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The molecular and cellular mechanisms that maintain
proper collagen homeostasis in healthy human skin
and are responsible for the dysregulated collagen syn-
thesis in scleroderma remain primarily unknown.
This study demonstrates that Fli1 is a physiological
negative regulator of collagen gene expression in der-
mal fibroblasts in vitro and in human skin in vivo.
This conclusion is supported by the analyses of
mouse embryonic fibroblasts from Fli1�/�, Fli1�/�,
and Fli1�/� mice. In cultured human and mouse fi-
broblasts Fli1 expression levels are inversely corre-
lated with the collagen type I expression levels. These
in vitro observations were validated in vivo. In
healthy human skin Fli1 protein is expressed in fi-
broblasts and endothelial cells. Significantly, absence
of Fli1 expression in individual fibroblasts correlates
with elevated collagen synthesis. In contrast to
healthy skin, Fli1 protein is consistently absent from
fibroblasts and significantly reduced in endothelial
cells in clinically involved scleroderma skin, which
correlates with enhanced collagen synthesis in sys-
temic sclerosis skin. This study supports the role of
Fli1 as a suppressor of collagen transcription in hu-
man skin in vivo. Persistent down-regulation of Fli1 in
scleroderma fibroblasts in vivo may directly contrib-
ute to uncontrolled matrix deposition in scleroderma
skin. (Am J Pathol 2003, 163:571–581)

Systemic sclerosis (SSc) is a complex disease charac-
terized by activation of the immune system, vascular
injury, and tissue fibrosis.1 Evidence supports a role for
activation of fibroblasts as a central mechanism respon-
sible for tissue fibrosis and disease progression.2,3 Fibro-
blasts in SSc skin lesions, particularly those in deep
dermis, produce increased amounts of extracellular ma-
trix proteins, including collagen type I,4 type III,5 type VI,6

and type VII.7 In contrast, in healthy adult skin, only a

small proportion of fibroblasts actively produce collagen
at any given time.8 The molecular and cellular mecha-
nisms that maintain proper collagen homeostasis in
healthy skin in vivo and are responsible for the dysregu-
lated collagen synthesis in SSc skin remain to be deter-
mined.

Current knowledge regarding collagen biosynthesis is
based on studies with cultured cells, which are activated
by adherence to plastic and propagation in the presence
of serum. These extensive in vitro studies indicate that
regulation at the transcriptional level plays a central role
in both physiological and pathological collagen turn-
over.9,10 A number of transcription factors have been
shown to regulate collagen synthesis at the basal level
and in response to cytokines and stress.9–11 There is also
an increasing evidence that elevated collagen produc-
tion by SSc fibroblasts in vitro, is in part because of the
alterations of the specific transcriptional complexes in-
volved in regulation of the collagen type I gene. For
example, the activity of transfected COL1A2 and
COL1A1 promoter/reporter constructs is elevated in SSc
fibroblasts compared to healthy skin fibroblasts.12,13 It
has been also observed that nuclear extracts from SSc
fibroblasts exhibit increased binding of the CBF/NF-Y
complex to the proximal CCAAT box present in the
COL1A1 promoter.14 CBF/NF-Y and Sp1 are potent acti-
vators of collagen gene transcription in human fibro-
blasts.15,16 Increased phosphorylation of Sp1 was also
observed in SSc cells.17 Although the role of Smads in
SSc phenotype is currently controversial,18 down-regula-
tion of Smad 7 may play a role in a subset of SSc
patients.19 Collectively, these studies suggest that alter-
ations of specific transcriptional complexes contribute to
the up-regulation of collagen gene expression in SSc
cells in vitro. The role of the specific transcription factors
in the abnormal collagen deposition in SSc skin in vivo
has not been validated.

We have recently characterized Fli1, a transcription
factor that inhibits collagen gene transcription via an
Sp1-dependent pathway.20 Fli1, a member of the Ets
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family of transcription factors, has been shown to play
roles in hematopoiesis, embryonic development, and
vasculogenesis.21–24 Collective evidence indicates that
Ets transcription factors are the important mediators of
cellular programs involved in extracellular matrix degra-
dation,25 and are frequently dysregulated in diseases
characterized by abnormal matrix turnover, including in-
vasive tumors and arthritis.26 In contrast, the specific
role(s) of the Ets factors in the maintenance of collagen
level homeostasis in healthy skin and their possible role in
fibroproliferative disorders, including SSc, has not yet
been adequately assessed.

The goal of this study was to determine the specificity
of Fli1 as an inhibitor of collagen gene expression in
dermal fibroblasts in vitro and in human skin in vivo. We
also wished to determine whether Fli1 plays a role in the
abnormal collagen deposition characteristic of SSc skin.
The findings from this study further strengthen the role of
Fli1 as a repressor of collagen biosynthesis in human
dermal fibroblasts in vitro. In agreement with these find-
ings, we observed a significantly increased collagen type
I mRNA and protein levels in mouse embryonic fibro-
blasts (MEFs) obtained from Fli1�/� mice. Furthermore,
this study demonstrates for the first time that Fli1 is ex-
pressed by dermal fibroblasts in human skin in vivo and
supports the role for Fli1 as a physiological negative
regulator of collagen gene expression in healthy skin. We
also observed consistent down-regulation of Fli1 expres-
sion levels in cultured SSc fibroblasts and in SSc skin in
vivo. Together, our observations suggest that dysregula-
tion of Fli1 may directly contribute to the development of
fibrosis in SSc.

Materials and Methods

Patients

The study group consisted of 25 patients with diffuse
cutaneous SSc (dcSSc) and 21 healthy volunteers. All
patients fulfilled the criteria of the American College of
Rheumatology for dcSSc. On informed consent and in
compliance with the Institutional Review Board for Human
Studies, skin biopsies were obtained from the affected
areas (dorsal forearm), and in three patients from clini-

cally unaffected area. Skin biopsies were either embed-
ded in paraffin and used for immunohistochemistry and in
situ hybridization (see below) or were used to establish in
vitro cell cultures (see below).

Immunohistochemistry

Skin biopsies obtained from 12 patients with dcSSc and
8 healthy volunteers were used for immunohistochemis-
try. Clinical features of the patients used for this study are
described in Table 1. The modified Rodnan method was
used to determine skin score.27 Skin biopsy specimens
were fixed in neutral buffered formalin, embedded in
paraffin, stained with hematoxylin and eosin, and used for
in situ hybridization and immunohistochemistry. Immuno-
histochemical staining of Fli1 was performed using a
Vectastain ABC kit (Vector, Burlingame, CA) according to
the manufacturer’s recommendations. Five-�m-thick sec-
tions were mounted on APES-coated slides, deparaf-
finized with xylene, and rehydrated through a graded
series of ethyl alcohol and phosphate-buffered saline
(PBS). The sections were then incubated with antibodies
against Fli1 (C-19) (Santa Cruz Biotechnology, Santa
Cruz, CA) diluted 1:200 in PBS overnight at 4°C, followed
by the incubation with biotinylated anti-rabbit secondary
antibody. The immunoreactivity was visualized with dia-
minobenzidine and the sections were counterstained with
hematoxylin. Independent scoring was performed blindly
by ES and openly by MK and JC-L.

Collagen mRNA Measurements by in Situ
Hybridization

A nonradioactive in situ hybridization technique using
digoxigenin (DIG)-labeled RNA probes was used as de-
scribed previously28 with some modifications. Briefly,
paraffin-embedded sections were cut to a thickness of 5
�m, mounted on silane-coated slides, and deparaf-
finized. The sections were treated with 0.2 mol/L HCl for
15 minutes, followed by 1.5 �g/ml proteinase K (Sigma,
St. Louis, MO) digestion for 15 minutes at 37°C. The
sections were postfixed with 4% paraformaldehyde in
PBS for 30 minutes and treated with PBS containing 2

Table 1. Clinical Features of Patients with SSc

Subject Sex/age SSc type Duration Skin score

Presence of skin infiltrates

Involved Uninvolved

SSc 1 M Diffuse 2 years 15 ��� �
SSc 2 M Diffuse 1 year 28 � �
SSc 3 F Diffuse 2 years 38 �� �
SSc 4 F/53 Diffuse 3 months 17 �� N/A
SSc 5 F/62 Diffuse 2 years 24 � N/A
SSc 7 M/57 Diffuse 18 years 25 � N/A
SSc 8 F/47 Diffuse 1 year 15 � N/A
SSc 10 F/55 Diffuse 8 years 16 �/� N/A
SSc 11 F/71 Diffuse 1 year 34 � N/A
SSc 12 F/47 Diffuse 8 years 15 � N/A
SSc 13 F/42 Diffuse 8 years 18 �/� N/A
SSc 14 F/73 Diffuse 1 year 38 �� N/A
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mg/ml glycine twice, for 15 minutes each time. After
rinsing with PBS, the samples were soaked twice in stan-
dard saline-standard saline citrate (SSC) buffer with 50%
formamide and subjected to hybridization. A 650-bp frag-
ment of COL1A1 cDNA (kindly provided by Dr. Vuorio,
Turku, Finland) was subcloned into the Bluescript SK II
phagemid (Stratagene, La Jolla, CA). The sense probes
and anti-sense probes for COL1A1 were labeled with
DIG-11-UTP using a DIG RNA-labeling kit (Roche, India-
napolis, IN). The labeled RNA probes (final concentra-
tion, 1 ng/�l) in a mixture containing 50% formamide,
10% dextran sulfate, 1� Denhardt’s solution, 100 �g/ml
transfer RNA, 5� SSC, 0.25% sodium dodecyl sulfate, 1
mmol/L ethylenediaminetetraacetic acid, and 50 mmol/L
NaH2PO4 were placed on the slides and overlaid with a
coverslip. Hybridization was performed in a humidified
chamber for 18 hours at 45°C, after which the specimens
were washed in 2� SSC with 50% formamide at 50°C.
Unhybridized probes were digested in 2.5 �g/ml RNase
A, 500 mmol/L NaCl, 1 mmol/L ethylenediaminetetraace-
tic acid, and 10 mmol/L Tris-HCl (pH 8.0) for 15 minutes
at 37°C. The slides were then washed for 15 minutes in
2� SSC and for 15 minutes in 0.2� SSC, twice at 50°C.
After posthybridization washing, DIG-labeled probes
were visualized as described in the DIG nucleic acid
detection kit protocol (Roche). The slides were weakly
counterstained with hematoxylin.

Cell Culture

Human dermal fibroblast cultures were established from
skin biopsies taken from the dorsal forearm in compli-
ance with the Institutional Review Board for Human Stud-
ies. Tissue was dissociated enzymatically by 0.25% col-
lagenase type I (Sigma) and 0.05% DNase I (Sigma) in
Dulbecco’s modified Eagle’s medium (DMEM) with 20%
fetal bovine serum (HyClone, Logan, UT). Cells were
grown at 37°C in a 5% CO2 atmosphere in DMEM sup-
plemented with 10% fetal calf serum and 50 �g/ml gen-
tamicin (Sigma). All studies used cells from passage
number 3 to 6. Before stimulation with cytokines and
infection with adenoviruses, fibroblasts were incubated in
serum-free medium (DMEM/0.1% bovine serum albumin)
for 48 hours.

Primary murine embryo fibroblasts (MEF) were pre-
pared from wild-type, heterozygous, and homozygous
mutant Fli1embryos (�/�, �/� and �/�). MEFs were
dispersed from each embryo using 200 �l of 0.25% tryp-
sin solution (containing 0.53 mmol/L EDTA, collagenase,
and DNAse) and were cultured in DMEM supplemented
with 10% FBS, L-glutamine and penicillin/streptomycin
(Invitrogen, Carlsbad, CA) at 37°C in a 5% CO2 atmo-
sphere.

Adenoviral Vectors

Replication-deficient recombinant adenoviruses were
generated by homologous recombination using a bacte-
rial system based on the method previously described.29

Construction of Ets1 adenovirus was previously de-

scribed.30 We also constructed a Fli1 adenovirus. Briefly,
human Fli1 cDNA from pSG5-Fli131 was polymerase
chain reaction-amplified using Pfu polymerase with Fli1-
specific primers designed to incorporate BclI and NotI
restriction enzyme recognition sites, digested with BclI
and NotI and subcloned into a modified pcDNA3 vector
between BamHI and NotI. This vector (pFcDNA3, pro-
vided by Dr. C. Hauser, La Jolla Cancer Research Cen-
ter, The Burnham Institute, La Jolla, CA) allowed incor-
poration of a Flag epitope tag at the amino terminus to
monitor protein expression. The sequence of this poly-
merase chain reaction-generated insert was verified, re-
leased by HindIII and recloned into the shuttle plasmid,
pAdTrackCMV at the unique HindIII site. For homologous
recombination, PmeI digested shuttle plasmid bearing
the kanamycin resistance gene was co-electroporated
with the circular adenoviral genome plasmid pAdEasy-1
(E1A deleted) into competent BJ5183 bacterial cells
(Stratagene) and plated on kanamycin media. Recombi-
nant adenoviral DNA was purified, linearized with PacI,
and transfected into the 293A cells using FuGene6
(Roche). Recombinant adenoviruses were plaque-puri-
fied and screened for the expression of the Fli11 con-
struct by Western blot using M5 Flag antibody (Sigma).
After large-scale preparation, adenoviruses were purified
by cesium chloride gradient centrifugation, dialyzed, and
titered using the TCID50 method.

Procollagen Analysis by [3H]Proline
Incorporation, Sodium Dodecyl Sulfate (SDS)-
Polyacrylamide Gel Electrophoresis, and
Autoradiography

Analysis of proline incorporation into secreted protein
was performed as previously described.30 Fibroblasts
were grown to visual confluence in 12-well plates. The
medium was changed to serum-free medium (DMEM)
supplemented with 50 �g/ml ascorbic acid for the dura-
tion of the experiment and cells were transduced with Fli1
(or Ets1)/GFP-adenovirus or control GFP-adenovirus
(multiplicity of infection, 100). This condition allowed
�95% of cells to be transduced with virus as visualized
by expression of GFP. Eighteen hours after infection,
fibroblasts were stimulated with 2 ng/ml of human recom-
binant transforming growth factor (TGF)-�1 (R&D Sys-
tems, Minneapolis, MN), and 6 hours later, 20 �Ci/ml of
[3H]proline (Amersham, Piscataway, NJ) was added to
the medium for 24 hours. Medium was harvested from
each well and cells were trypsinized and counted. Me-
dium was dehydrated in a SpeedVac (Savant, Farming-
dale, NY) and resuspended in 2� SDS/dithiothreitol sam-
ple buffer. Aliquots of conditioned media normalized for
cell number were denatured and loaded on a 6% SDS-
polyacrylamide gel. After electrophoresis the gel was
enhanced by Fluoro-Hance (Research Products Int.
Corp., Mt. Prospect, IL) and visualized by autoradiogra-
phy. The intensity of bands of collagenous protein was
quantitated using NIH-Image densitometry software, ver-
sion 1.55.
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Western Blot

Western blot was performed using total cell lysates [5 �g
for protein disulfide isomerase (PDI)], 30 �g for prolyl
4-hydroxylase and heat-shock protein 47 (HSP 47), and
100 �g for Fli1). Anti-PDI antibody was obtained from
Calbiochem (San Diego, CA), anti-prolyl 4-hydroxylase
antibody was from Chemicon (Temecula, CA) and anti-
HSP 47 antibody was from Santa Cruz. Anti-Fli1 antibody
(C-19) from Santa Cruz was also used for immunostain-
ing. The specificity of this antibody (lack of cross-reac-
tivity with Erg1 and Ets1) was confirmed using respective
antigens. To determine the levels of Fli1, nuclear extracts
(25 �g) were used for Western blot analysis with poly-
clonal anti-Fli1 Ab (C-19, Santa Cruz). Ets1 levels were
determined in whole cell lysates (100 �g) with polyclonal
Ets1 Ab (C-20, Santa Cruz) or monoclonal Ets1 Ab
(Transduction Laboratories). �-actin antibody was from
Sigma.

Analyses of MEFs

MEF cultures from Fli1 wild-type (�/�), heterozygous
(�/�), and knockout (�/�) mouse embryos were prop-
agated in DMEM supplemented with 10% fetal bovine
serum. Total RNA was extracted and analyzed by North-
ern blot. Filters were hybridized sequentially with radio-
active probes for Fli1 and collagen �1(I). For Western blot
analyses, 25 �g of total cell lysates were used. Fli1 pro-
tein levels were determined with polyclonal anti-Fli1 Ab
(C-19, Santa Cruz) and collagen type I levels were de-
termined with goat anti-type I collagen Ab (Southern Bio-
technology, Birmingham, AL).

Results

Fli1 Inhibits Basal and TGF-�-Induced Synthesis
of Collagenous Proteins and Down-Regulates
Synthesis of Prolyl 4-Hydroxylase in Dermal
Fibroblasts

Fli1 has been previously implicated in collagen gene
regulation using stable and transiently transfected human
fibroblasts.20 To gain further insights into the Fli1 func-
tion, an adenoviral vector expressing Fli1 was generated
to ensure efficient gene delivery into dermal fibroblasts.
To assess the effect of Fli1 on newly synthesized collag-
enous proteins at the basal level and in response to
TGF-�, conditioned media from cells metabolically la-
beled with 3H-proline were analyzed by SDS-polyacryl-
amide gel electrophoresis and autoradiography. Consis-
tent with our previous observations, Fli1 reduced
secretion of collagenous proteins at the basal level in-
cluding procollagens type I and III and fibronectin (Figure
1). In addition, Fli1 inhibited TGF-� induction of collagen.
Under similar experimental conditions, Ets1 abrogated
TGF-� stimulation of collagen, but did not affect basal
production of collagenous proteins consistent with our
previous study.30 Together, these data suggest that ei-

ther Fli1 or Ets1 is capable of inhibiting profibrotic effects
of TGF-�; however inhibition of basal collagen expression
is a distinctive property of Fli1.

We also examined whether Fli1 affects synthesis of
selected enzymes involved in collagen production. Prolyl
4-hydroxylases catalyze the formation of 4-hydroxypro-
line in collagens. Prolyl 4-hydroxylase is an �2�2 tetramer
consisting of either �(I)2 or �(II)2 subunits and a common
� subunit. The �(I) subunit is a major form. The � subunit
of prolyl 4-hydroxylase is identical to the PDI, a multifunc-
tional, ubiquitously expressed peptide.32 HSP 47 is a
collagen-binding protein whose expression correlates
with that of collagen under both physiological and patho-
logical conditions. It most likely acts as a collagen chap-
eron, but its specific functions are not fully understood.33

The protein levels of prolyl 4-hydroxylase �, PDI, and HSP
47 were measured by Western blot. The protein levels of
prolyl 4-hydroxylase were significantly reduced in cells
overexpressing Fli1, whereas the levels of PDI and
HSP47 remained unchanged (Figure 1).

Fli1 Protein Levels Are Modulated by TGF-� and
Tumor Necrosis Factor (TNF)-� in Dermal
Fibroblasts

Our previous studies,20 as well as experiments using
adenoviral expression of Fli1, strongly suggest that Fli1 is

Figure 1. Fli1 inhibits basal and TGF-�-induced synthesis of collagenous
proteins. A: Newly synthesized collagenous proteins in control (GFP) and
either Fli1- or Ets1-infected fibroblasts were measured in a [3H]proline incor-
poration assay after 30 hours of TGF-� stimulation. Aliquots of conditioned
media normalized for cell number were analyzed for collagenous protein
content via SDS-polyacrylamide gel electrophoresis and fluorography. B: Fli1
and Ets1 levels in GFP- and either Fli1 or Ets1 adenovirus-transduced fibro-
blasts (multiplicity of infection � 100) before and after TGF-� treatment.
Blots were reprobed with �-actin antibody. C: Fli1 down-regulates synthesis
of prolyl 4-hydroxylase � in dermal fibroblasts. Protein levels of prolyl
4-hydroxylase � (P4H�), PDI, and HSP 47 in control and Fli1-infected
fibroblasts (multiplicity of infection � 100) were determined using specific
antibodies. The blots were probed with anti-p4H� antibody, anti-PDI anti-
body, anti-HSP 47 antibody, and anti-�-actin antibody.
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a potent inhibitor of collagen biosynthesis. We therefore
asked whether the signaling pathways known to modu-
late collagen gene expression control expression levels
of Fli1. We selected TGF-�, a primary inducer of collagen
biosynthesis, and TNF-�, a potent inhibitor of TGF-�-
induced collagen synthesis.34 Expression levels of Fli1
protein were determined in dermal fibroblasts stimulated
for 24 and 48 hours with either TGF-� or with the combi-
nation of TGF-� and TNF-�. The Fli1 protein levels were
determined by Western blot. As shown in Figure 2, TGF-�
transiently inhibited Fli1 levels at 24 hours after stimula-
tion, but at 48 hours, Fli1 levels returned to the levels
expressed by unstimulated fibroblasts. TNF-� stimulated
Fli1 protein levels at both 24 and 48 hours (data not
shown) and completely abrogated the inhibitory effect of
TGF-�. These data suggest that Fli1 protein levels are
modulated by the signaling pathways involved in colla-
gen regulation, in a manner consistent with its role as a
collagen gene repressor.

Collagen Type I Gene Is Overexpressed in Fli�/�

Embryonic Fibroblasts

To further investigate the relationship between Fli1 ex-
pression levels and collagen production, we used MEFs
obtained from Fli1�/�, Fli1�/�, and Fli1�/� embryos.22

Collagen type I mRNA and protein levels versus Fli1
levels were examined in Fli1�/�, Fli1�/�, and Fli1�/�

MEFs. As shown in Figure 3, A and B, COL1A1 mRNA
and collagen type I protein levels are inversely propor-
tional to Fli1 expression levels. Absence of Fli1 results in
a large increase of collagen type I levels as compared to
the wild-type fibroblasts, while Fli1�/� MEFs exhibit inter-
mediate phenotype.

Fli1 Protein Is Down-Regulated in Dermal
Fibroblasts Synthesizing Collagen in the Skin
in Vivo

The above experiments indicated an inverse relation-
ship between expression of Fli1 and collagen in cul-
tured human dermal fibroblasts. We next examined

whether these findings are also applicable to the fibro-
blasts in human skin in vivo. In Figure 4, A to F, repre-
sentative photomicrographs of serial sections of skin
are presented, demonstrating immunostaining for Fli1
protein and for �1(I) collagen mRNA. Fli1 protein was
detected in dermal fibroblasts located in the upper,
medium, and lower dermis. Furthermore, we consis-
tently observed inverse correlation between Fli1 and
collagen expression in dermal fibroblasts in vivo. For
example, an area shown in Figure 4A-a contains nu-
merous Fli1-positive fibroblasts with very little collagen
synthesis present (Figure 4B-c). In contrast, the areas
found to contain mainly Fli1-negative fibroblasts (eg,
Figure 4A-b) correspond to those containing many
cells actively synthesizing collagen (Figure 4B-d).
Compare also Figure 4F-a with Figure 4F-b, which
shows Fli1 and collagen presence in closely matched
fibroblasts from serial sections. Fli1 was also detected
in endothelial cells. In both fibroblasts and endothelial
cells, Fli1 exhibited nuclear staining.

Figure 2. Fli1 protein level is modulated by cytokines. Serum-starved,
confluent fibroblasts were treated with TGF-� (2 ng/ml) alone or a combi-
nation of TGF-� and TNF-� (10 ng/ml) added simultaneously for indicated
periods of time. Fli1 protein was determined in 100 �g of total cell extract by
Western blot. The blots were reprobed with anti-� actin antibody.

Figure 3. Fli1 expression levels inversely correlate with collagen type I
synthesis in Fli1�/�, Fli1�/�, and Fli1�/� MEFs. A: Representative Northern
blot of Fli1 and collagen �1(I) mRNAs. B: Representative Western blot of Fli1
and collagen type I proteins. �-actin was used as loading control.
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Fli1 Protein Is Underexpressed in a Subset of
Cultured SSc Fibroblasts

Because both Fli1 and Ets1 are implicated in collagen
gene regulation,20,30 we next examined expression levels
of Fli1 and Ets1 in cultured dermal SSc and healthy
control fibroblasts. SSc and closely matched healthy con-
trol pairs were always propagated and used for experi-
ments at the same time to avoid variations of culture
conditions. Different pairs were processed at different
times and depend on the availability of biopsies obtained
from patients with SSc. Expression levels of Fli1 were
determined in 13 pairs of SSc and healthy dermal fibro-
blasts by Western blot with polyclonal anti-Fli1 antibody.
Fli1 protein expression by SSc fibroblasts was consis-
tently reduced, albeit to a various degree, in nine SSc/NS
pairs (Figure 5A) and was not changed in four additional
pairs (data not shown). Expression of Ets1 was deter-
mined in seven pairs of SSc and healthy dermal control
fibroblasts. There was no difference in Ets1 expression
levels in all seven SSc/NS pairs tested (Figure 5B).

Fli1 Is Underexpressed in SSc Skin in Vivo

To examine expression pattern of Fli1 in SSc skin, we
focused our analysis on deep reticular dermis because
previous reports demonstrated that pathological differ-
ences are especially pronounced in this skin layer.35,36 In
healthy skin, the majority of the cells with fibroblastic
morphology, as well as endothelial cells in deep dermis,
express Fli1 (Figure 6, a and b). In contrast, in clinically
involved skin of SSc patients with active disease, Fli1-

positive fibroblasts were either absent or only occasion-
ally seen. (Figure 6; c, e, g). Fli1-positive fibroblasts were
counted in deep dermis of 11 patients with SSc (with �8
years duration) and 8 matched healthy controls (Figure
6k). This analysis revealed significant differences be-
tween SSc and healthy skin with respect to a number of
Fli1-positive fibroblasts. In healthy skin, the percentage of
Fli1-positive fibroblasts equals 66 � 14 (mean � SD)
versus 8 � 8 (mean � SD) in SSc skin (P � 0.001).
Because previous reports indicated that pathological
changes also occur in clinically uninvolved skin,37 we
examined Fli1 expression in skin biopsies from unin-
volved skin obtained from SSc patients. Fli1 staining was
also mainly absent from the majority of fibroblasts in the
uninvolved skin from two patients (SSc 1 and SSc 3),
whereas moderate expression of Fli1 was observed in
uninvolved skin of one patient (SSc 2) (Figure 6; d, f, h,
and Table 2). Thus, uninvolved skin appears to represent
an intermediate stage between healthy and lesional SSc
skin with regard to Fli1 expression in fibroblasts.

Significantly, altered Fli1 protein expression was also
noted in endothelial cells. Intense uniform nuclear stain-
ing of Fli1 was present in endothelial cells throughout the
healthy skin (Figure 7, a and b). In contrast, in clinically
uninvolved SSc skin most of the individual blood vessels
consisted of heterogeneously stained endothelial cells.
Within a blood vessel, some endothelial cells were posi-
tive for Fli1, whereas other cells displayed either de-
creased or undetectable Fli1 staining (Figure 7, c and d).
In addition, the number of the vessels was greatly re-
duced in clinically involved skin, and the remaining ves-
sels appeared damaged.38,39 Fli1-positive cells were de-

Figure 5. Fli1 protein is underexpressed in a subset of SSc fibroblasts. Dermal SSc and healthy control fibroblasts (NS) were analyzed for Fli1 and Ets1 protein
expression levels. Nuclear extracts were used for Western blot with polyclonal Fli1 antibody or with polyclonal Ets1 antibody. Blots were reprobed with �-actin
antibody. A: Representative data of Fli1 protein levels in SSc and NS fibroblasts B: Representative data of Ets1 protein levels in SSc and NS fibroblasts.

Figure 4. Fli1 and collagen expression in healthy human skin in vivo. Serial skin sections were used for Fli1 immunodetection (A) and COL1A1 in situ
hybridization (B) (original magnifications, �100; scale bar, 200 �m). Note: Fli1-positive fibroblasts represented by brown nuclear staining (thick arrow) and
Fli-1-negative fibroblasts (blue counterstain, thin arrow) in A-a and A-b (original magnifications, �400; scale bar, 50 �m). B-c and B-d represent collagen mRNA
expression from the corresponding fields. Note: COL1A1-positive fibroblasts (thick arrowhead) and Fli1-negative fibroblasts (thin arrow). Endothelial origin
of cells expressing Fli1 (marked by asterisk) in A-a was confirmed using anti-CD31 antibody (C). In D (negative control), primary antibody was omitted. In E,
sense (negative control) COL1A1 probe was used. F-a and F-b (original magnifications, �400) show serial sections of skin in which corresponding fibroblasts
are marked x and y. Note that Fli1-positive fibroblast (x) does not express COL1A1 mRNA, while Fli1-negative fibroblast (y) is positive for collagen mRNA.
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tectable, but the structure of the vessel was destroyed
(data not shown).

Because elevated collagen synthesis, especially by
fibroblasts in deeper reticular dermis is a hallmark of SSc,
we examined �1(I) collagen mRNA expression. Fibro-
blasts, positive for �1(I) collagen mRNA were present in
skin sections from SSc patients, while such cells were
almost absent in sections from healthy skin. Positive
staining for collagen type I mRNA correlated with the
absence of Fli1 in fibroblasts as observed in consecutive
sections (Table 2).

A summary of the in vivo data are presented in Table 2.
Our data demonstrate heterogeneous Fli1 expression in
fibroblasts and endothelial cells in healthy and SSc skin.
Significantly, however, healthy and SSc skin differ in a
relative proportion of Fli1-positive cells. In healthy skin
Fli1-positive cells predominate, whereas in SSc skin a

majority of the cells do not express Fli1. Interestingly, in a
patient with an 18-year disease duration (SSc 7), Fli1
staining in endothelial and fibroblastic cells was undistin-
guishable from healthy skin.

Discussion

Turnover of collagen type I, the main component of hu-
man dermis, is tightly regulated under normal physiolog-
ical conditions. However, very little is currently known
regarding regulatory mechanisms that control this pro-
cess. The present study provides the evidence for the
role of transcriptional repressor, Fli1, in regulation of col-
lagen synthesis in cultured dermal fibroblasts and in
human skin in vivo. This study extends our previous find-
ings that established Fli1 as a transcriptional repressor of

Figure 6. Immunodetection of Fli1 in skin from
healthy individuals and uninvolved and involved
skin from patients with SSc. Positively stained fibro-
blasts and endothelial cells are present in healthy
skin (a, b) (original magnifications, �400; scale bar,
100 �m). Thick arrow points to Fli1-positive fibro-
blasts, an asterisk indicates endothelial cell; c and
d, e and f, and g and h involved and uninvolved skin
sections from patients with SSc. Note absence of Fli1
in fibroblasts (thin arrow points to Fli1-negative
fibroblast) and in some endothelial cells (asterisk)
in SSc skin. k: Percentage of Fli-1-positive fibroblasts
in SSc and healthy skin. At least 100 fibroblasts were
counted for each specimen.
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Figure 7. Immunodetection of Fli1 in endothelial cells in healthy skin (a, b) and in uninvolved skin from patients with SSc (c, d) (original magnifications, �400;
scale bar, 100 �m). Thick arrow points to Fli1-positive endothelial cells, thin arrow points to Fli1-negative endothelial cells.

Table 2. Fli1 and Collagen Staining in Endothelial Cells (EC) and Fibroblasts (FB) in Skin Sections of Patients with SSc Compared
with Healthy Skin

Patient

Fli1/EC Fli1/FB

COL1A1 mRNAInvolved Uninvolved Involved Uninvolved

SSc 1 � �/� � �/� N/D
SSc 2 � �� � �� N/D
SSc 3 � �/�� �/� � N/D
SSc 4 �/� �/� ��
SSc 5 �/�� �/�� ��
SSc 7 ��� ��� �
SSc 8 �/�� � ���
SSc 10 �� �/�� ���
SSc 11 �/� �/� ���
SSc 12 �� �/�� �/��
SSc 13 �/� �/�� ��
SSc 14 �/� �/� ��
NS 1 ��� ��/��� �
NS 2 �� �� �
NS 3 ��/��� �� �
NS 4 ��� �� �/��
NS 5 ��� �� �

All cells with fibroblast morphology (�100) were counted in each specimen. �, negative; �, occasionally positive cell in the field—weak; ��, 50%
cells positive—moderate; ���, more than 80% cells positive—strong.

N/D, not done.
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the collagen gene.20 The role of Fli1 as a physiological
negative regulator of extracellular matrix genes is further
supported by the observations that Fli1 protein levels
inversely correlate with production of collagen type I in
fibroblast cultures generated from Fli1�/�, Fli1�/�, and
Fli1�/� embryos. Consistent with these findings we ob-
served that Fli1 levels are positively regulated by TNF-�,
a well-established inhibitor of collagen synthesis, and
negatively regulated by TGF-�, a potent inducer of extra-
cellular matrix synthesis. Importantly, TGF-� response is
transient and at 48 hours after stimulation, Fli1 expression
returns to control levels. This may be a part of a negative
feedback regulatory loop that prevents uncontrolled ma-
trix synthesis in response to this potent fibrogenic cyto-
kine. As shown in this study, absence of Fli1 correlates
with the pathological tissue fibrosis.

This study provides the first demonstration that Fli1 is
expressed in human dermal fibroblasts in vivo. In the
human skin, Fli1 expression is heterogenous because
both positive and negative fibroblasts are present. Sys-
tematic examination of serial skin sections indicates that
absence of Fli1 expression in fibroblasts correlates with
collagen synthesis. Taken together, our data support a
role for Fli1 as a specific negative regulator of collagen
synthesis in dermal fibroblasts in healthy skin.

Analysis of skin biopsies from SSc patients showed
remarkable down-regulation of Fli1 in SSc skin. In SSc
skin obtained from patients with active disease, Fli1 was
absent from fibroblasts present in all skin layers. Fibro-
blast staining for Fli1 in clinically uninvolved skin revealed
an intermediate pattern between healthy and involved
skin, most likely reflecting the initial phase of the fibrotic
process. Down-regulation of Fli1 correlated with induc-
tion of collagen synthesis in patients with active disease.
On the other hand, in patients with late disease, Fli1 was
re-expressed in fibroblasts, concomitant with a reduction
of collagen synthesis to levels comparable with healthy
skin. Our data strongly suggest that the prolonged ab-
sence of Fli1 in SSc fibroblasts in vivo may directly con-
tribute to the process of fibrosis. Down-regulation of Fli1
may also be responsible for other abnormally expressed
genes in SSc skin, including integrins, growth factor re-
ceptors, and adhesion molecules;40–43 however, at
present the spectrum of Fli1-dependent genes in fibro-
blasts is unknown. Our future studies will be directed
toward identification of genes regulated by Fli1 in cul-
tured fibroblasts in vitro and to examine their expression
in SSc skin in vivo. Down-regulation of Fli1 was also ex-
hibited by SSc fibroblasts in vitro. These differences, how-
ever, were less pronounced than those observed in fibro-
blasts in vivo, suggesting partial loss of the phenotype
during in vitro culturing.

Expression of Fli1 was also markedly decreased in
endothelial cells in SSc lesions. Significantly, endothelial
cells in the uninvolved skin exhibited decreased or neg-
ative staining for Fli1 in the majority of the vessels. Fur-
thermore, vessels in the involved skin contained mainly
Fli1-negative cells. Down-regulation of Fli1 in the endo-
thelial cells may be particularly relevant to the pathogen-
esis of SSc. Vascular damage associated with endothe-
lial cell apoptosis has been considered an initiating event

in the disease process, followed by the perivascular and
tissue infiltration of the inflammatory cells and subse-
quent development of fibrosis.1,44 Fli1 is known to play an
essential, although not fully defined, role in endothelial
cell function.22,23 Mice with a targeted mutation in Fli1
locus, die of hemorrhage at day 11.5 of embryogenesis
because of , at least in part, the loss of vascular integrity.
Interestingly, Fli1�/� embryos are able to form a func-
tional network of blood vessels, but appear to fail to
recruit pericytes or smooth muscle cells during late em-
bryonic angiogenesis and vascular remodeling. Further-
more, it was demonstrated that Fli1�/� endothelial cells
were not viable even in the chimeric embryos consisting
of Fli1�/� and Fli1�/� cells.23 These previous studies
demonstrate that Fli1 plays a critical role in endothelial
cell function during embryogenesis. Presence of Fli1 in
endothelial cells in healthy skin suggests that it may also
have an important function in adult tissues. Although,
further studies are needed to delineate a specific role of
Fli1 in microvascular endothelial cells, it is tempting to
speculate that the absence of Fli1 in these cells may be
an additional manifestation of the endothelial cell dys-
function in SSc and may directly contribute to endothelial
cell apoptosis in SSc.

In conclusion, this study provides evidence that Fli1 is
a physiological inhibitor of collagen gene expression in
healthy human skin in vivo. The importance of Fli1 in the
collagen homeostasis is further underscored by the ob-
servation that Fli1 is absent in SSc patient skin that is
characterized by fibrosis. This study strongly supports
the notion that dysregulation at the level of transcription
as manifested by the persistent down-regulation of Fli1 in
SSc skin underlies the mechanism of the uncontrolled
collagen deposition in SSc. Further studies are needed to
determine the nature of the pathways that regulate Fli1
expression in healthy human skin in vivo as well as the
mechanisms responsible for down-regulation of Fli1 in
skin of patients with SSc.
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