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Systemic and cell type-specific gene expression
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We used DNA microarrays representing >12,000 human genes to
characterize gene expression patterns in skin biopsies from indi-
viduals with a diagnosis of systemic sclerosis with diffuse sclero-
derma. We found consistent differences in the patterns of gene
expression between skin biopsies from individuals with sclero-
derma and those from normal, unaffected individuals. The biopsies
from affected individuals showed nearly indistinguishable pat-
terns of gene expression in clinically affected and clinically unaf-
fected tissue, even though these were clearly distinguishable from
the patterns found in similar tissue from unaffected individuals.
Genes characteristically expressed in endothelial cells, B lympho-
cytes, and fibroblasts showed differential expression between
scleroderma and normal biopsies. Analysis of lymphocyte popula-
tions in scleroderma skin biopsies by immunohistochemistry sug-
gest the B lymphocyte signature observed on our arrays is from
CD20+ B cells. These results provide evidence that scleroderma has
systemic manifestations that affect multiple cell types and sug-
gests genes that could be used as potential markers for the disease.

cleroderma is a complex, heterogeneous, and sometimes

fatal disease that affects ~150,000 people in the United
States (1). Although scleroderma pathogenesis is poorly under-
stood, disease progression is known to involve the immune
system, the vasculature, and extracellular matrix deposition;
there are, however, no definitive markers or curative treatments
(2). Scleroderma can occur in a localized form confined to the
skin or a systemic form referred to as systemic sclerosis (SSc),
which involves internal organs and the skin. Involvement of
critical internal organs leads to death in some patients (3). The
skin is affected in >90% of patients, and cutaneous involvement
closely correlates with internal organ pathology and can be used
as a surrogate index for prognosis (4, 5).

The disease is most prevalent in women with a median age of
onset of 45 years; symptoms develop symmetrically and include
swelling in the hands and Raynaud’s phenomenon. The skin
becomes tense, shiny, and painful. Skin changes progress and may
involve the face, trunk, and lower extremities. Ultimately, the
edematous skin becomes fibrotic and hardens (hence the term
scleroderma, which means hard skin). These dramatic and distress-
ing skin changes are generally accompanied by internal organ
involvement. Gastroesophageal reflux disease, weight loss, inter-
stitial lung disease, pulmonary arterial hypertension, and renal and
cardiac manifestations may occur and require close monitoring and
treatment.

In an attempt to better understand the disease, and in the hope
of finding molecular markers for the disease, we have under-
taken studies of gene expression in the skin of individuals
affected with scleroderma. We used DNA microarrays to char-
acterize gene expression patterns in skin biopsies from individ-
uals with a diagnosis of SSc with diffuse scleroderma and
compared those to the patterns of gene expression seen in
biopsies from normal, unaffected individuals.

www.pnas.org/cgi/doi/10.1073/pnas.1635114100

Materials and Methods

All subjects signed consent forms approved by the Committee on
Human Research at the University of California, San Francisco.
Patients met American College of Rheumatology classification
criteria for SSc (6), further characterized as the diffuse subset (7).
Four patients (two men and two women) underwent two sets of
biopsies (Table 1). Three 5S-mm punch biopsies from the lateral
forearm, 8 cm proximal to the ulnar styoid, were taken for clinically
involved skin, and three biopsies were taken from the buttock or
back for clinically uninvolved skin. Four normal controls (one man
and three women) underwent the same number of biopsies in the
identical locations (forearms and backs); the exception was normal
control 4 who only underwent a forearm biopsy. Two biopsies were
immediately frozen, the third biopsy was bisected; half went into
10% formalin for routine histology processing and the other half
was for fibroblast cell culture (8).

Preparation of total RNA (10-24 ug of total RNA from two
5-mm punch biopsies), cRNA synthesis, and hybridization to
12,000-element Affymetrix Hu95A microarrays are described in
Supporting Text, which is published as supporting information on
the PNAS web site, www.pnas.org, as are cell growth in culture,
RNA extraction, and analysis (9) on 42,512-element cDNA
microarrays (representing 28,384 Unigene clusters) manufac-
tured in the Stanford Microarray Facility (www.microarray.org).
The full data set is available at http://genome-www.stanford.
edu/scleroderma. Figures in both red/green and blue/yellow
color scheme and more detailed materials and methods are
available in Supporting Text and Figs. 5-7, which are published
as supporting information on the PNAS web site.

Results

We studied gene expression in skin biopsies from four patients
with a diagnosis of SSc with diffuse scleroderma and from four
demographically matched normal volunteers (Table 1). Eight
subjects were biopsied at identical locations; biopsies were taken
from the forearm (clinically affected) in all eight subjects and
from the back (clinically unaffected) of seven subjects (all four
scleroderma subjects and three normal controls). Total RNA
prepared from each biopsy was analyzed on Affymetrix oligo-
nucleotide arrays representing 12,000 human genes. In total, we
analyzed 15 oligonucleotide microarrays; 12 signal amplification
replicates (see Supporting Text) were added, generating a total of
27 data columns. Each of these columns was treated indepen-
dently rather than averaging the data columns.

The data were processed to display the changes in gene
expression as the log, of the ratio of the intensity relative to its
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Table 1. Subjects clinical characteristics

Duration,
Subject  Age/sex yrs Skin score ANA Organs Medications
SSc 1 41/M 1 43/66 + Lung MTX, omeprazole
Speckled Muscles Rofecoxib
SSc 2 54/M 4 30/66 — Gl Omeprazole
RP
SSc 3 62/F 1 33/66 +1:640 Gl Nifedipine
nucleolar
SSc4 58/F 2 27/66 +1:640 Lung Nifedipine, lansoprazole
Speckled RP, GI

The clinical data for the four subjects from which skin biopsies were taken are shown. In each case the age, sex, and
duration of disease as defined by onset of first non-Raynaud’s phenomenon symptoms, modified Rodnam skin scores
on a 66-point scale, anti-nuclear antibody (ANA) titers, internal organ involvement, and medication taken by each
patient are indicated. The age and sex of normal controls are as follows: Nor1, 39, male; Nor2, 58, female; Nor3, 58,
female; and Nor4, 41, female. GI, gastrointestinal tract; RP, Raynaud’s phenomenon; MTX, methotrexate; M, male; F,

female.

average intensity. A threshold was set such that intensities of 20
or below were set to an arbitrary value of 20. We rescaled the
data obtained from the Affymetrix oligonucleotide microarrays
such that each array had the same overall intensity. The intensity
value for each gene was converted to a ratio by dividing the
intensity value for each gene by its average expression profile
across all 27 data columns to obtain a ratio value (10), and the
data were analyzed by hierarchical clustering (11).

Overview of Gene Expression Profiles. We identified 2,776 genes
whose expression varied from its mean value for this set of samples
by >2-fold in at least three of the 27 experiments and analyzed them
by hierarchical clustering in both the gene and experiment dimen-
sion (Fig. 1). The dendrogram representing the results from clus-
tering the tissues samples according to similarity in their patterns of
expression of these 2,776 genes clearly shows that tissues from the
affected individuals are easily distinguished by their patterns of
gene expression from the cognate normal tissues. With the excep-
tion of the two samples from patient SSc4, all of the scleroderma
samples cluster onto one branch, whereas the normal samples
cluster onto a different branch. Surprisingly, the clinically unaf-
fected back samples cluster side-by-side with the clinically affected
forearm tissue as a result of having very similar gene expression
patterns (Fig. 1.4). These results indicate that the region of the skin
considered uninvolved actually is affected and that the disease in at
least three of these four patients was systemic at the time the
biopsies were made. Although the back tissues were identified as
clinically uninvolved, many “unaffected” skin biopsies show scle-
rosis by histological analysis. The agreement between our microar-
ray results and histological analysis suggests that these objective
techniques will more accurately define involved and uninvolved
tissue and provides optimism that our microarrays can detect
changes well before clinical signs appear.

Also shown in Fig. 1 are selected portions of the clustered data
that differ between samples from affected and unaffected individ-
uals. Prominent among these are clusters of genes highly expressed
in tissue from affected individuals but not normal individuals,
including groups of genes characteristically expressed in endothelial
cells (Fig. 1 D and F) and B lymphocytes (Fig. 1E), a set of genes
associated with synthesis of the extracellular matrix (Fig. 1F), a set
of genes suggestive of smooth muscle (Fig. 1G), and genes char-
acteristically expressed in T cells (Fig. 1H).

Genes that are expressed in normal tissue but only weakly in
scleroderma have no readily identifiable biological theme (Fig.
1C). Expression of these genes could not be assigned to any
specific cell type (see below) and examination of the gene
ontology biological process and cellular component annotations
(12) from LocusLink (13) did not indicate a unifying biological
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theme as is often evident in groups of coexpressed genes. The
only plausible theme we could discern, based on the cellular
component annotations, is enrichment for genes that are se-
creted and plasma membrane-associated (Fig. 5). The reason for
or the significance of this apparent enrichment is unclear.

Cell Lineage Contributions to the Gene Expression Patterns in Sclero-
derma. Skin is composed of diverse cell types that perform
different functions (fibroblasts, epithelial cells, endothelial
cells, smooth muscle cells, adipocytes, and leukocytes, etc.)
and, as expected, we observe gene expression patterns char-
acteristic of a variety of different cell types. To help provide
an interpretive framework for the gene expression patterns
observed in scleroderma skin biopsies, we measured the gene
expression in 11 different cell lines grown in culture that
represent cell types likely to be present in skin: dermal
microvascular endothelial cells, aortic smooth muscle cells,
Hs578T myofibroblast-like cells, B lymphocytes from a follic-
ular lymphoma (HF-1), HeLa epithelial cells, and dermal
microvascular endothelial cells. In addition, we studied dermal
fibroblasts grown to confluence in 10% serum from forearm
and back skin biopsies (normal and affected individuals) and
normal fibroblasts under two alternate conditions: resting cells
(0.1% serum) on tissue culture plates and resting cells on
collagen I-coated plates. Additionally, the patterns of gene
expression in a normal lymph node and follicular lymphoma
lymph node biopsies were included in the analysis. These
measurements were made with cDNA microarrays by using a
common reference (Stratagene) as described (9).

The data from these cell line experiments were analyzed
together with the data from the scleroderma and normal
biopsies as follows. The genes jointly represented in the two
different kinds of microarray were associated by UniGene
cluster ID. The expression levels measured for each gene were
centered on their median value independently in the skin
biopsy data and in the cell line data (Fig. 2). The biopsy
samples and cell culture samples were clustered separately,
based on their patterns of gene expression with the same set
of 1,123 genes (Fig. 24). The clustering of the biopsies
recapitulates the major themes of Fig. 14, with minor differ-
ences. To simplify the visual interpretation of the results, the
branches of the dendrogram are color-coded by cell type:
normal and scleroderma fibroblasts (green), muscle cells
(orange), lymphoid cells and tissue (blue), epithelial cells
(purple), and endothelial cells (brown). The cell culture
samples cluster by cell type as has been observed in previous
experiments examining the gene expression patterns of cells in
culture (14).
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SSc2a FA (Mala)
5Sc2 FA (Mals)
SScza B (Male)
SScz B (Mala)
SSc1aB  (Mala)
S8c1 B (Male)
SScia FA (Male)
SSct FA (Male)
SScia FA (Femala)
SSc3 FA (Female)
S5cia B (Femaile)
SSc3 B (Femala)
8Sc4 B (Femala)
SScd FA (Fermale)
Nord FA  (Female)
HNor3a FA  (Female)
Nord FA  (Female)
Morda B {Female}
HNord B (Female)
MorlaB  (Male)
Nori B (Male)
Morl FA  (Male) C
Norla FA  (Male)
Mor2aB  (Female)
MNorz B (Female)
Mor2a FA  (Female}
Nor2z FA  (Female)
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Fig. 1. Gene expression in scleroderma skin biopsies. (A) The dendrogram representing four scleroderma (SSc) subjects is colored red, and the dendrogram for
the four normal (nor) control subjects has been colored black. Samples taken from affected forearm (FA) or unaffected back (B) of SScsubjects and normal control
subjects are indicated. (B) Overview of gene expression patterns indicating the select clusters of genes shown in more detail. (C) Normal cluster. (D) Collagen |
cluster. (E) B lymphocyte cluster. (F) Cell adhesion and extracellular matrix. (G) Smooth muscle cluster. (H) T cell cluster.

This analysis allows us to associate the expression of some
prominent clusters of genes differentially expressed in the biopsies
with particular kinds of cells. For example, many of the genes that
are differentially expressed between scleroderma tissue and normal
tissue appear to be characteristic of endothelial cells (Fig. 2D) or
fibroblasts (Fig. 2F). VE-cadherin, Thyl, von Willebrand factor,
and CD31 expressed in endothelial cells (Figs. 2D and 1 C-E);
platelet-derived growth factor a-associated protein 1 and macro-
phage lectin 2 was associated with epithelial cells (Fig. 2E); and the
collagens and extracellular matrix components expressed in fibro-
blast and smooth muscle cells (Fig. 2F). Importantly, genes that are
differentially expressed in the skin biopsies and also expressed in
fibroblasts (Fig. 2F) were not differentially expressed in scleroder-
ma-derived fibroblasts and normal-derived fibroblasts grown in

Whitfield et al.

culture. Most of the genes that are expressed at a higher level in
normal skin relative to scleroderma skin are not easily associated
with any single cell type represented in this data set (Fig. 2G).

Immunoglobulins and CD53 genes associated with B lympho-
cytes (including plasma cells; Fig. 2C) show prominent expression
among the scleroderma samples. The strong association of a B
lymphocyte signature with the scleroderma samples was unex-
pected; whereas it was observed before that lymphocytes are often
present in skin affected by scleroderma, these were previously
believed to be primarily T cells (15) although earlier reports
suggested the mononuclear cell infiltrates included not only T
lymphocytes, but also plasma cells and macrophages (16). In
contrast to these expectations, neither expression of the T cell
receptor nor of CD3 were correlated with disease state in this
analysis (see Fig. 1H).
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Fig. 2. Cell type-specific gene expression in scleroderma skin biopsies. Cell lines were used to define the cell lineage-specific gene expression observed in the
skin biopsies. Gene expression data for SSc and normal (Nor) skin biopsies were collapsed by UniGene cluster ID. (A) The dendrogram for fibroblast cell lines is
labeled green, muscle cell line is orange, lymphoid tissue and cell lines are blue, epithelial cells are purple, and endothelial cells are brown. (B) Overview of the
1,123 genes that change >2-fold on at least four arrays in the skin biopsy data; the colored bars to the right identify the location of the insets displayed in C-G.
(C) B lymphocyte gene expression cluster. (D) Endothelial gene expression cluster. (E) Epithelial gene expression cluster. (F) Fibroblasts gene expression cluster.
(G) Normal gene expression cluster.

To further investigate the identity and localization of lympho-  could explain the preferential B cell and Ig gene expression
cytes in these samples, immunohistochemistry was performed  profile over other immune cells in the SSc biopsies.
for T cells (CD3), B cells (CD20), and plasma cells (CD138) (Fig. Although an increased number of CD20" B cells was observed
3). Shown are sections of skin biopsies from a subset of our  only in SSc3, it should be noted that the number of lymphocytes
patient cohort. Although, CD3* T cells are present in the all  between two sections of the same biopsy and between two biopsy
three sections from the SSc patients, there is only a slight  specimens on the same forearm could differ. A previous study of
increase in cell number relative to the controls (consistent with  scleroderma skin biopsies suggested that there was some vari-
our gene expression results). In contrast, a very notable finding  ability among the histologic findings between different biopsy
was a large cluster of CD20* B cells in a peri-eccrine distribution  sites (15). Adjacent biopsies, or different sections from the same
in patient SSc3. This population was not enriched for plasma  biopsy, may contain different numbers of CD20* B cells that are
cells (as indicated by the lack of CD138 staining). This finding  difficult to detect in serial sections.
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Fig. 3. Immunohistochemistry for lymphocyte subsets in scleroderma skin.
Lymphocyte subsets in forearm skin biopsies of three SSc patients (55c1, SSc2,
and SSc3) and two normal controls (C4 and C5) were investigated by immu-
nohistochemistry. Paraffin sections were stained for T cells (CD3, a—e), B cells
(CD20, f and g), and plasma cells (CD138, k-0). (Magnification: x200.)

Characterization of Differential Gene Expression in Skin Biopsies by
Supervised Analysis. One benefit of a large-scale gene expression
study is the ability to identify markers for the disease under study
(17, 18). We used a nonparametric (model-free) Wilcoxon rank
sum test to select genes that show significant differential expression
between the scleroderma samples and the normal samples (19). P
values are corrected for multiple testing by using Bonferroni
correction.

Genes whose Bonferroni-corrected P values were <(0.1 are
shown in Fig. 4 (the detailed position and P values for all genes <0.1
can be found in Fig. 6). Genes that were more highly expressed in
scleroderma tissue include calreticulin, a chaperone protein that is
involved in folding of glycosylated proteins in the endoplasmic
reticulum (20, 21); collagen I'V and XV; FK506-binding protein 1A
(FKBP1A), a cis-trans prolyl isomerase involved in protein folding
that binds the immunosuppressive drugs FK506 and rapamycin (22,
23); and arrestin-beta 2, involved in agonist-mediated desensitiza-
tion of G protein-coupled receptors (24). This set of genes, which
could be markers for the disease, may be able to detect changes well
before clinical symptoms appear.

z
/|
~ |

Gene Expression in Fibroblasts from Scleroderma Skin Biopsies. Be-
cause fibroblasts have commonly been used as a model system
for scleroderma, we attempted to ascertain whether we could
detect differences in the gene expression of fibroblasts from
patients with scleroderma, morphea and normal controls (Table
2, which is published as supporting information on the PNAS
web site). Fibroblasts were grown from either back or forearm
biopsies from six patients with a diagnosis of SSc with diffuse
scleroderma (10 samples; Table 2) and from back or forearm
biopsies of three normal controls (four samples). Four additional
sets of fibroblasts were derived from affected and unaffected
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p-value Name

0.043 CALR calreticulin

0.043 COL15A1 collagen, type XV o-1

0.043 FKBP1A FK506-binding protein 1A

0.043 IFITM1 interferon induced transmembrane protein 1
0.043 LGALS3BP lectin, galactoside-binding 3 bp
0.053 ARRB2 arrestin, beta 2

0.067 ACTN1 actinin, alpha 1

0.067 NID2 nidogen 2

0.067 TAPEP TAP binding protein (tapasin)

0.083 CTGF connective tissue growth factor

Scleroderma  Mormal

0.103 PSMA4 proteasome subunit, alpha type, 4
0.103 SHC1 SHC transforming protein 1
0.103 UBEZ2A ubiquitin-conjugating enzyme E2A
0127 CD151
0.127 Fk506-Binding Protein, Alt. Splice 2
0.127 IFI30 interferon, gamma-inducible protein 30
0.127 PSMDY p prosome, in 265 subunit 9
0.127 RABSC, member RAS oncogene family
0.043 BMP10 bone morphogenetic protein 10
0.043 LTBP4 latent transforming growth factor beta bp 4
0.043 WIF-1 Wnt inhibitory factor-1
i i binding protein

0.053 TNA F
0.067 NRG1 neuregulin 1

0.067 TGFB2 transforming growth factor, beta 2

0.083 ING1 inhibitor of growth family, member 1

0.103 GP1BA glycoprotein Ib platelet, alpha polypeptide

0.103 PAFAH1B1 platelet-acti factor acetylhydrol

0.127 Human thrombospondin-1 gene

0.127 CABPA complement component 4-binding protein, alpha
0.127 GNA11 guanine nucleotide binding protein, alpha 11
0,127 NTRK2 phic ty kinase, receptor, type 2

>4 >2 0 >2 >4
U re——
below median above

Fig. 4. Genes differentially expressed between scleroderma and normal skin
biopsies. A Wilcoxon rank sum test (19) was used to select genes that showed
significant differences in expression between scleroderma skin biopsies and
normal skin biopsies. Shown are the P values for each gene that have been
corrected for multiple testing (P < 0.13). The full list of genes differentially
expressed between scleroderma and normal biopsies is available in Fig. 6.

skin biopsies of patients with a diagnosis of morphea (four
samples); 18 fibroblast cell cultures were analyzed in total.

In contrast to our results with the whole skin biopsies, we could
not discern obvious differences in the patterns of gene expression
between fibroblasts derived from different disease tissues. We used
a heuristic selection for genes that change 2-fold from their median
value in at least three of the microarrays analyzed; 818 genes were
selected, and the samples were analyzed by hierarchical clustering
(data not shown). Unlike the results with skin biopsies, when the cell
lines were ordered by their patterns of gene expression with
hierarchical clustering, no clear pattern of clustering according to
disease status could be discerned. To determine whether we could
detect differences in the fibroblasts by using supervised analysis
methods the fibroblasts were analyzed with the Wilcoxon rank sum
test (RST) (19). Using the RST (Bonferroni-corrected), we were
unable to detect differentially expressed genes with significant P
values. Similar results were obtained with Statistical Analysis of
Microarrays (SAM) (295).

It is important to note that we have extracted only a fraction
of the information inherent to this data set. The entire data set
is now available for any purpose from http://genome-www.
stanford.edu/scleroderma. We anticipate that comparison of
these data with future studies will be illuminating, as has been the
experience with studies of gene expression in cancer.

Discussion

Systematic analysis of the patterns of gene expression in biopsies
from four scleroderma patients and four normal individuals
reveals what appears to be consistent differences in gene ex-
pression. Surprisingly, these differences were apparent irrespec-
tive of the clinical appearance of the skin at the biopsy site. We
conclude that scleroderma has systemic manifestations relatively
early in the course of the disease that can be measured in what
is considered, healthy clinically unaffected skin. It should be
noted that each of the four patients had some internal organ
involvement (Table 1), a clinical indication that their disease was
systemic at the time the biopsies were taken.
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At the level of cell-type composition in the skin biopsies, we
found clear differences. It is clear that some of these differences
involve infiltration of cell types absent or less prevalent in unaf-
fected skin: namely, B lymphocytes. Our data indicate that these
may be primarily CD20" B cells. An early study of infiltrates in
scleroderma skin by Fleischmajer and coworkers (16) noted
perivascular, perieccrine, or diffuse infiltrates in 50% of systemic
scleroderma patients studied. Although the types of inflammatory
cells present are reported to be lymphocytes (T and B cell), plasma
cells and macrophages, the cell population was not determined by
immunohistochemistry (16). A later study also found infiltrates in
50% of scleroderma forearm, skin biopsies (15). Investigation of the
lymphocyte subsets by immunhistochemistry with mAbs indicated
the infiltrates were primarily T cells (15). The reason for our
difference in results is not clear. Interestingly, a recent study of B
lymphocyte signaling in the tight-skin mouse, an animal model of
fibrosis, suggests a pathological role for B cells in the skin fibrosis
observed there (26). A study of gene expression in renal allograft
rejection, which is thought to be T cell mediated, also produced the
unexpected finding of dense clusters of CD20" B cells; the presence
of B cells was strongly correlated with severe graft rejection (27).
Our sample size is not large enough to draw definitive conclusions,
but rather suggest this issue should be revisited with a much larger
study on the role of B cells in scleroderma.

In the case of other cell types, such as fibroblasts and endothelial
cells, we believe it is unlikely that the increase in cell type-specific
gene expression results from an increase in the number of cells.
Increases in the number of fibroblasts can be determined by light
microscopy as illustrated by scleromyxedema (28) and the more
recently defined nephrogenic fibrosing dermopathy (29), which are
characterized by dermal fibroblast proliferation. No such change is
observed in our scleroderma biopsies (Fig. 7).

We found, as expected, significant increases in expression of
genes associated with extracellular matrix. The genes involved
are clearly expressed in fibroblasts, but many may be expressed
strongly in other cell types as well. We did not find a disease-
related difference in gene expression in fibroblasts that grow out
of the skin biopsies. Previous studies of gene expression in
scleroderma have focused on the differences among fibroblasts
grown from biopsies in culture (8, 30). Despite the evidence for
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diversity in gene expression patterns among fibroblasts in the
body that remains evident in culture (31), we found no such
difference in scleroderma. This result is similar to our experience
with studies of cancer; tissue samples consistently show larger
differences in gene expression then those observed among cell
lines from similar tumors (e.g., breast tumors) (32). It is possible
that variation in culture conditions (e.g., the serum response)
obscures any differences that may be present between the
scleroderma and normal fibroblasts, although we think this is
unlikely because we cannot detect differences between the two
populations when the cells are grown in low serum conditions.
Finally, we believe that a major value of this study, one that will
require extension and replication, is the ability to identify
patterns of gene expression that readily distinguish normal from
scleroderma skin, and possibly specific overexpression or un-
derexpression of specific molecular markers that correlate with
disease progression and prognosis. This approach has the ad-
vantage of identifying multiple genes representing multiple
different cell types in a complex disease whose underlying
pathogenesis is still unknown. From a research perspective, it
may give rise to new hypotheses about pathogenesis that can be
tested. From a clinical point of view, it is possible that the
changes in the skin are detectable before the other systemic
manifestations. If so, then early diagnosis and intervention may
improve the lives of patients affected with the disease.
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