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Rheumatoid arthritis is a chronic inflammatory disorder whose origin of defect has been the subject of
extensive research during the past few decades. While a number of immune and non-immune cell types
participate in the development of chronic destructive inflammation in the arthritic joint, synovial fibroblasts
have emerged as key effector cells capable of modulating both joint destruction and propagation of
inflammation. Ample evidence of aberrant changes in the morphology and biochemical behaviour of
rheumatoid arthritis synovial fibroblasts have established the tissue evading and “transformed”” character of
this cell type. We have recent|y demonstrated that actin cytoskeletal rearrangements determine the
pathogenic activation of synovial fibroblasts in modelled TNF-mediated arthritis, a finding correlating with
similar gene expression changes which we observed in human rheumatoid arthritis synovial fibroblasts. Here,
we show that pharmacological inhibition of actin cytoskeleton dynamics alters potential pathogenic properties
of the arthritogenic synovial fibroblast, such as proliferation, migration and resistance to apoptosis, indicating
novel opportunities for therapeutic infervention in arthritis. Recent advances in this field of research are

reviewed and discussed.

common chronic inflammatory disorders, affecting

approximately 1% of the population worldwide, thus
creating a substantial personal, social and economical burden.'
It is a chronic destructive arthropathy that manifests primarily
as a painful and prolonged inflammation of the synovial
membrane, a thin tissue that lines the diarthrodial joints.
Inflammation is accompanied by a gradual increase in the
thickness of the synovial lining, the surface layer of the synovial
tissue, which is located adjacent to and in direct contact with
the intra-articular cavity of the joint. The thickening of the
synovial layer, mediated by the intrinsic hyperproliferation of
synovial cells and inflammatory infiltrates, gives rise to a
pathogenic mass called pannus, comprised primarily of synovial
fibroblasts and macrophages, as well as T cells and B cells,
which propels the inflammatory machinery to the destruction
of bone and cartilage,” leading to irreversible destruction of
joint structure and function.’

It is widely accepted that RA is a systemic disease, with a
variety of combinatory determinants being attributed to its
actiopathogenesis. These include individual genetic suscept-
ibility, environmental stimuli, physical stress and defective
immune responses.* Traditional mechanistic concepts have
strongly implicated T cell and B cell-dependent pathways
driving development of the disease. Following the success of
anticytokine rather than antilymphocyte-targeted therapies in
human RA,’ a role for chronic innate immune perturbations has
also gained momentum, with the macrophages as major
contributors of the inflammatory cytokine milieu.® Dissecting
the causative molecular mechanisms underlying RA develop-
ment, the unchallengeable fact is that tumour necrosis factor
(TNF) is indeed capable of orchestrating the pathogenic
inflammatory cascade. A key translational experiment demon-
strating the pathogenic potential of TNF in arthritis was
originally provided by the generation of transgenic mice
overexpressing human TNF (hTNF-Tg) and developing chro-
nic, erosive and symmetric polyarthritis with histological

Rheumatoid arthritis (RA) represents one of the most

characteristics resembling the pathogenic process in human
RA.” This model was also instrumental in predicting the
significant efficacy of anti-TNF therapy in clinical trials.” In
accordance with the phenotype of this transgenic mouse,
another murine model of RA, generated by genetic deletion of
the AU-rich regulatory region of the murine TNF gene
(TNF*RE) further established the pivotal significance of TNF
in RA as well as in Crohn’s-like inflammatory bowel disease.®
RA development in the absence of the lymphocytic compart-
ment in the two TNF transgenic models®® challenged the
indispensable role of adaptive immunity in RA and indicated
the important role of non-immune cells, such as synovial
fibroblasts in the development of this pathology.

Despite these advances, what exactly keeps TNF fuelling the
inflammatory response is still unclear, while the increasing
number of non-responders to anti-TNF therapy'® points to
additional mechanisms existing in RA. As anticytokine thera-
pies target a specific agent or pathway, research has been
shifted towards cellular targets and processes that are central to
the deleterious events initiated by inflammatory cytokines,
such as TNFo.

THE SYNOVIAL FIBROBLAST: A ““TRANSFORMED’’
CELL WITH A LEADING ROLE IN ARTHRITIS

Chronic persistent inflammation, wound healing and cancer
exhibit significant common features: new extracellullar matrix
(ECM) deposition and expansion of neighbouring mesenchy-
mal cells such as fibroblasts or myofibroblasts;'" stromal
fibroblasts being suggested as potential “inducers” of certain
carcinomas;'? experimental evidence in genetically modified
mice lacking TGF-BRII in fibroblasts revealed that deregulated

Abbreviations: ECM, extracellular matrix; EMT, epithelial-mesenchymal
transition; Lat-A, latrunculin A; MMPs, matrix metalloproteinases; RA,
rheumatoid arthritis; RASFs, rheumatoid arthritis synovial fibroblasts; SF,
synovial fibroblast; SCID, severe combined immunodeficient; SRF, serum
response factor; TNFo,, tumour necrosis factor o; Wt, wild type
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expression of fibroblast products (eg, hepatocyte growth factor)
influences epithelial function and leads to tumorigenesis,
indicating the importance of the homeostatic responses of the
stromal compartment in modulating/maintaining the tissue
integrity."”

In chronic inflammatory arthritis, a stromal cell type that has
emerged with a dominant role in both joint damage and the
propagation of inflammation is the synovial fibroblast (SF)."*
SFs or fibroblast-like type B synoviocytes along with macro-
phages or macrophage-like type A synoviocytes, predominate
the cellular population of the normal synovium. Although the
origin of SFs is still debatable, they represent a heterogeneous
population of cells in terms of tissue localisation, physiology
(intimal and subintimal) and derivation (non-epithelial,
mesenchymal cells) that display differential activation and
differentiation properties.”” While the primary physiological role
of SFs is to provide a nourishing environment for the cartilage
and proteoglycans that lubricate the articular surfaces, they also
anchor to the ECM through the expression of cell adhesion
molecules, thus regulating the cellular population that enters
the synovial fluid space. In the context of RA, an immune or
environmental trigger may lead to the activation of SFs. This in
turn results in inappropriate production of chemokines,
adhesion molecules and matrix-degrading components, mainly
matrix metalloproteinases (MMPs) and cathepsins, contribut-
ing to the subsequent cartilage and joint destruction.'® Indeed,
synovial hyperplasia, a hallmark of RA, has been shown to
precede the accumulation of inflammatory cells, suggesting a
primary role for SFs in RA actiology.'” '*

Notwithstanding the notion that cytokines like TNFa can
trigger SF activation and proliferation,' ** it seems that SFs can
maintain their activation status without the need of continuous
stimulation from the pro-inflammatory microenvironment.
This capability of SFs was originally documented by studies
on the severe combined immunodeficient (SCID) mouse co-
implantation model of RA.*' In that model it was elegantly
shown that co-implantation of isolated human rheumatoid
arthritis synovial fibroblasts (RASFs) and normal human
cartilage in the knee joint of healthy SCID mice resulted in
the induction of an RA-like phenotype through the production
of cartilage-destroying enzymes from the proliferating RASFs.
Consistent with the latter finding, we have observed a similar
effect by transferring immortalised SFs from our well-estab-
lished T cell/B cell-independent transgenic animal model,** to
the knee joint of histocompatible normal recipients.
Interestingly, the injected SFs were also able to migrate to
other parts of the body, such as the ankle joint, and cause the
development of an arthritis-like disease similar to that of the
donor.” The ability of RASFs to migrate, invade and destroy
neighbouring articular cartilage resembles to a great extent that
of cancer cells and the process of metastasis.*

Despite the tumour-like behaviour of the activated RASF,
there is little evidence so far in favour of its function as a
malignant cell.” Presently, no clear evidence exists regarding
gene rearrangements and microsatellite instability,* which is
well reported for cancer cells.”” ** The identification of abnormal
gene expression of a number of proto-oncogenes, such as ras,
raf, sis, myb, c-myc, c-fos and c-jun in the RA synovium®*”' and
the association of RA and somatic mutations in the tumour-
suppressor gene p53,”> do not provide conclusive evidence for its
characterisation as a malignant cell. Moreover, mutations in
PTEN, a tumour suppressor gene, have been described in several
human cancers, and have been associated with the invasiveness
and metastatic properties of malignant tumours.” **
Interestingly, non-genetically related lack of expression of
PTEN at sites of SF invasion further corroborated the argument
that defective apoptosis may largely account for the synovial
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hyperplasia in RA.”> Apart from the hyperproliferation status of
RASFs, shown by their fast growth in vitro and the increased
expression of factors such as c-myc and NF-xB,* ** resistance to
apoptosis provides an alternative scenario for SF hyperplasia.
Defective apoptosis was well documented by the site-specific
upregulation of several anti-apoptotic factors, including Sentrin-
1, Bcl-2, and Flip, where synovial invasive growth and
destruction is evident.”™

Another intriguing characteristic of the “transformed” RASF
stems from its ability to produce a variety of pro-angiogenic
factors like FGF, VEGF, TGF-f, GM-CSF that are necessary for
the generation of blood vessels fuelling the destructive growth
of the pannus and RA.* Consistent with the latter is the
previously reported finding of anchorage-independent growth
and loss of contact cell inhibition, suggesting that RASFs
acquire characteristics found in transformed cells with a
tumorigenic potential.** Moreover, the role of epithelial-
mesenchymal transition (EMT) that has been widely discussed
lately in terms of stromal-associated carcinogenesis,* * is
presently mentioned as a potential mechanism for the devel-
opment of several stromal-related rheumatic diseases, such as
RA.* The upregulation of TGF-B and activation of its pathway
in arthritic synovium,*” ** the stress fibre formation and the
myofibroblastoid o smooth muscle actin expression*° as well
as the MMP secretion in RASFs, point to the reprogramming
occuring during EMT.”' However, the absence of epithelial
characteristics in the synovium is puzzling. Consequently, the
term “transformed”” has most commonly been attributed to the
activated RASF in order to summarise its unique characteristics
that contribute to RA pathogenesis.*

FUNCTIONAL GENOMICS POINTS TOWARDS THE
ACTIN CYTOSKELETON MACHINERY

The distinct alteration in the cellular physiology of RASFs can
also be viewed in the context of their interaction with the ECM.
The latter, coupled with components of the cytoskeleton,
provides the necessary hydraulic resistance to the mechanical
pressure opposed to the growing pannus and the synovial layer,
thereby holding the synovial fluid within the joint cavity while
it may trap inflammatory molecules.”> Furthermore, loss of
ECM-SF adhesion has been shown to affect focal adhesion
kinases, causing a potential resistance to apoptosis, otherwise
conferred by these factors.” Indeed, the capability of cells like
the SFs to adhere to the ECM reflects their status of
cytoskeleton organisation and cellular morphology,”* while it
may also be related to changes in their migration and
proliferation potential.” Interestingly, our recent high-through-
put expression profiling analysis on SFs derived from the hTNF-
Tg animal model, revealed a number of deregulated genes,
including gsn, aqpl, cdc42hom, eeflal, tubal, rabl4, Ispl, Istl,
mylc2b, pitpnm and pstpipl, which are known to be involved in
actin filament and cytoskeleton organisation.” More impor-
tantly, the expression status of a vast majority of these genes is
being further replicated and validated in an independent cohort
of patients with RA (unpublished data), hinting that there is a
simultaneous alteration in RASFs’ specific gene expression
status and actin cytoskeleton rearrangements.

Notably visualisation of F-actin in vitro on both wild type
(Wt) and hTNF-Tg SFs (TgSFs), shows a substantial increase in
stress fibre formation in TgSFs compared to WtSFs, indicating
altered actin dynamics in TgSFs (fig 1A, C).>* A similar outcome
is deduced by the treatment of WtSFs with recombinant human
TNFa (fig 1B), suggesting that the “transformed”” morphology
of the SFs can be triggered by TNFa. This complements the
previously reported finding that recombinant TNFa can induce
morphological changes and increased proliferation of SFs."
Most importantly, we have previously shown that TgSFs have
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an aberrant phenotype, compared with those of Wt mice. We
have observed TgSFs to be more adhesive and to show greater
motility and proliferation potential compared to Wt.>* In vitro
analysis on the effect of latrunculin A (Lat-A), an inhibitor of F-
actin polymerisation,”” has indicated the potential of actin-
modulating drugs in altering the cytoskeletal properties of
TgSFs. More specifically, treatment with Lat-A results in
decreased migration of TgSFs, while adhesion seems to be
unaffected compared to WtSFs (fig 2A, B). This is in keeping
with previous findings of Lat-A treatment and myofibrils.”® At
the same time, TgSFs treated with anti-TNFo do not show
altered migration properties, suggesting that this effect might
not be TNFa-driven. Alternatively, this could indicate that there
is an imprinted phenotype in the TgSF cells due to the chronic
overexpression of TNFa, which cannot be reversed by a short
treatment with anti-TNFo antibody. In terms of other proper-
ties, treatment with Lat-A seems to have a dramatic effect on
the proliferation levels of TgSFs which decline even lower than
the levels of WtSFs, while DMSO and TNFa do not have any
effect on the rate of proliferation of TgSFs (fig 2D). Most
importantly, apoptosis assays using staurosporine as an inducer
of cell death revealed that Lat-A disruption of the TgSFs
cytoskeleton causes decreased resistance to apoptosis at the
levels of the WtSFs (fig 2C). This result is consistent with
previous findings showing that treatment with cytochalasin D
(another inhibitor of actin polymerisation) enhances apoptosis
in HeLa cells, while phalloidin (an inducer of actin polymerisa-
tion) does not affect apoptosis.” Notably, defective migration
potential and abnormal cytoskeleton organisation are unique
characteristics that define the “transformed” state of a cell.®
Since an actin cytoskeleton-disrupting drug, like Lat-A, can
cause profound changes in the properties of the “transformed”
SF and act independently of TNFo, it is only rational to suggest
that treating patients with RA with a combination of anti-TNF
and a drug that targets the actin cytoskeleton may be more
effective than anti-TNFo treatment alone.

THE ACTIN CYTOSKELETON NETWORK IN THE
CONTEXT OF RA

As already discussed, the actin cytoskeleton plays an essential
role in the homeostasis and normal function of the cell.
Processes such as cell shape modulation, differentiation,
migration, development, wound healing and maintenance of
polarity are greatly dependent on the actin cytoskeleton. To
perform these functions properly, the cell has to be able to
respond efficiently to all extracellular and intracellular stimuli
and modulate its actin cytoskeleton accordingly. For instance, it
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has to be able to modulate the amount of filamentous F-actin
versus monomeric G-actin and the number of stress fibres in
order to be able to move. For that purpose, a complex
intracellular protein network has been established, enabling
the cell to modulate actin polymerisation, depolymerisation,
nucleation as well as actin organisation depending on the cell’s
needs. Since these processes are crucial for the cell homeostasis
and survival, it is not surprising that more than one protein
regulates each step. For example, profilin, thymosin B,°" a-
actinin and VASP** mediate actin polymerisation,® while
cofilin/ADF," gelsolin,* and caspase 11 are critical for actin
depolymerisation, and filamin,* and Arp2/3® modulate the
nucleation of actin bundles (fig 3). Apart from the control of
actin polymerisation, modulation of actin organisation is also of
utmost importance. Thus, the actin cytoskeleton structure can
be modified by a number of signalling and/or actin-binding
proteins. This results in stress fibre, focal adhesion, lamellipodia
or filopodia formation depending on the specific requirements
of the cell at the specific time. The assembly of projections in
the membrane surrounding the cell is regulated mainly by
small GTPases of the Rho family of proteins, Racl, Rho and
Cdc42.*” The Rho family of proteins belongs to the Ras protein
superfamily and its members are found in different isoforms.
Each of these proteins has the capacity to bind to GTP and
constantly be converted from an active GTP-bound form to an
inactive GDP-bound form. In the active state they can interact
with a number of effector molecules in order to transmit a
specific signal and have a specific outcome. For instance, two
members of this family, Racl and Cdc42, when activated by
growth factors or by integrins, the receptors that connect the
ECM with the inner compartment of the cell, mediate the
lamellipodia and filopodia formation, respectively, while Rho is
responsible for the stress fibre formation.®” 7

In the context of RA, it was recently shown that in human
cultured RASFs, TNFa-induced activation of NF-kB and
cytokine secretion is dependent on the activation of RhoA,
suggesting a central role of this GTPase in the arthritic
inflammatory response.” As RhoA induces stress fibre forma-
tion, it is remarkable that the p65/RelA subunit of NF-kB co-
localises and binds to F-actin, while re-establishment of the
actin cytoskeleton organisation seems to bring back to normal
the distribution of p65 in the cytoplasm.” Moreover, our studies
have shown that depletion of gelsolin, an actin-binding protein
known to be involved in actin depolymerisation by inhibiting F-
actin formation, from mice with RA resulted in exacerbation of
the disease.> This suggests a critical role for gelsolin in
modulating the actin cytoskeleton in RASFs and thus in the

TgSF Figure 1 Immunofluorescence of stress fibre
formation on wild type, wild type treated
with hTNFa and hTNF-Tg primary SFs,
respectively. (Details on primary SF isolation,
F-actin and DAPI staining procedures have
been shown previously.)*

www.clnnrheumdis.com



26 Vasilopoulos, Gkretsi, Armaka, et al
P
A B Flgure 2 Application of latrunculin A on the
1.25 0.4 “transformed’”’ synovial fibroblast.
= ] € T Disruption of actin cytoske|efon was induced
g 1.00 S 03 with 4 ug/ml latrunculin A (Slgma) for2 hat
Q Q <0.05 37°C as previously described.” As control of
v 075n 0 P TNFo. involvement in the actin cytoskeleton
< 5 02 organisation 1 pg/ml anti-TNF (infliximab)
% 0.50 7 5 was added on TgSFs for the same period of
%’ 0.1 time. (A, B, D) Adhesion, migration and
2 025K s prohferahon assays were performed as
| | | | 0 | prewouslz/ described.* (C) Apoptosis assays
0 d by treating cells with 0.002-
o gh O &P S g o gh O & & gh  wereperiormed by treafing
<& o RN ‘\\'\f\v\ a® 5?5*\0\ 3 \°\ \J\C’ /\\\\ \N\% A 0.05 pM staurosporine, for 24 h at 37°C
9 a N ’\Q overnight. Cell survival was determined
Treatment Treatment usm? the crystal violet assay as before.® All
results are expressed as the means + SE of
c o TgSF -~ Anti-TNFo. D one representative experiment performed in
A TgSFs+LatA —A— WISFs 40 000 — tnphccte Statistical analysis was performe
100 m |"V-DMSO  -o- WisFstlatA| £ == using Student t test, with a level of
N S 30000 significance set at p<0.05.
g or 'g 20 000
£ i
£ “r s 0.05
0 >~ <
[} = L p<t.
S 40 3 10000 m
% @
2 or 0 PO e gk
| 5 o o"\c’ ¥ P
"o o002 o001 005 & N

Staurosporine (LM)

progression of RA. The importance of tissue remodelling in RA
was further reinforced by recent experiments on cadherin-11-
deficient mice, which showed diminished adhesion, migration
and invasion properties of RASFs, while they seem to confer
resistance to K/BxN serum transfer model of arthritis.”
Interestingly, the effect of the actin cytoskeleton on both cell
morphology and gene transcription has been the subject of an
elegant study, involving Mal, a regulator of gene expression. It
was shown that upon F-actin formation, Mal dissociates from G-
actin and activates the serum response factor (SRF), whose target
genes range from genes regulating cell growth, proliferation

Extracellular
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~ Signals
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Treatment

and differentiation to genes that regulate the actin cytoskeleton
machinery.” Not surprisingly, ablation of the SRF in murine
embryonic stem cells resulted in low F-actin levels and reduced
adhesion and migration capabilities, thus documenting a
dynamic link between SRF and remodelling of the actin
cytoskeleton.”

In light of the evidence discussed so far, we propose a model
whereby an immune or environmental stimulus could trigger
TNFa to induce the reorganisation of the actin cytoskeleton,
through activation of small GTPases, which may lead to
morphological changes in the SFs, ultimately resulting in the

Figure 3 A schematic representation of the
proposed inferaction between dchn
cytoskelefon rearrangements and the

_ maintenance of rheumatoid arthritis
pathogenesis.
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“transformed” phenotype of SFs characterised by increased
migration, adhesion and proliferation properties (fig 3).
Furthermore, increased F-actin formation could lead to
increased gene expression mediated by SRF and NF-kB,
resulting in sustaining the disorganised actin cytoskeleton
and then in the production of pro-inflammatory cytokines,
thereby maintaining the detrimental effects of the arthritogenic
response (fig 3).

The essential role of the actin cytoskeleton in maintaining
cell homeostasis and survival, as well as the role of the
multitude of proteins that are crucial for fine-tuning its
organisation, is also manifested very clearly in several disease
states, other than RA. A recessively inherited genetic disorder
known as neutrophil actin dysfunction has been linked to a
severe defect in actin assembly and polymerisation in the
polymorphonuclear leucocytes, showing the significance of
actin polymerisation for neutrophil motility.” In line with
neutrophil actin dysfunction, it has been established that a
missense point mutation in the gene encoding B-actin that
alters depolymerisation dynamics is associated with an auto-
somal dominant disease characterised by developmental mal-
formations, deafness and dystonia syndrome, where co-
contraction of agonistic and antagonistic muscles occurs.”
Furthermore, in recent studies in which the neuropathology
of brains from identical twins with dystonia was examined,
cofilin and actin aggregates were found within the neocortex.”
Notably, some of these structures showed typical rod-like
morphology and sizes similar to those found in the brains
of patients with Alzheimer’s disease.” Also of interest is the
fact that the dominantly inherited familial amyloidosis
Finnish type is attributed to the accumulation of a 71-amino
acid amyloidogenic fragment of mutant gelsolin.* Interestingly,
serum amyloid A was found to be elevated in patients
with RA,* with recent evidence suggesting an induction of
synovial hyperplasia and angiogenesis as an outcome of its
elevation.*

Not surprisingly, actin and/or actin-binding protein-related
disorders have been associated with cancer progression and
metastasis. Just like in RA, many of the changes occurring
during cancer progression as well as during the metastatic
process are linked to deregulations in actin cytoskeleton and
the actin-binding proteins at cell-matrix or cell-cell adhesion
sites.” ** Reduction in the expression level of the cell-cell
adhesion molecule E-cadherin, for example, is known to be
associated with cancer progression and poor prognosis.® *
Moreover, deregulation in several ECM adhesion proteins that
directly or indirectly associate with actin have been shown to be
critical for cancer progression and metastasis, cither by
affecting cancer cell proliferation and apoptosis rates or by
inducing anoikis, a type of apoptosis induced by loss of contact
and adhesion to the ECM.*”” Some of them have been
proposed as potential targets for future therapeutical anti-
cancer interventions.”

CONCLUSIONS

Accumulating evidence suggests that there is a direct but
complex interaction between the actin cytoskeleton and the
arthritic SF, of a yet unknown nature. Gaining a better
understanding of the role of the actin cytoskeleton in
modulating the SF function to initiate and maintain the
arthritogenic response may provide new insights into novel
therapeutic modalities. A rational strategy to achieve that goal
would be the inhibition of signalling players that induce actin
polymerisation by small peptide molecules or by interfering
directly with their gene expression. Functional and in vivo
studies will hopefully uncover such targets, whose impact on
RA therapy remains to be elucidated.
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