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A proteomic analysis of the secretome of cultured
dermal fibroblasts from patients with systemic scle-
rosis (SSc) and nephrogenic systemic fibrosis (NSF)
was performed to identify proteins that reflect the
fibrotic process. Confluent culture supernatants from
three cell strains each of normal, SSc, and NSF dermal
fibroblasts were pooled separately, and each pool
was labeled with a specific fluorochrome. The three
pools were electrophoresed together on two-dimen-
sion SDS gels, and protein differential expression was
evaluated by quantitative fluorescence analysis. The
secretome analysis identified 1694 spots per sample,
among which 890 spots (52%) were differentially in-
creased or decreased (more than twofold) in SSc fi-
broblasts, and 985 spots (58%) were differentially
increased or decreased in NSF fibroblasts compared
with normal fibroblasts. Mass spectrometry analysis
was then used to identify the proteins that had in-
creased by the greatest extent in both NSF and SSc
secretomes. Three reticulocalbin family members
were among the 10 most up-regulated proteins. Con-
focal microscopy results validated the differential in-
crease of reticulocalbin-1 in affected SSc and NSF
skin, and Western blot findings demonstrated its
presence in SSc sera. The secretomes of both SSc and
NSF fibroblasts display a pattern of shared changes
compared with the normal fibroblast secretome. The
differentially increased proteins reflect an activated
fibroblast phenotype and may represent a specific
“fibrosis signature” that can be used as a biomarker
for fibrotic diseases. (Am J Pathol 2010, 177:1638–1646;

DOI: 10.2353/ajpath.2010.091095)

Fibrotic disorders, which include systemic sclerosis
(SSc), idiopathic pulmonary fibrosis, cirrhosis of the liver,
and the newly recognized nephrogenic systemic fibrosis
(NSF), are characterized by abnormal and excessive
deposition of collagen and other extracellular matrix com-
ponents in various tissues.1–5 Although their etiologies
are probably quite diverse, the presence of extracellular
matrix-producing fibroblasts displaying an activated phe-
notype in the affected tissues is typical of all fibrotic
diseases. Fibroblast activation is characterized by a
marked increase in the transcriptional activity of the
genes encoding type I and type III collagens and fi-
bronectin, initiation of the expression of �-smooth muscle
actin, and the reduction of extracellular matrix degrada-
tive activities.6–9 Activated fibroblasts display contractile
properties resulting from the expression of stress fibers
containing �-smooth muscle actin, and their profibrotic
activation is part of a complex set of molecular and
biochemical changes that are conserved for multiple se-
quential passages in vitro.6,7,10

The most frequent systemic fibrotic disorder is SSc, a
disease characterized by excessive deposition of colla-
gen and other connective tissue macromolecules in skin
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and multiple internal organs, prominent and often severe
alterations in the microvasculature, and humoral and cel-
lular immunological abnormalities. The most apparent
and almost universal clinical features of SSc are related
to the severe fibrotic changes occurring in multiple tis-
sues and very prominently in the microvasculature.1,2

The extent and rate of progression of tissue fibrosis is
of paramount importance in determining the clinical
features and the prognosis of SSc. Indeed, fibrosis of
the skin correlates with both survival and functional
limitations.11–14

Although there has been substantial interest in the
identification of biomarkers that allow early diagnosis and
assessment of disease activity or that carry a predictive
prognostic in SSc15–17 including global gene expression
and microarray studies,18,19 fully validated biomarkers
reflecting the fibrotic process are not available. The clin-
ical semiquantitative assessment of skin thickness by
palpation (modified Rodnan skin score) is considered the
gold standard and the only primary outcome measure
used in clinical trials of SSc disease-modifying agents.
This subjective and highly variable assessment is fraught
with inaccuracies as pointed out recently.20 It is, there-
fore, generally accepted that the development of objec-
tive and reliable markers reflecting the severity of tissue
fibrosis would be of great value for improving the perfor-
mance of clinical trials and the accurate assessment of
the efficacy of a given treatment. Furthermore, such
markers would allow a reduction in the number of patients
needed for clinical trials to achieve statistical power and
would offer an objective and quantitative method inde-
pendent of the subjective assessment of the investigators
involved in the study.

NSF is a recently recognized fibrotic disorder occur-
ring in patients with renal insufficiency after exposure to
Gd-containing contrast agents used for magnetic reso-
nance imaging.5,21–23 Affected tissues from patients with
NSF display a remarkable fibrotic process and, like SSc
fibroblasts, fibroblasts cultured from patients with NSF
produce increased levels of collagens and other extra-
cellular matrix proteins, which are maintained in vitro for
several passages.24,25

Here, we describe the results of a proteomic analysis
of the secretome of fibroblasts from patients with SSc and
NSF, which allowed the identification of several shared
proteins that were substantially elevated in comparison
with the secretome of normal fibroblasts and, thus, they
may reflect the increased fibrogenesis of these cells.
These proteins should therefore be considered putative
biomarkers that may be useful to assess the extent and
severity of the fibrotic process in fibrotic diseases.

Materials and Methods

Cell Culture

Dermal fibroblasts were isolated from punch or excisional
biopsy samples of affected forearms obtained from
patients with SSc fulfilling the American Rheumatism
Association criteria for disease classification26 and

from patients with a typical clinical presentation of NSF
associated with recent exposure to Gd-containing mag-
netic resonance imaging contrast agents described pre-
viously.21,22 All patients with SSc had the diffuse cuta-
neous subset as defined by LeRoy et al,27 and in all
patients the disease was of recent onset (�18 months)
and rapidly progressive. The patients with SSc and
NSF from whom the biopsy samples were obtained
were matched for age and sex and had not received
corticosteroids, antifibrotic therapy, or immunosuppres-
sive therapy. Punch biopsy samples from age- and sex-
matched normal subjects were used as controls. The
biopsy samples, processed within 1 hour of excision,
were split in two halves: one half was formalin-fixed and
paraffin-embedded for histopathological and immunohis-
tochemical analysis, and the other half was processed for
establishment of dermal fibroblast cell strains. For this
purpose, the skin biopsy samples were minced with a
scalpel, and small pieces of tissue were placed on plastic
culture dishes and then covered with tissue culture me-
dium, which was changed every 3 to 5 days until visible
outgrowth of cells was obtained in approximately 2 to 3
weeks. The cells were enzymatically disassociated with 1
mg/ml trypsin at 37°C for 5 to 30 minutes and then sub-
cultured exactly as described by LeRoy.6 These culture
conditions allowed the expansion of pure fibroblast pop-
ulations without any contamination with epithelial or en-
dothelial cells or cells of hematopoietic origin. Dermal
fibroblasts from patients with SSc or NSF were subcul-
tured and used between passages 5 and 6 to avoid loss
of the fibroblast overproducer phenotype, which is pre-
served for at least 12 serial passages under these in vitro
culture conditions.6,17 Normal fibroblasts were also
matched for passage number. Cell strains were estab-
lished from three different patients with SSc, three differ-
ent patients with NSF, and three normal individuals. All
cultures were grown to confluence in Dulbecco’s modi-
fied Eagle’s medium (Invitrogen, Carlsbad, CA) supple-
mented with vitamins (Cellgro, Manassas, VA), 10%
fetal bovine serum (Invitrogen), and antibiotics (Cell-
gro). Once the cultures reached confluence, they were
washed twice and incubated for 18 hours in serum-free
Dulbecco’s modified Eagle’s medium.

Preparation of Supernatants for Two-Dimensional
Gel Electrophoresis

Supernatants from the three SSc, three normal, or three
NSF cultures were pooled separately, and each pool was
concentrated 40-fold by 18 hours of centrifugation on
Centri-Sep 3000-kDa (Applied Biosystems, Carlsbad,
CA) columns at 4°C, according to the manufacturer’s
instructions. To avoid any differences in the starting sam-
ple, the same volume of tissue culture media (20 ml)
obtained when the cells reached overconfluence for at
least 24 hours was used in the final step. Protein concen-
tration in the culture supernatants was determined using
a Quant Kit (GE Healthcare, Piscataway, NJ). The sam-
ples were then brought to pH 8 to 8.5 with 1 mol/L NaOH
to optimize fluorescent tagging. For each gel, 50 �g of
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protein for each category was added to 400 pmol/L con-
centrations of Cy2, Cy3, or Cy5 fluorescent tags and al-
lowed to incubate on ice for 30 minutes. The labeling reac-
tion was quenched by addition of 1 �l of 10 mmol/L lysine
and subsequent incubation on ice for 15 minutes. For two-
dimensional (2D) electrophoresis, the three samples (nor-
mal, SSc, and NSF) were pooled, brought up to 350 �l in 8
mol/L urea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonic acid, and supplemented with dithiothre-
itol (final concentration 13mmol/L) and IPG buffer 3-10 (final
concentration 2%) before 2D electrophoresis as described
previously.28,29

Two-Dimensional Difference in Gel
Electrophoresis Labeling and 2D Gel
Electrophoresis

For each gel, 18-cm, pH 3 to 10 immobilized pH gradient
(IPG) strips were rehydrated at 30 V for 12 hours in 350 �l
of sample, using an IPGphor (GE Healthcare). Once re-
hydration was complete, samples were focused at 500 V
for 1 hour, 1000 V for 1 hour, and finally 8000 V for 6
hours. Immediately after completion, IPG strips were pro-
cessed for separation by SDS-polyacrylamide gel elec-
trophoresis. To reduce the disulfide bonds in the focused
proteins in preparation for the second dimension, IPG
strips were incubated for 15 minutes in equilibration
buffer I consisting of 0.375 mol/L Tris-HCl, pH 8.8, 6 mol/l
urea, 2% SDS, 20% glycerol, and 13 mmol/L dithiothrei-
tol. The IPG strips were soaked in equilibration buffer II
for an additional 15 minutes to alkylate the sulfhydryl
groups. Buffer II is identical to buffer I with the exception
that 2.5% (w/v) iodoacetamide is used instead of dithio-
threitol. The strips were embedded in 0.7% w/v agarose
on top of 12.5% acrylamide slab gels. Second-dimension
separations were performed on a DALT6 platform (GE
Healthcare). IPG strips were electrophoresed at 2 W/gel
for 30 minutes, followed by 20 W/gel until the dye front
reached the bottom of the gel. The gel was rinsed in
deionized water and scanned using the difference in gel
electrophoresis (DIGE)-enabled Typhoon Scanner (GE
Healthcare). After scanning of the images, DeCyder 5.01
software (GE Healthcare) was used for differential gel
analysis. The 2D images from the different samples were
then compared using the DIA module of DeCyder with a
value of 1000 as the initial estimate of protein spots
present. DIA analysis allows for the direct comparison of
intensities of specific protein spots between different
samples within the same gel.30

Tryptic Digestion of Isolated Protein Spots

The 2D gel was poststained with SYPRO Ruby and
rescanned using the Typhoon Scanner. The resulting gel
images were matched back to the master DIGE image
and spots of interest were designated for picking from the
SYPRO image. Protein spots of interest were prepared for
mass spectral analysis by the Spot Handling Workstation
(GE Healthcare). SYPRO-stained spots of interest were

automatically cut from the gel and washed twice with 50
mmol/L ammonium bicarbonate in 50% methanol. The
plugs were then dehydrated in 75% acetonitrile for 10
minutes and dried under a stream of air. Trypsin (10 �l of
20 �g/ml in 20 mmol/L ammonium bicarbonate) was
added to each plug and incubated for 2 hours at 37°C.
After digestion, the resulting tryptic peptides were ex-
tracted twice into 50% acetonitrile, 0.1% formic acid and
then dried completely under a stream of air.

Mass Spectrometry Protein Identification

Proteins were identified via liquid chromatography-mass
spectrometry using a Thermo Scientific ProteomeX Work-
station consisting of a Surveyor high-performance liquid
chromatograph front end, followed by an LCQ DecaXP
Plus ion-trap mass spectrometer. The dried-down pep-
tide extracts were resuspended in 15 �l of 1% formic
acid, and 10 �l was loaded onto a Thermo Hypersil-
Keystone BioBasic C18 column (0.18 � 100 mm). The
peptides were separated at a flow rate of 4 �l/min using
a linear gradient of 2 to 50% acetonitrile in 0.1% formic
acid over 45 minutes. As the peptides were eluted from
the column, they were subjected to a full mass spectrom-
etry scan, followed by tandem mass spectrometry of the
three largest peaks. The resulting tandem mass spec-
trometry spectra were analyzed using SEQUEST. Protein
identifications were considered valid if they met the Hu-
man Proteome Organisation (HUPO) protein identification
filter (Xcorr � 1.9, 2.2, or 3.75 for z � 1, 2, and 3, respec-
tively; �CN � 0.1; and Rsp � 4) as described previously
in the Human Plasma Proteome Project.31

Confocal Microscopy Validation

To validate the results obtained by the proteomic analy-
ses, reticulocalbin (RCN)-1, one of the proteins that dis-
played the highest differential expression, was selected
for semiquantitative assessment of its abundance in nor-
mal, SSc, and NSF skin. RCN-1 was analyzed by immu-
nofluorescence using a RCN-1 rabbit polyclonal antibody
(Bethyl Laboratories, Montgomery, TX). Isotype control
staining was performed using rabbit IgG (Sigma-Aldrich,
St. Louis, MO). Secondary antibodies were affinity-puri-
fied sheep (FAb)2 anti-rabbit IgG-Cy3 conjugated (Sig-
ma-Aldrich). Paraffin-embedded sections from skin were
deparaffinized with two changes of xylene for 10 minutes
each and then two changes of ethanol for 5 minutes
each. Antigen retrieval was performed by boiling the
tissue sections in 10 mmol/L citrate buffer, pH 6.0, for 20
minutes. The sections were then rinsed in PBS for 2
minutes and incubated with 5% normal sheep serum for
20 minutes at room temperature to block nonspecific
binding sites. The primary antibody incubation step was
performed overnight at 4°C followed by incubation with
the sheep polyclonal antibody (1:200). The unbound an-
tibodies were removed from the sections after each in-
cubation with three changes of PBS for 2 minutes each.
Tissue sections were counterstained with 4,6-diamidino-
2-phenylindole and analyzed using a Zeiss LSM 510
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META confocal laser scanning microscope system. Zeiss
META confocal software was used in balancing signal
strength. The breakthrough of the 4,6-diamidino-2-phe-
nylindole signal into the red and the green channel was
recorded separately and subtracted from the 4,6-dia-
midino-2-phenylindole blue channel. Zeiss META en-
hancement software was used in balancing the signal
strength, and the image was scanned eightfold to sepa-
rate signal from noise. Panels were assembled using
Photoshop software without any RGB modification.

Western Blots

Sera from 10 patients with SSc and two healthy normal
subjects (volunteer laboratory personnel) were assayed
for RCN-1. All SSc sera were from patients who fulfilled
the American Rheumatism Association classification cri-
teria for SSc26 and with the diffuse subset of the disease
classified according to LeRoy et al.27 Sera were diluted
1:10 with saline solution and electrophoresed on a 10%
Tris-glycine SDS gel. Primary antibody against human
RCN-1 (Bethyl Laboratories) was used at a 1:1000 dilu-
tion, incubated overnight at 4°C. Anti-rabbit horseradish
peroxidase-conjugated antibodies at 1:5000 dilution
were used as secondary antibody.

Results

2D DIGE

We analyzed by 2D DIGE the supernatants from three
SSc, three NSF, and three normal fibroblast cultures. The
secreted proteins from normal fibroblast cell strains were
pooled and conjugated with Cy2 fluorochrome, the se-
creted proteins from the three SSc fibroblast cell strains
were pooled and conjugated with Cy3, and the secreted
proteins from the three NSF cell strains were pooled and
conjugated with Cy5. The images detected for each flu-

orochrome are shown in Figure 1. A total of 1694 spots
were detected on the 2D electrophoresis. DIGE software
analysis allowed quantitative determination of each fluo-
rescent signal in every detected spot. The differential
analysis of SSc versus NSF fibroblast secretomes re-
vealed that 1403 spots (85%) had similar levels, whereas
65 spots were increased in the SSc sample and 226
spots were increased in the NSF sample (Figure 2A). In
contrast, the volume ratio analysis comparison of the
secretome of normal fibroblasts with that of SSc fibro-
blasts indicated that 450 spots were increased (more
than twofold) in the SSc fibroblast secretome, whereas
440 were decreased (�50%) and 804 had similar levels
(Figure 2B). The differential analysis of NSF versus nor-
mal fibroblast secretome identified 391 spots increased
in NSF, 590 decreased, and 713 with similar expression
(Figure 2C).

Volume Ratio Overlay

Each protein spot fluorescence intensity was calculated
by DIGE software and the ratios between SSc and normal
and NSF and normal were calculated (Figure 3A). To
analyze the differentially expressed proteins with com-
mon quantitative changes among the NSF and SSc fibro-
blast secretomes, each spot was assigned a progressive
number, and the fluorescence intensity ratio between
SSc fibroblast secretome and normal fibroblast secre-
tome was plotted against the spot number. The same
analysis was performed for the volume ratio between the
NSF and normal fibroblast secretomes and the two series
of dot plots were overlaid in the same graph (Figure 3B).
For the purpose of biomarker identification, we elected to
perform mass spectrometry analysis of the spots that
were most elevated in both SSc and NSF samples (Figure
3B, dotted line). Each of the spots with the highest level of
increase compared with the normal secretome was di-
gested and analyzed by mass spectrometry.

Figure 1. 2D DIGE. The supernatants from three
SSc, three NSF and three normal fibroblast cultures
were pooled separately and analyzed. The secre-
tome from normal fibroblasts was conjugated with
Cy2 fluorochrome (blue), the secretome from SSc
fibroblasts was conjugated with Cy3 (green), and
the NSF secretome was conjugated with Cy5 (red).
The top panels reflect the fluorescence intensity
in each channel. The bottom panels represent
the color assigned to each channel for visual dif-
ferential analysis.
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Mass Spectrometry Identification of the
Shared Changes in SSc and NSF
Fibroblast Secretomes

The list of the most up-regulated proteins identified by
mass spectrometry is shown in Table 1, and the complete
list of all differentially expressed proteins that were iden-
tified by mass spectrometry is provided in a Supplemental
Table (see http://ajp.amjpathol.org). Of note, the most up-
regulated protein, RCN-3 (accession number 28626510),
and the fourth most up-regulated protein, RCN-1(accession
number 4506455), belong to the CREC (Cab45, reticulo-
calbin, ERC-45, and calumenin) family of calcium-binding
proteins residing in the endoplasmic reticulum, which are
probably involved in trafficking and transport of newly
synthesized proteins.32–34 Remarkably, calumenin (acces-
sion number 4502551), identified to be up-regulated on
average 2.5-fold, also belongs to the same family of pro-
teins. Of further interest was the fact that the second and
third most up-regulated proteins identified were SPARC or
osteonectin (accession number 4507171) and the �2 chain
of type I collagen (accession number 48762934). Both pro-

teins have been shown to be increased in SSc tissues by
several independent, hypothesis-driven studies.35–37

RCN-1 Expression Is Increased in Vivo in SSc
and NSF

To validate the proteomic results, we examined the tissue
levels in affected SSc and NSF skin of RCN-1, a protein
found to be among the most increased in the secretomes
of both SSc and NSF fibroblasts. For this purpose we
analyzed by immunofluorescence followed by confocal
microscopy the tissue abundance of RCN-1 in three skin
biopsy samples from SSc patients, three skin biopsy
samples from an affected area of skin of a patient with
NSF, and three normal skin biopsy samples. Figure 4A
shows representative images demonstrating substan-
tially increased levels of RCN-1 in the dermis of the SSc
and the NSF skin samples analyzed. The distribution of
RCN was both cellular and pericellular, with a remarkable
accumulation surrounding small vessels. Quantitative
analysis of fluorescence performed in the three SSc,

Figure 2. Differential analysis of fluorescence intensity. A: Differential analysis of SSc versus NSF fibroblast secretomes, showing 1403 spots (85%) with similar
levels with 65 spots increased (green) in the SSc sample and 226 spots increased in the NSF sample (red). B: Volume ratio analysis comparison of the secretomes
of normal fibroblasts and SSc fibroblasts, showing 450 spots increased (more than twofold) in the SSc fibroblast secretome, 440 spots decreased (�50%), and 804
spots with similar levels. C: Differential analysis of NSF versus normal fibroblast secretomes showing 391 spots increased in NSF, 590 spots decreased, and 713
spots with similar levels.
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three NSF, and three normal skin samples showed that
the overall levels of RCN-1 in SSc skin biopsies were
2.5-fold higher than those in normal skin, whereas the
levels in the NSF sample were 3.1 fold higher than those
in normal skin (Figure 4B). To further examine the pres-
ence of RCN-1 in the sera from patients with SSc we
performed Western blots and showed that a protein band
recognized by the specific anti-RCN-1 antibody and of
the appropriate molecular size was clearly detectable in
sera from the 10 patients with SSc examined (Figure 4C)
as well as in the sera from the two healthy volunteers.

Discussion

The excessive deposition of collagen and other extracel-
lular matrix components in SSc and NSF tissue is due to
overproduction of these proteins by fibroblasts.6–9,38–40

A key feature of SSc dermal fibroblasts as well as of

fibroblasts from patients with NSF is that the profibrotic
phenotype of these cells is conserved in vitro for several
passages.6,8,24,25 This unique feature is likely to result
from selective epigenetic regulation of a complex set of
genes that is maintained for several passages in vitro as
shown for SSc fibroblasts.41

Although activated fibroblasts play the central role in
the development of tissue and organ fibrosis in SSc and
other fibrotic diseases there is currently a lack of reliable
fibroblast activity markers.17 To identify possible markers
that directly reflect the level of fibroblast activity in various
fibrotic diseases and that may be detectable in the sera
of affected individuals we analyzed the differences in the
secretome of normal versus activated or profibrotic fibro-
blasts using a proteomic approach. Because of the com-
plexity and heterogeneity of skin pathology in SSc, we
considered likely the possibility that some of the genes/
proteins detected in the SSc fibroblast secretome may
reflect other concomitant pathophysiological events such
as immune activation or vasculopathy. Therefore, be-
cause the target of the studies was the identification of
markers that specifically reflected tissue fibrosis and fi-
broblast activation, we performed in parallel differential
analysis of the secretome of cultured fibroblasts derived
from affected skin of patients with NSF, another fibrotic
condition in which vasculopathy and autoimmunity are
not considered to be present.

The rationale for studying fibroblast culture superna-
tants for biomarker identification relies on the assumption
that a soluble secreted or shed cellular product released
and present in the tissue culture media could be de-
tected in vivo in serum and, therefore, be easily accessi-
ble for assay by venipuncture. The approach has been
extremely informative for a variety of cancer-associated

Figure 3. Identification of proteins increased in both SSc and NSF secretomes. A: Three-dimensional view displaying the intensity of fluorescence of a
representative spot in two different channels and their fluorescence intensities calculated by DIGE software. The magenta lines in the bottom panels indicate
the spot boundaries obtained using the pixel data from the images. The spot boundaries are used for spot volume calculations using the DeCyder software.30 B:
Dot plot of fluorescence intensity ratio of the SSc (blue diamonds) and NSF (pink squares) secretomes, both calculated against the fluorescence values of normal
secretome protein spots. The yellow dotted area indicates the spots with the highest increase in both SSc and NSF secretomes compared with the normal
secretome.

Table 1. List of the Most Highly and Differentially Increased
Proteins in Both SSc and NSF Secretomes Identified
by Mass Spectrometry

Protein Accession no.
Maximum

fold change

Reticulocalbin-3 28626510 26.18
Osteonectin 4507171 18.28
�2 chain of type I collagen 48762934 17.69
Reticulocalbin-1 4506455 17.69
Tropomyosin 4 4507651 14.32
Enolase 1 450371 10.28
Calreticulin precursor 4757900 7.08
Actin, alpha 1 4501881 5.56
Pigment epithelium-derived

factor
39725934 2.95
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molecules.42,43 Another important advantage of the pro-
teomic approach is that any biomarker identified using
proteomics is completely unbiased and only depends on
the sensitivity of the differential analysis of two-dimen-
sional gel electrophoresis with the accuracy of mass
spectrometry identification. The use of proteomic ap-
proaches for biomarker identification and for the study of
disease pathogenesis for numerous diseases includ-
ing SSc44–46 has been rapidly growing and is highly
promising.

The comparative analysis of the differentially ex-
pressed proteins from SSc and NSF fibroblast secre-
tomes revealed a pattern of shared alterations in these
two clinically and etiologically different fibrotic conditions.
Of interest, the mass spectrometry identification of the
most increased spots revealed proteins that are already
known to be part of the profibrotic phenotype of SSc
fibroblasts such as �2 chain of type I collagen, �-smooth
muscle actin, and osteonectin. The identification of these
proteins by the comprehensive proteomic approach de-
scribed here is in agreement with the numerous studies
that identified their increase as a typical feature of the
profibrotic phenotype of SSc fibroblasts and, most impor-
tantly, is a very strong internal validation of the functional
relevance of the procedure we used here. However, we
acknowledge that the data as acquired only suggest that
the proteins identified are putative biomarkers. Although
the sample pooling strategy we used decreases the sen-
sitivity and does not allow statistical analyses, we believe
this approach substantially increased the specificity of
the study by selecting only those proteins that were over-
expressed in at least six different fibroblast strains from
two different fibrotic disorders. We also acknowledge that
it is true that proteins lacking lysine will not be observed
using this labeling method. However, such proteins ac-
count for only a small percentage of the proteome (�8%
depending on species). Therefore, despite this limitation
we are observing the vast majority of the proteome. Be-

cause the DIGE step of this work is being used primarily
to detect candidate proteins that might be changing in
abundance, the fact that we are not observing the entire
proteome, whereas certainly not ideal, is acceptable. We
set out to find proteins that changed, and we were able to
find them, even though we recognize that we were ex-
amining only �92% of the total proteome. For future work,
there is a second class of Cy dyes that label cysteine
rather than lysine. We plan to use these new Cy dyes in
the future to cover the �8% of proteins that do not contain
lysine.

Of remarkable interest was the identification of several
proteins that were not previously known to be associated
with the profibrotic phenotype. Three of the 10 most
up-regulated proteins identified belonged to the CREC
family of proteins, which are calcium-binding proteins
residing in the endoplasmic reticulum that appear to
participate in trafficking and transport of newly synthe-
sized proteins.32–34 Furthermore, given the colocalization
of the CREC proteins with protein disulfide isomerases in
the endoplasmic reticulum and their opposite regulation
during endoplasmic reticulum stress responses,47 they
may also be involved in the regulation of the proper
folding of procollagen molecules and play a role in the
complex pathway of procollagen assembly, processing,
and secretion mediated by protein disulfide isomer-
ase.48–51 The presence of intracellular proteins in the
concentrated supernatants may reflect cellular death, as
well as increased cell turnover or the increased secretion
of cell microparticles as has been suggested.52,53

We subsequently focused on the in vivo validation of
the proteomic results, a necessary initial point to support
the contention that these proteins may represent potential
biomarkers of the fibrotic process. The most abundant
member of the family of reticulocalbins is RCN-1; there-
fore, it represented the most important candidate for our
study. Before we could consider RCN-1 as a potential
biomarker of fibrosis, it was necessary to demonstrate

Figure 4. In vivo validation of RCN-1 in SSc and
NSF tissues and sera. A: Tissue expression of
RCN-1 in representative biopsy samples of af-
fected skin from one patient with SSc, of affected
skin from one patient with NSF, and in a sample
of normal skin analyzed by immunofluorescence
followed by confocal microscopy. Note the sub-
stantially increased abundance of RCN-1 in the
dermis of the SSc and NSF skin samples analyzed
with a cellular, pericellular, and perivascular dis-
tribution. The samples shown are representative
of similar analyses of three SSc, three NSF, and
three normal skin samples. Original magnifica-
tion, �200. B: Quantitative analysis of fluores-
cence in the three SSc, three NSF, and three
normal (N) skin biopsy samples, showing over-
all RCN-1 abundance levels to be 2.5-fold higher
in SSc skin biopsy samples and 3.1-fold higher in
NSF skin biopsy samples than those in normal
skin. *P � 0.05 in a two-tailed, unpaired t-test.
IDF, integrated density of fluorescence. C: West-
ern blot showing that a band of protein recog-
nized by the specific anti-RCN-1 antibody and of
the appropriate molecular size was clearly de-
tectable in sera from the 10 patients with SSc
examined (lanes to the right of the bar) as well
as in sera from two normal healthy volunteers
(lanes to the left of the bar).
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whether it was actually overexpressed in vivo in SSc- and
NSF-affected skin and whether it was detectable in the
sera of affected individuals. Therefore, we performed
immunofluorescence studies of skin samples from three
patients with SSc and three patients with NSF to compare
the amount of expression of RCN-1 with the levels de-
tectable in normal skin biopsy samples. We observed
that RCN-1 epitopes were detectable in skin, and their
abundance in the dermis was significantly higher in both
SSc and NSF skin samples than in normal skin samples.
To determine whether RCN-1 was detectable in the se-
rum we analyzed by Western blots sera from 10 patients
with SSc, and the results indicated that a protein band
recognized by specific RCN-1 antibodies and of a cor-
rect molecular size was indeed present and detectable in
sera from these patients. Further validation of the “fibrosis
signature” in a larger number of serum samples from
patients with SSc or NSF classified by extent of fibrosis
and the duration and severity of disease activity will be
necessary to conclusively demonstrate whether RCN-1
and/or the other proteins in the fibrosis signature identi-
fied here represent a reliable biomarker for early diagno-
sis and assessment of activity of the fibrotic process in
SSc and other fibrotic conditions.
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