast-achtige synoviocyten (FLS). In RA produceren geactiveerde FLS 

chemokines, cytokines en matrix metalloproteinases (MMP’s). Ze dragen bij aan het in stand houden 

van de ontsteking en zorgen direct of indirect voor gewrichtsbeschadiging. De zogenaamde kleine 

GTPases zijn signaaleiwitten die overal tot expressie komen en een belangrijke rol spelen in de ontstek-

ingsprocessen. De kleine GTPases kunnen geactiveerd worden door een signaal van buitenaf. Na deze 

activatie worden de kleine GTPases weer geïnactiveerd waarbij het gegeven signaal vertaald wordt in 

een reactie binnen in de cel. De activatie van de kleine GTPases leidt tot het aansturen van verschil-

lende ontstekingsreacties, een zogenoemde kettingreactie. De kleine GTPases worden geactiveerd door 

guanine nucleotide uitwisselingsfactoren (GEFs) en geïnactiveerd door GTPase-inactiverende eiwitten 

(GAPs). Ras proteïnen zijn GTPases die tot expressie komen en verschillende signaalwegen activeren in 

RA synoviaal weefsel.

In dit proefschrift wordt de rol van Ras GTPases in RA en hun rol in de ontstekingsreacties en de ge-

wrichtbeschadiging onderzocht. 

Onderzoek naar potentiële veranderingen in Ras GEF en GAP expressie in RA synoviaal weefsel zou 

belangrijke inzichten kunnen geven in de pathogenese van RA. Eerdere onderzoeken hebben gesug-

gereerd dat post-translationele modificatie van de Ras GEF Ras guanine nucleotide releasing factor-1 

(RasGRF1) leidt tot spontane MMP productie in kankercellen. In hoofdstuk 2 hebben we de rol van 

RasGRF1 in RA onderzocht. We keken naar de expressie van RasGRF in synoviaal weefsel van RA 

patiënten en vergeleken dit met weefsel van osteoartritis en reactieve artritis patiënten. RasGRF1 

bleek tot expressie te komen in zowel het synoviale weefsel als in gekweekte RA FLS cellijnen die 

door middel van immunoblotting op expressie werden onderzocht. RasGRF1 komt tot expressie in 
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In hoofdstuk 6 onderzochten we de betrokkenheid van forkhead box O (FoxO) transcriptiefactoren 

in RA. FoxO transcriptiefactoren reguleren de expressie van genen die betrokken zijn bij cellulaire 

proliferatie, cell-cycle arrest, apoptose, en bescherming tegen stressfactoren. Activatie van PI3-kinase 

resulteert in activatie van protein kinase B (PKB), leidend tot fosforylatie van FoxO-1, -3a en -4. In RA 

en OA synoviaal weefsel zagen we dat deze FoxO’s tot expressie kwamen en gefosforyleerd waren op 

PKB-afhankelijke residuen. Alleen FoxO-4 kwam meer tot expressie in RA vergeleken met OA synoviaal 

weefsel en was aanwezig in synoviale macrofagen. In deze studie zagen we dat PI3-K/PKB-afhankelijke 

FoxO inactivatie onomkeerbaar correleert met systemische ontstekingsverschijnselen bij RA, wat sug-

gereert dat activatie van FoxO inflammatie stimuleert.

Tot slot, vervolgend op ons onderzoek beschreven in hoofdstuk 4, waarin we een sterke associatie tus-

sen ERK activatie en Tie2 ERK activatie zagen. ERK en Tie2 kwamen in RA synoviaal weefsel in dezelfde 

celpopulatie tot expressie, wat we niet zagen in PsA synoviaal weefsel. Dit zou kunnen wijzen op de 

mogelijkheid dat Tie2 een ander expressiepatroon heeft in RA dan in PsA. Hiervoor onderzochten we 

de relatie tussen de expressie van Ang-1 en Ang-2, de liganden van Tie2, en de relatieve activatie van 

Tie2. Ang-1 kwam meer tot expressie in RA, terwijl Ang-2 meer tot expressie kwam in PsA. Relatieve 

activatie van Tie2 was hoger in RA patiënten en was sterk gecorreleerd met Ang-1/Ang-2 ratio’s, in 

PsA werd een omgekeerde correlatie gezien. Met de wetenschap dat we eerder een duidelijke as-

sociatie zagen tussen Tie2 en ERK activatie in RA, zou dit overeenkomen met de observatie dat in 

endotheelcellen Ang-1 ERK activatie meer stimuleert dan Ang-2. Onze data laten zien dat Ang-1 en 

Ang-2 expressie door verschillende mechanismen wordt gereguleerd in RA en PsA. Dit kan implicaties 

hebben voor de functionele ‘engagement’  van Tie2 bij verschillende vormen van artritis, waaronder 

RA, terwijl Tie2 ‘engagement’ afhankelijk is van Ang-1 expressie. Verder laten onze data zien dat zowel 

Ang-1 als Ang-2 IL-6 productie kan stimuleren in RA synoviaal weefsel, wat een pro-inflammatoire 

rol impliceert voor angiopoietins onafhankelijk van hun directe effect op de bloedvaten.  Samen sug-

gereren deze data dat behandelingen die gericht zijn op Ang-1 en Ang-2 bij RA en andere vormen 

van artritis zouden kunnen leiden tot vermindering van synoviale ontsteking door een direct effect op 

pro-inflammatoire cytokines. 

De in dit proefschrift beschreven experimenten tonen aan dat er een rol is voor Ras GTPase signaler-

ing in ontsteking en gewrichtbeschadiging bij RA. Onderzoek naar Ras-afhankelijke signalering kan 

belangrijke inzichten geven in de etiologie en leiden tot de identificatie van nieuwe voorspellende 

biomarkers als ook nieuwe therapeutische targets.

het ontstoken weefsel waar ook de gewrichtsbeschadigde proteinases MMP-1 en MMP-3 worden ge-

vonden. In celkweken hebben we aangetoond dat RasGRF1 een rol speelt bij de regulatie van MMP-3. 

Manipulatie van GEFs zou een mogelijke behandelingsmethode voor RA kunnen zijn. 

In hoofdstuk 3 hebben we de individuele rol in de pathologie van RA van de 3 Ras homologen onderzocht.  

Na studie op synoviaal weefsel van RA en non-RA patiënten zagen we dat alle 3 de Ras homologen 

tot expressie kwamen in zowel RA als non-RA patiënten. Echter H-Ras kwam meer tot expressie in RA 

dan in artritis psoriatica (PsA) patiënten. Daarbij kwamen ook alle Ras homologen tot expressie in RA 

FLS cellen. Vervolgens bevestigden we in celkweken van RA FLS dat de productie van interleukine-6, -8 

(IL-6 en IL-8) en MMP-3 via de Ras homologen gereguleerd kan worden. Dat vooral H-Ras betrokken 

is in de MMP-3 productie is in overeenstemming met onze bevindingen in hoofdstuk 2 waar de H-

Ras-specifieke GEF RasGRF1 MMP3 productie reguleert. De Ras homologen, H-Ras, K-Ras en N-Ras, 

vertonen sterke overeenkomst en spelen een rol in het ontwikkelingsproces. Immunologische studies 

in knock-out muizen en in vitro studies suggereren echter verschillende functies voor de verschillende 

isoformen. In vivo vonden wij bescherming tegen ontsteking en gewrichtsbeschadiging als wij de ex-

pressie van totaal Ras GTPase blokkeerden.

Deze resultaten suggereren betrokkenheid van Ras GTPase in het ontstekingsmechanisme van RA FLS 

en daarom onderzochten we in hoofdstuk 4 de betrokkenheid van een van de signaalwegen van Ras-

GTPase, mitogen-activated protein (MAP) kinase signaalcascades. De MAP kinases bestaan uit extra-

cellular regulated kinases (ERK), p38 kinases en C-jun N-terminal kinases (JNK). In deze studie werd 

de totale expressie en de activatie van MAP kinases onderzocht in synoviaal weefsel van RA en PsA 

patiënten. De relatieve activatie van p38 en ERK was verhoogd in RA synoviaal weefsel. Er werd geen 

associatie gevonden met klinische parameters of met de expressie van MMP-1 of MMP-3, maar er 

was wel een sterke associatie tussen ERK activatie en expressie van de angiogenische marker Tie2. 

Daarbij vonden we met behulp van dubbelkleuringen dat ERK activatie en Tie2 gecolocaliseerd zijn 

in RA synoviale macrofagen. Dit suggereert een selectieve rol voor ERK signalering in het stimuleren 

van angiogenese in RA. In hoofdstuk 5 vervolgden we het onderzoek naar de rol van MAP kinase 

signalering in vroege artritis patiënten. Hierbij keken we naar de voorspellende rol van MAP kinase 

signalering in synoviale biopten van DMARD-vrije vroege artritis patiënten. De patiënten hadden RA, 

spondyloartritis (SpA) of ongedifferentieerde artritis (UA). Deze patiënten werden 2 jaar gevolgd en 

aan het einde van deze periode werd de definitieve diagnose vastgesteld. ERK en JNK activatie was 

verhoogd in het synovium van patiënten met RA, ook al op het moment dat zij nog niet voldeden aan 

de classificatiecriteria voor de diagnose RA. Opvallend was dat activatie van ERK en JNK, maar niet 

van p38, sterker was in patiënten die erosies ontwikkelden. De resultaten van ons onderzoek vormen 

een eerste biochemische ‘fingerprint’ bij vroege RA en kunnen bijdragen aan een beter begrip van de 

moleculaire processen die ten grondslag liggen aan deze ziekte. 
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En toen, toen was het af…
 

Met het verlaten van het tropische eiland stortte ik me vol goede moed in het avontuur dat promo-

veren heet. Het avontuur was vooral actie, soms een thriller, leek wel science fiction,  of een sprookje, 

en nu…nu rest me enkel nog het schrijven van het happy end.

Promoveren doe je niet alleen, ‘we’re in this together’, was mooi gezegd en oh zo waar. En om niemand 

te vergeten wil ik beginnen met iedereen te bedanken die op zijn of haar wijze betrokken is geweest bij 

het tot stand komen van dit proefschrift. En dit beperkt zich zeker niet alleen tot de mensen die aan de 

inhoud van dit proefschrift hebben bijgedragen, maar ook zeker vrienden, familie en collega’s die hun 

aandeel hadden in het ontspannen, luisterend oor, interesse en steun tijdens deze promotietijd. Toch 

wil ik een paar mensen graag even apart benoemen.

Allereerst wil ik mijn promotor Paul-Peter bedanken voor de kans die je me gegeven hebt om mijn 

eigen promotieonderzoek te starten. Ook ben ik je dankbaar voor de vrijheid om me te ontwikkelen 

binnen mijn promotieonderzoek en een zelfstandig onderzoeker te worden. De laagdrempeligheid voor 

het benaderen voor vragen, discussies en helikopterviews waren  een fijne gewaarwording. De kans die 

ik van je kreeg om in mijn eerste jaar direct tot borrel-commissie benoemd te worden, greep ik van 

harte met beide handen aan en geeft aan dat je een gezellige afdeling ook erg belangrijk vindt! 

Mijn co-promotor, mijn dagelijkse steun en toeverlaat, Kris, je hebt het leventje van signaaltransductie, 

wetenschappelijk breed denken tot mijn leventje gemaakt. Maar naast het wetenschappelijke gedeelte 

hebben we een speciale band opgebouwd. Na wat wennen, en aanpassen van beide zijden, zijn we tot 

een goede samenwerking gekomen. Het begrip ‘duidelijke taal’ is ons niet vreemd en met altijd groot 

respect hebben we samen de ‘onduidelijkheden’ uitgesproken. NAC-Utrecht blijkt geen risicowedstrijd 

te zijn! Kris, ‘we’re in this together’ was zeker de laatste tijd ons credo. Dank je wel voor zowel de 

wetenschappelijke als de persoonlijke groei in deze 5 jaar! 

Rene van Lier, dank je wel alleen is niet genoeg voor je ‘kamer zonder drempel’.  Je bracht door alleen 

al te luisteren en je adviezen weer wat rust in de bovenkamer na een van mijn broodnodige instorm-

momentjes.

De onmisbare steun, zowel in het lab als daarbuiten, het luisterend oor en de ‘Daf, je moet ook eten, 

weg van die computer!’, Marjolein, wat had ik zonder je gemoeten? Ontzettend bedankt!

Dan ook voor de overige signal-leden. Sarah en Alek, it was wonderful to share so much time together 

in the ARIA ;-). Thanks for the scientific discussions, the social events and the laughter! Dion, je hebt 

True happiness is only when shared
(Christopher McCandless)
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Trotser kan ik niet zijn dat ik tussen mijn twee paranimfen Jeroen v R en Pol mag staan. Pol, een collega 

ben je al lang niet meer, niet meer in Amsterdam, maar ook zeker niet in mijn ogen. De mannen-cola, 

rode stieren, maar vooral ook jouw inzicht en ongezouten mening hebben me er vaak door heen ge-

holpen. Over je spoedcursus bier-drinken maar te zwijgen….je ben een echte vriend geworden! 

Jeroen v R, mijn oudste vriend, we kennen elkaar al jaren en net als wijn, onze vriendschap wordt ook 

met de jaren als maar beter en intenser. Wat geniet ik van de avondjes–even–vriendjes-onder-elkaar, 

van je luisterend oor en onverminderde interesse in alles wat ik doe. Ik kan me geen betere vriend 

wensen!

Vrienden en familie, gedurende deze periode heb ik heel wat klaag, huil, lach, ren en-vlieg momentjes 

gehad. Jullie maakten deze periode altijd weer een stukje lichter. De vrijdaagse avondjes met Marlies, 

de meidenweekenden (waar was ik zonder de verdwenen komkommer), de onbevangen lach en liefde 

van Nathan en Killian, de theemomenten  met Yvon en Myrthe en de vele, vele fijne etentjes met velen 

van jullie hebben me de energie en motivatie gegeven om door te zetten. 

Juul en Ria, jullie wil ik bedanken voor de niet aflatende steun en interesse. Ik voel me enorm thuis 

bij jullie!

Daan, Jan, Elvis, Rover & Wolf, ook een klein dankwoordje voor jullie. Daan voor het zussie zijn, het 

even bijkletsen en je kinderen. Jan, voor je muziek en vertrouwen. Elvis voor je ongekunstelde liefde, 

gezelligheid en lieve kadootjes. Koken uit het griezelkookboek, heel fijn. Rover en Wolf: elke keer ge-

niet ik weer als jullie er zijn.

Papa en Mama, waar was ik zonder jullie? De vrijheid die jullie me gaven om keuzes te maken,’ je mag 

kiezen wat je wil, als je maar een vak leert’; jullie liefde, wilskracht, passie en zelfs jullie zorgen hebben 

me geholpen te ontwikkelen naar waar ik nu sta. Ik ben jullie ongelooflijk dankbaar en hou van jullie. 

Last, but always first, Jeroen, waar kan ik de juiste woorden vinden om te omschrijven wat jij voor me 

betekent en hebt betekend in de afgelopen jaren. Je haalt het beste in me naar boven en na dit lange 

avontuur waarin het nooit een solovlucht was, gaan we nu verder met ons avontuur. Van Zuid naar 

Noord, thuis is pas bij jou!

Er was eens…en nog heeel lang en gelukkig, Skoda…. 

maar even op mijn project gezeten, maar was een grote hulp in al de ELISA’s en het onderhouden van 

onze vriendjes: de FLS! Joana, our mice-hours are also legendary, but also the first ACR, chasing the 

inflammatory cells with our beautiful 3D glasses, our trip to LA, I really enjoyed it, thanks!

Natuurlijk wil en kan ik de andere labmensen op KO en G1 niet vergeten, bedankt voor al jullie hulp, 

mee-help-zoek-acties naar antilichamen en celkweekvragen! 

Speciaal wil ik Marjolein Vinkenoog, Rodger en Corine bedanken voor al hun hulp bij de image-ana-

lyser, zonder jullie was menig plaatje niet zo mooi in mijn proefschrift gekomen!

Zonder wetenschappelijke input ben je nergens, graag wil ik alle stafleden, Rene Lutter en Martijn 

bedanken voor jullie waardevol technisch en inhoudelijk advies. Jörg en Robert, uit deze besprekingen 

is ook een mooie samenwerking voortgekomen, met als kers op de taart, een artikel in A & R! Bedankt 

voor deze fijne samenwerking!

Een speciaal woord van dank mag ook niet ontbreken voor Marleen, we zijn samen een klinische studie 

ingegaan, uren en uren achter de image analyser gezeten, maar het resultaat mag er zijn, 2 mooie 

artikelen!

Naast de samenwerking binnen de afdeling, heb ik ook een uitstapje gemaakt naar het neurogenetisch 

lab van Kees Fluiter. Kees en Jeroen V, mijn dank is groot voor alle hulp met de LNA-atjes, de PCR en 

andere verduidelijkingen rondom sequences en protocollen.

Arthrogen was vaak mijn uitvlucht. Vaste plek van de image-analyser maar vooral de plek van gezel-

ligheid. Fijne borrels,  thee-momenten en het letterlijke steuntje van Grote Karin! 

Lieve grote Karin , kleine Karin, Rodger, Pol en Jelle, wat was/is het gezellig met jullie!

Mijn oude en nieuwe kamergenootjes  komen ook heel wat dank toe. Sander en Pol, dank jullie wel 

voor de adoptie van het meisje uit het zuiden, fijn om gelijk onder jullie hoede genomen te worden. 

Amber, ik mocht je plekje warm houden tijdens je vakantie, en later je huis als fijn logeeradres, ontzet-

tend bedankt!!!

Robert, Natasja, Lena en Joana, dank jullie wel voor de gezelligheid en de thee-leut momenten! Van 

het fijne L1, kamer met ramen, naar K0, waar uitzicht niet te vinden was maar wel hele fijne kamer-

genoten. Henrike, Marjolein, Simone en Kirsten, heerlijk onze gezamenlijke cola-licht verslaving! Dank 

jullie wel voor alle gezelligheid!!

Delfine, wat was het fijn om af en toe lekker bij je te mogen logeren, weer even op te laden, een warm 

bad, letterlijk en figuurlijk. 
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Curriculum Vitae

De auteur van dit proefschrift werd op 25 april 1978 geboren te IJsselstein. In 1996 werd het HAVO 

diploma behaald op het R.S.G. ’t Rijks te Bergen op Zoom, hetzelfde jaar startte zij met de studie Ho-

ger Laboratorium Onderwijs aan de Hoge School te Etten-Leur. Zij specialiseerde zich hierbij in twee 

richtingen: Biotechnologie en Neurobiologie. Tijdens het afstudeeronderzoek bij Janssen Research 

Foundation onderzocht zij de expressie van endogeen muis tau en transgeen humaan tau in transgene 

muizen en het gedrag van deze transgene muizen. Dit onderzoek werd verricht onder supervisie van 

Prof. Dr. H. Geerts en Dr. M. Mercken. Na deze studie met succes te hebben afgerond begon de auteur 

aan de studie Medische Biologie aan de Vrije Universiteit te Amsterdam. Hierin specialiseerde zij zich in 

Neurowetenschappen, wat zich in twee specialisaties in het afstudeeronderzoek uitte: het onderzoek 

naar de rol van het enzym Peptidyl-Arginine-Deiminase-2 in MS en Autoantibodies in de diagnose en 

het monitoren van autoimmuun reumatische ziekten. Deze onderzoeken werden verricht aan de uni-

versiteit van Nijmegen onder supervisie van Prof. dr. W. van Venrooij en Dr. M. van Boekel. 

Na het behalen van het doctoraat begon zij in Curacao aan het Analytisch Diagnostisch Centrum. Hier 

begon zij in samenwerking met TNO Delft met het opzetten van een moleculair diagnostisch lab en de 

bijbehorende CCKL kwalificering. Daarnaast verrichtte zij het vooronderzoek voor het opnemen van 

hormoononderzoek in de diagnostiek van borstcarcinomen. Bij terugkomst in Nederland startte zij 

met het in dit proefschrift beschreven promotieonderzoek bij de afdeling Klinische Immunologie en 

Reumatologie van het Academisch Medisch Centrum/Universiteit van Amsterdam, onder leiding van 

prof. dr. P.P. Tak en onder supervisie van Dr. K.A. Reedquist.
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Figure 1 / Detection of RasGRF1 protein expression in RA and non-RA synovial tissue.
(a) Representative stainings of RA synovial tissue with control and anti-RasGRF1 antibodies. (b) Representative 
stainings of RA and OA synovial tissue with anti-RasGRF1 antibodies. Stainings were developed with AEC (red), 
and counterstained with Mayer’s hematoxyline. Magnification x 100. (c) Quantitative analysis of Ras signa-
ling protein expression in RA and non-RA (OA and ReA) synovial tissue. Integrated optical densities (IOD)/mm2, 
corrected for nucleated cells, for staining of synovial sublining (sub) and intimal lining (lin) layer of 10 RA and 
11-non-RA (4 inflammatory OA, 7 ReA) patients with anti-RasGRF1 antibodies. IOD were calculated by computer-
assisted image analysis. Box plots represent the 25th to 75th percentiles, the lines within each box the median, 
and lines outside the boxes designate the 10th and 90th percentiles. Bars indicate statistically significant dif-
ferences in protein expression between sublining and intimal lining layer tissues within diagnostic groups and 
between diagnostic groups. * p < 0.05, ** p < 0.01, *** p < 0.005.

Figure 2 / Representative double stainings of RA synovial tissue with antibodies against RasGRF1 
and cell-specific markers.
Synovial tissue sections were stained overnight with antibodies against RasGRF1, followed by antibodies against 
CD3, CD55, and CD68. After biotin tyramide enhancement, staining was developed with AEC (red, RasGRF1) and 
Fast blue (blue, cell-specific markers). Magnification x 100.

Figure 1

RA

OA

control rabbit(a)

RasGRF1

(b)

Lin Sub Lin Sub
0

100

200

300

400

500

600

700

800

IO
D

/ 
m

m
2

*

**

***

RA non-RA

(c)



 



(a) (b)



224

Color figures

225

Ras Family GTPase Signaling Contributions to Inflammation and Joint Destruction in Rheumatoid Arthritis

chapter 3

Figure 1 / Ras family homologues are expressed in the synovial tissue of patients with inflammatory 
arthritis.
(a) Jurkat cells were transfected with control cDNA (mock) or increasing concentrations (µg) of cDNA encoding 
active H-, K-, and N-RasV12 cDNA as indicated. The specificity of pan-Ras and homologue-specific Ras antibo-
dies was examined by immunoblotting of cell lysates. (b) Expression of Ras proteins in synovial tissue sections 
of patients with RA and inflammatory OA was examined with pan-, H-, K-, and N-Ras antibodies by IHC (n=5, a 
representative picture is shown for each staining). (c) RA patient synovial tissue was stained by IHC with control 
mouse IgG. Magnification: x100. (d) Ras homologues are widely expressed in synovial tissue cells. Immunohisto-
chemical double staining was performed on RA synovial tissue sections to detect T lymphocytes (CD3), FLS (CD55), 
and macrophages (CD68) (all blue) expressing H-Ras, K-Ras and N-Ras (red). Arrows indicate regions shown in 
insets. Magnification: x100; x400 (Inset).






























 



 





 







Figure 7 / Association of RasGRF1 expression with MMP production in RA synovial tissue.
(a) Representative stainings of RA synovial tissue with control and anti- MMP-1, MMP-3, and IL-6 antibodies 
(magnification x 100).

Figure 8 / Double immunofluorescence labeling of RasGRF1, MMP-1 and MMP-3 in RA synovial 
tissue.
RA synovial tissue was stained with combinations of anti-RasGRF1 and either anti-MMP1 (upper panels) or anti-
MMP-3 (lower panels). Sections were then stained with fluorochrome-conjugated anti-rabbit Ig (red) and anti-
mouse IgG (green) antibodies to visualize RasGRF1 and MMP expression, respectively. Colocalization of RasGRF1 
with MMPs is visualized by yellow staining in merged images (right panels).
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Figure 1 / Expression and phosphorylation of MAPKs in RA and PsA synovial tissue.
Representative stainings of RA and PsA synovial tissue with antibodies recognizing phosphorylated (p-) and total 
p38, ERK and JNK. Stainings were developed with biotin tyramide enhancement, horseradish peroxidase and ami-
noethylcarbazole, followed by counterstaining with Mayer’s hematoxylin.

Figure 4 / Quantitative analysis of Tie2 expression in RA and PsA.
(a) Representative stainings of RA synovial tissue with anti-Tie2 (upper panel) and control rabbit IgG (lower panel) 
antibodies. (b) Expression of Tie2 in the intimal lining layer (gray bars) and synovial sublining (white bars) of RA 
and PsA synovial tissue as determined by digital image analysis. Statistically significant differences between data 
sets are indicated. *** p< 0.005.














 


 









 






 


















 


 









 






 









Figure 8 / Pan-Ras LNA decrease synovial infiltration, cartilage destruction, and bone erosion in 
CIA.
(a) Knee joints of arthritic mice treated with scrambled control LNA and pan-Ras LNA were stained with HE and 
safranin O. 
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Figure 8 / Cellular distribution of Tie2 expression in RA and PsA synovial tissue.
RA and PsA synovial tissue sections were stained with primary antibodies and fluorochrome-conjugated sec-
ondary antibodies to detect Tie2 (red) and T lymphocytes (CD3), FLS (CD55), macrophages (CD68 and CD163) or 
endothelial cells (vWF) (all in green). Localization of Tie2 in specific cell populations is visualized by yellowing 
labeling in merged images.





 










Figure 7 / Colocalization of phosphorylated MAPKs with Tie2 in RA and PsA synovial tissue.
RA and PsA synovial tissue sections were stained with primary antibodies and fluorochrome-conjugated second-
ary antibodies to detect phosphorylated (p-) p38, ERK, or JNK (all green) and Tie2 (red). Colocalization of proteins 
is visualized by yellow labeling in merged images.
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Figure 1 / FoxO family members are expressed and phosphorylated in RA synovial tissue.
RA synovial tissue sections were stained with control irrelevant rabbit or goat IgG, or antibodies against phospho 
(p) PKB, pFoxO1, FoxO1, pFoxO3a, FoxO3a, pFoxO4, and FoxO4 as indicated. Stainings were developed with biotin 
tyramide enhancement horsera-dish peroxidase and AEC, followed by Mayer’s hematoxyline counterstaining.





  

  

  



Figure 9 / Cellular distribution of phosphorylated ERK in RA and PsA synovial tissue.
RA and PsA synovial tissue sections were stained with primary antibodies recognizing phosphorylated (p-) ERK 
and secondary fluorochrome-conjugated anti-mouse IgG antibodies (red), followed by fluorochrome-conjugated 
antibodies recognizing T lymphocytes (CD3), FLS (CD55), macrophages (CD163), or endothelial cells (vWF) (all 
in green). Localization of p-ERK in specific cell populations is visualized by yellow labeling in merged images. 
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Figure 1 / Expression of angiopoietin-1 (Ang-1) and angiopoietin-2 (Ang- 2) in rheumatoid arthritis 
(RA) and psoriatic arthritis (PsA) synovial tissue.
RA tissue sections were stained with negative control goat antibodies (a) and RA and PsA tissue sections stained 
with goat anti-Ang1 and anti-Ang- 2 antibodies. (b) Stainings were developed with biotin tyramide enhancement, 
horseradish peroxidase and aminoethylcarbazole, followed by counterstaining with Mayer’s hematoxylin.

Figure 3 / Expression and phosphorylation of Tie2 in RA and PsA synovial tissue. Representative 
stainings of RA synovial tissue with negative control (a) rabbit antibodies diluted in normal rabbit 
serum.
(b) Representative stainings of synovial tissue from 3 RA patients with anti-phospho (p)-Tie2 antibodies. Quan-
titative analysis of Tie2 expression and phosphorylation (p-Tie2) (c) and relative Tie phosphorylation (IOD p-Tie2/
IOD Tie2, arbitrary units) (d) in RA and PsA. Data is 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. * p < 0.05.



 



  








 



 











 











   

 









 













 

Figure 2 / Phosphorylation of FoxO family members in specific cell-types in RA synovial tissue.
(a) Representative double-staining of RA synovial tissue with phospho-specific anti-FoxO family antibodies and 
cell-specific markers. Synovial tissue sections were stained overnight at 4°C with anti-phospho (p)FoxO antibod-
ies, followed by antibodies to detect CD3- positive T lymphocytes, CD55-positive FLS, and CD68 and CD163 – posi-
tive macrophages. After biotin thyramide enhancement, staining was developed with AEC (red, pFoxO protein) and 
Fast blue (blue, cell-specific markers). Arrowheads show representative double-stained cells, except for pFoxO3a 
staining in which colocalization with CD3-positive T cells is readily evident. (b) Representative merged micro-
graphs of immunofluorescent double-staining of RA synovial tissue with phosphospecific anti-FoxO antibodies 
(green) and CD markers (red).
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