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ABSTRACT

Systemic sclerosis (SSc, scleroderma)
is a complex disease manifesting itself
by fibrosis of skin and other internal
organs. Fibroblasts isolated from SSc
lesions and cultured in vitro are char-
acterized by the increased synthesis of
collagen and other extracellular matrix
(ECM) proteins, consistent with the di-
sease phenotype. Cultured SSc fibro-
blasts therefore serve as a principal ex-
perimental model for studying the mol-
ecular and cellular mechanismsinvolv-
ed in collagen overproduction in this
disease. This article provides an over-
view of transcription factors that are
deregulated in S fibroblasts. The pos-
sible origin of St fibroblasts is also
discussed.

I ntroduction

When Dr. E. Carwile LeRoy unexpect-
edly passed away in 2002 after attend-
ing a scientific meeting in Italy, the
scleroderma community lost one of its
most influential and supportive mem-
bers. Dr. LeRoy, well known and ad-
mired around the world as one of the
pioneers of scleroderma research, had
devoted his entire career to unraveling
this complex disease. | was privileged
to work with Carwile for a number of
years and would like to dedicate this ar-
ticle to his memory.

Scleroderma fibroblast takes

center stage

Over 30 yearsago, in 1972, LeRoy pub-
lished his seminal observation that fi-
broblasts from the skin of patients with
scleroderma, when isolated and propa
gated in vitro, produce more collagen
than fibroblasts isolated from the skin
of healthy people (1). This was based
on previous work by Rodnan and Fleis-
chmayer showing that the increased
collagen protein deposited in the skin
of scleroderma patients gives the skin
its characteristic tight and hidebound
appearance (2-4). LeRoy’s observation
had several important implications.
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First, it suggested that abnormally acti-
vated fibroblasts present in the skin of
scleroderma patients are responsible
for the augmented deposition of colla-
gen in the skin. Because scleroderma
fibroblasts remained activated during
in vitro culturing, it suggested that this
defect was an intrinsic property of these
cells. Importantly, it was now possible
to study this defect in the laboratory
and to investigate the physiology that
caused the activated state of scleroder-
ma cells. Indeed, LeRoy’s publication
has inspired a number of researchers
around the world, including our labora-
tory in Charleston, to pursue these ques-
tions. | would like to take this opportu-
nity to describe the progress that has
been made in understanding activation
of scleroderma fibroblasts and discuss
the challenges that still remain.

Biosynthetic pathways are altered

in scleroder ma fibroblasts

In the years that followed LeRoy’s pu-
blication the production levels of sever-
al other proteins by sclerodermafibrob-
lastswere found to be altered. Some are
produced at higher levels and others at
lower levels. Scleroderma fibroblasts
were shown to produce elevated levels
of other extracellular matrix (ECM)
components, including collagens type
I, 111, VI, VII, XVI, fibronectin, decorin
and glycosoaminoglycans. Other pro-
teins including growth factors such as
IL-6, pro-IL-1a, CTGF, cell surfacere-
ceptors such as ICAM-1, and both si-
gnaling molecules and transcription
factors are also synthesized at higher
levels [reviewed in (5-8)]. Taken toge-
ther these studies have shown that scle-
roderma fibroblasts exhibit alterations
in the regulatory pathways that control
ECM production and other cellular re-
sponses linked to the process of fibro-
sis. Because of technological advances
we may soon know most of the proteins
which are differentialy produced by
scleroderma fibroblasts. Recent sequen-
cing of the human genome has given
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rise to new technologies, including
DNA microarrays and proteomics that
have revolutionized the way in which
gene expression is analyzed. Several
scleroderma investigators are currently
applying these new methods to cata-
logue the mRNAS and proteins differ-
entially expressed in scleroderma fibro-
blasts. These studies suggest that sever-
al hundred mRNAs may be differently
expressed. Although verification of these
differences will take some time, once
this task is finished the description of
how scleroderma fibroblasts differ from
healthy fibroblasts, which originated
with LeRoy’s observation, will be com-
pleted.

Altered balance of transcription
activatorsand repressorsis
responsible for deregulation of
collagen genein scleroderma
Cultured scleroderma fibroblasts be-
came an experimental model system
utilized by many investigators to unco-
ver the molecular and/or cellular mech-
anisms responsible for their activation.
Regulation of collagen type | gene ex-
pression became a primary focus of
these investigations. The collective ef-
forts of several laboratories have estab-
lished that sclerodermafibroblasts, asa
result of an elevated transcription rate
(9) and increased mRNA stability (10),
exhibit increased steady-state levels of
collagen type | mRNA (11, 12). Subse-
guent work by Kikuchi et al. (13) and
Hitraya et al. (14) demonstrating the
increased promoter activities of the
collagen a2(l) (COL1A2) and collagen
al(l) (COL1A1) genes provided the
basis for systematic analyses of the
transcriptional mechanismsinvolved in
deregulation of the collagen type |
genes.

There has been steady progress in de-
lineating these mechanisms and several
transcription factors with altered ex-
pression levels or post-translational
modification status in scleroderma f-
broblasts have been described [recently
reviewed in (15-18)]. The significance
of each of these factors in the patho-
genesis of scleroderma needs to be va-
lidated in patients in vivo and, if possi-
ble, in an animal model of scleroderma.
Such data have been recently generated

for Smad3 and the repressor of colla-
gen gene, Flil (see below). Transcrip-
tion factors with possible roles in scler-
oderma, representing both transcription
activators and transcription repressors,
are shown in Figure 1 and briefly de-
scribed below.

Spl

Spl is a ubiquitously expressed zinc
finger transcription factor implicated in
the regulation of numerous vira and
cellular genes (19). Splisamajor pos-
itive regulator of the basal expression
of both COL1A1 and COL1A2 genes.
In cooperation with other transcription
factors, Spl isalso involved in mediat-
ing intracellular signaling pathways in-
cluding those of TGF-3 (20), OSM
(21), serum (22), and TNF-a (23). Scler-
oderma and control healthy fibroblasts
express similar levels of Spl protein.
However, Spl is more highly phos-
phorylated in scleroderma fibroblasts
(24). Furthermore, increased Spl pho-
sphorylation correlates with increased
levels of COL1A2 mRNA.

CBF/NF-Y

CBF/NF-Y is a ubiquitously expressed
heterotrimeric CCAAT hinding factor,
which regulates the basal expression of
COL1A1 and COL1AZ2 genes (25, 26).
Interestingly, recently published stud-
ies suggest that CBF/NF-Y mediates
mechanical strain induction of the
COL1A1 promoter viaa TGF-[3-depen-
dent pathway (27). Given the known
tissue- and species-specific differences
involved in regulation of collagen
genes (28) (the latter studies were per-
formed using rat cardiac fibroblasts
and rat COL1A1 promoter) these ob-
servations require verification in hu-
man dermal fibroblasts. Nonetheless,
these finding are of great interest since
previous studies have shown that der-
mal fibroblasts subjected to the mecha-
nical stress display a “synthetic” phe-
notype (29). Increased binding of CBF/
NF-Y to the proxima CCAAT box in
the COL1A1 promoter has been ob-
served in scleroderma fibroblasts (30).

C-myb

C-myb expression isinduced by TGF-3
in dermal fibroblasts, and an elevated
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expression of c-myb has been demon-
strated in unstimulated scleroderma fi-
broblasts (31, 32). C-myb regulates ba-
sal expression of the human COL1A2
promoter and, although its expression
isstimulated by TGF-3, itisnot requir-
ed for the TGF-3 upregulation of the
collagen type | gene (33).

Smads

Smads are downstream mediators of
the TGF-B signaling pathway (34).
Smad3 has been shown to mediate the
induction of COL1A2 (35, 36) and
CTGF (37) in healthy dermal fibro-
blasts. Increased Smad2/3 phosphory-
lation levels and increased nuclear lo-
calization of Smad3 and Smad4 have
been found in scleroderma fibroblasts
(38, 39). In addition, activity of the
Smad-responsive minimal promoter
was elevated in scleroderma fibroblasts
(38). Consistent with these data, elevat-
ed expression of Smad3, but not Smad?2
was noted in scleroderma skin (39). In
addition, Dong et al. reported a marked
downregulation of an inhibitory Smad,
Smad7, in scleroderma fibroblasts in
vitro and in scleroderma skin in vivo
(39). However, Smad7 alterations in
scleroderma fibroblasts were not con-
firmed in asubsequent study by Mori et
al. (38). While further clarification is
needed regarding Smad7 deregulation
in scleroderma, together these studies
strongly suggest that alterations in the
Smad pathway contribute to ECM de-
regulation in scleroderma.

Flil

Flil, a member of the evolutionary
conserved Etsl family of transcription
factors, is required for megakaryocytic
differentiation and vascular remodeling
during embryonic development (40).
Studies using cultured dermal fibrob-
lasts have shown that Flil suppresses
ECM synthesis (41). More importantly,
our recent studies have demonstrated
that Flil is prominently expressed in
skin fibroblastsin vivo and may play an
important role in the regulation of col-
lagen homeostasis in human skin (42).
That the expression of Flil is consis-
tently reduced in scleroderma skin may
directly contribute to the activation of
scleroderma fibroblasts and uncontrol -



led matrix deposition (42). The impor-
tance of Flil in the pathogenesis of
sclerodermais further supported by stu-
dies using amurine genetic model. The
targeted deletion of the Flil geneis ho-
mozygous lethal at 11.5 dpc (43). He-
terozygous Fli1l*- mice are viable and
produce more collagen in the skin,
which correlates with an increased
number of fibroblasts expressing COL -
1A1 mRNA as compared to wild type
mice (M. Kubo, M. Markiewicz, and
M. Trojanowska, unpublished observa-
tions). Analyses of mouse embryonic
fibroblasts (MEFs) obtained from Flil
", Fli1*, and Flil*"* mice indicate that
the absence of Flil leads to alarge in-
crease in collagen type | mRNA and
protein levels as compared to the wild
type fibraoblasts, while Flil*- MEFs ex-
hibit an intermediate phenotype (42).
These observations suggest that the
downregulation of Flil is a critical
pathogenic event leading to deregulat-
ed collagen production in scleroderma.
In healthy tissue fibroblasts, the balan-
ce between co-activators and co-re-
pressors interacting with basal tran-
scription factors, e.g. Spl, determines
the transcription activity of collagen
type | gene. Currently available data
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strongly suggest that this balance is al-
tered in scleroderma. As briefly dis-
cussed in this section, some of the tran-
scription factors that are expressed at
altered levels in scleroderma are area-
dy known and additional factors un-
doubtedly will be discovered. Since
transcription factors are the final effec-
tors of the signaling pathways, the im-
portant next step will beto link specific
pathways to transcription factors that
contribute to the scleroderma pheno-
type. One such pathway may be me-
diated by PKCd, which has been shown
to be elevated in scleroderma fibrob-
lasts (44), but its connection to putative
transcription effectors has not been yet
characterized. Thus, although signifi-
cant progress has been made in under-
standing the molecular components
that contribute to scleroderma, much
work still remains to be done before a
comprehensive view of the cellular and
molecular mechanisms responsible for
the activation of scleroderma fibrob-
lasts will be achieved.

What causes the switch of sclero-
dermafibroblast to activated state
remains unknown

Numerous in vivo studies indicate that
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Fig. 1. Activation of scleroderma fibroblasts results from the altered balance of transcription activators
and repressors. With regard to collagen type | transcription, activators with elevated levels or activities
include Sp1, CBF/NF-Y, c-myb, and Smad3, while a suppressor, Fli1, isreduced in sclerodermafibrob-
lasts. The signal transduction pathways that regulate formation of the specific transcription complexes
in healthy skin fibroblasts and are deregulated in scleroderma fibroblasts are still poorly defined.
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scleroderma fibroblasts acquire their
activated status very early during dis-
ease progression (45), but the underly-
ing mechanisms responsible for the
switch to activated status remain un-
known. One possible scenario is that
other cells present in the scleroderma
lesion during this early stage, e.g. in-
flammatory cells, produce the signals
that either “activate” the resident fi-
broblasts or selectively amplify the
subpopulation of fibroblasts with the
pre-existing activated phenotype (6,
46). TGF-[3, acting in concert with oth-
er cytokines or chemokines secreted by
the activated immune cells, may consti-
tute such signals (47). In addition, cell-
cell contact between immune cells and
fibroblasts may play arolein fibroblast
activation and/or selection (48). Anoth-
er possibility is the transdifferentiation
of other cell types, e.g. pericytes, into
activated fibroblasts. It is well known
that degeneration of the small blood
vesselsis one of the earliest manifesta-
tion of the disease (49, 50). The fate of
the pericytes associated with such de-
generating blood vessels is not clear.
Activation of microvascular pericytes
has been reported in early scleroderma
and autoimmune Raynaud’'s phenome-
non (51). In scleroderma lesions, peri-
cytes have been characterized by the
expression of PDGF[3 receptors and
HMW-MAA (high molecular weight
melanoma-associated antigen), a mark-
er for activated pericytes. Interestingly,
previous studies in dermal scarring
have shown that, in vivo, microvascular
pericytes that express both HMW-
MAA and PDGF3 receptors can mi-
grate from the microvasculature and
undergo a gradual phenotypical transi-
tion to collagen-synthesizing fibrob-
lasts (52), suggesting that fibroblasts
isolated from scleroderma lesions may
contain a proportion of pericyte-deriv-
ed collagen producing cells. Further
studies are needed to determine whe-
ther there are similarities between the
behavior of transdifferentiated pericy-
tes and scleroderma fibroblasts.

Conclusions

A successful treatment for scleroderma
remains a challenge. Three decades af-
ter Dr. LeRoy’s initial observations the
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hope remains that full knowledge of
the regulatory circuits that are altered
in scleroderma will ultimately lead to
novel therapies. Based on such know-
ledge the key molecules can be se-
lectively targeted to prevent or reverse
the progress of fibrosis. Because of the
accelerated pace of scientific discove-
ries taking place today we should be
optimistic that the remaining questions
will be answered in the near future, to
the benefit of scleroderma patients.
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