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Abstract

Objective—To examine the heterogeneity of global transcriptome patterns in systemic sclerosis
(SSc) skin in a large sample of patients with SSc and control subjects.

Methods—Skin biopsy specimens obtained from 61 patients enrolled in the Genetics versus
Environment in Scleroderma Outcome Study (GENISOS) cohort and 36 unaffected control
subjects with a similar demographic background were examined by Illumina HumanHT-12 bead
arrays. Followup experiments using quantitative polymerase chain reaction and
immunohistochemical analysis were also performed.

Results—We identified 2,754 differentially expressed transcripts in SSc patients compared with
controls. Clustering analysis revealed 2 prominent transcriptomes in SSc patients: the keratin and
fibroinflammatory signatures. Higher keratin transcript scores were associated with shorter disease
duration and interstitial lung disease, while higher fibroinflammatory scores were associated with
diffuse cutaneous involvement, a higher skin score at the biopsy site, and a higher modified
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Rodnan skin thickness score. A subgroup of patients with significantly longer disease duration had
a normal-like transcript pattern. Analysis of cell type—specific signature scores revealed
remarkable heterogeneity across patients. Significantly higher scores were calculated for
fibroblasts (72% of patients), microvascular cells (61%), macrophages (54%), and dendritic cells
(DCs) (49%). The majority of samples with significantly higher fibroblast scores (35 of 44 [80%])
had significantly increased macrophage and/or DC scores. Further analysis and
immunohistochemical staining indicated that the keratin signature was not a general marker of
keratinocyte activation but was in fact associated with an activation pattern in hair and adnexal
structures.

Conclusion—Prominent fibroinflammatory and keratin signatures are present in SSc skin.
Expression profiles of SSc skin show significant heterogeneity, and this finding might be useful for
stratifying patients for targeted therapies or predicting the response to immunosuppression.

Systemic sclerosis (SSc; scleroderma) is a multi-system autoimmune disease associated with
high morbidity and mortality (1). Global gene expression profiling with microarrays allows
an unbiased genome-wide assessment of the transcript dysregulation in a given tissue. This
technology is now increasingly used to fingerprint pathologic processes, stratify diseases at
the molecular level, and predict disease outcome (2—6). Development of effective treatment
options in SSc has been hampered by a lack of sufficient understanding of its
pathophysiology. Global gene expression studies in SSc at the end-organ level (7-10) or in
peripheral blood cells (11-15) have indicated the presence of distinct transcript patterns in
the majority of patients.

Skin is a prominently affected and easily accessible end-organ in SSc. Previous global gene
expression studies have shown that SSc skin has a distinct gene expression profile, with
inflammatory as well as fibrotic signatures (7,10). In a larger study involving 24 patients
with SSc, the subgroup of patients with diffuse cutaneous SSc (dcSSc) could be divided into
3 distinct groups and the patients with limited cutaneous SSc (IcSSc) into 2 groups based on
the intrinsic gene expression profiles observed in their skin biopsy specimens. A subgroup of
patients including those with dcSSc and those with IcSSc showed an inflammatory pattern.
Another subgroup of SSc patients with diffuse skin involvement showed a proliferative gene
expression profile. A third subgroup of patients had a “normal-like” gene expression
signature (9). Two other studies by the same group of investigators confirmed the presence
of these 3 intrinsic subsets in independent samples (inflammatory, proliferative, and normal-
like) (16,17).

In the present study, we investigated the heterogeneity of SSc transcript profiles in a large,
well-characterized sample using a comprehensive gene expression profiling platform. First,
we examined the impact of skin status (affected versus unaffected) on the SSc gene
expression profile. Second, we identified 2 gene expression signatures in our large data set
and examined the relationship between these signatures and SSc clinical features and
previously described intrinsic transcript signatures (9). Last, we investigated the specific
contribution of different cell types present in the skin (e.g., fibroblasts or macrophages) to
the observed transcript heterogeneity in SSc skin.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 April 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Assassi et al.

Page 3

PATIENTS AND METHODS

Patients and control subjects

Sixty-one patients were recruited from the Genetics versus Environment in Scleroderma
Outcome Study (GENISOS) (18) or at the baseline visit in an investigator-initiated, open-
label phase I/11a study of imatinib (19). In addition to samples obtained at baseline, followup
samples were also obtained from 5 of the 61 patients enrolled in the GENISOS cohort. All
patients fulfilled the American College of Rheumatology/European League Against
Rheumatism classification criteria for SSc (20). We also investigated 36 control subjects
who had a similar demographic background. The study protocol was approved by the
institutional review boards of the participating institutions, and all participants provided
fully informed, voluntary consent.

Disease type was defined based on the extent of skin involvement (21). Patients who had
diffuse skin involvement at any time during their disease course were categorized as having
dcSSc. The modified Rodnan skin thickness score (MRSS) (22) was used to assess skin
involvement, and the skin score at the biopsy site was also recorded (0-3 scale, where 0 =
not involved and 3 = severe thickening). The presence of moderate to severe interstitial lung
disease (ILD) was defined as a forced vital capacity of <70% predicted and findings
indicative of pulmonary fibrosis on high-resolution computed tomography of the chest.
Patients were considered as being treated with immunosuppressive agents if they had
received immunosuppressive medication within 4 weeks of skin biopsy (with the exception
of prednisone at a dose of <5 mg or hydroxychloroquine).

Skin biopsy and quantitative reverse transcription—polymerase chain reaction (QRT-PCR)

analysis

Three-millimeter punch biopsy samples of skin were obtained from the arms of the study
subjects and were immediately immersed in RNA-Ilater solution (Qiagen) and stored at
—-80°C. RNA was extracted using RNeasy Fibrous Tissue kits (Qiagen). Global gene
expression was assessed using lHlumina HumanHT-12 bead arrays. All microarray
experiments were performed in a single batch (see Supplementary Methods, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/
abstract). Microarray data from this study are available from NCBI GEO (http://
www.nchi.nlm.nih.gov/geo/) using accession no. GSE58095. There is overlap with accession
no. GSE47162, but the previous data set does not include any control samples.

Quantitative RT-PCR was also performed for 2 prominently overexpressed keratin
transcripts, keratin 25 (type | keratin) and keratin 85 (type Il keratin) to confirm the micro-
array results. In these experiments, the expression values were normalized to those of
GAPDH. Relative quantification was performed using the C; method, where AAC; values
were calculated based on GAPDH and transcript levels in controls.

Immunohistochemical analysis

Immunohistochemical analysis for 2 general markers of epidermis activation (keratin 6 and
keratin 16) and keratin 85 (which was prominently over-expressed in our samples) was
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performed in skin biopsy samples obtained from 5 SSc patients with the keratin transcript
signature and from unaffected control subjects (matched for age, sex, and ethnicity), as well
as in a biopsy sample from psoriatic skin (positive control) (see Supplementary Methods,
available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.39289/abstract).

Microarray data analysis

Raw data were analyzed with BRB ArrayTools (http://linus.nci.nih.gov/BRB-
ArrayTools.html). Data were normalized according to the quantile method. Genes whose log
intensity variance was in the bottom 75th percentile were filtered out, and 11,819 transcripts
met this criterion. Differentially expressed genes were detected using Significance Analysis
of Microarrays (SAM), at a false discovery rate of <5% (23). The sets of differentially
expressed genes were also modeled using Ingenuity Pathways Analysis (IPA) software, and
upstream regulators were identified. The goal of Upstream Regulator Analysis in IPA is to
identify upstream regulators and predict whether they are activated or inhibited, given the
observed gene expression changes in the experimental data set. IPA uses a Z score algorithm
to make predictions. The Z score algorithm is designed to reduce the chance that random
data will generate significant predictions. Upstream Regulator Analysis is based on expected
causal effects between upstream regulators and targets; the expected causal effects are
derived from the literature compiled in Ingenuity Knowledge Base.

Composite transcript scores for the keratin and fibroinflammatory signatures were also
calculated. For this purpose, we normalized each transcript included in the profiles to mean
= 0 and variance = 1. To derive the composite score, we averaged the expression values of
the positively correlated genes with the inverse values of the negatively correlated genes. We
also calculated a composite score for predicted activation of the Wnt/B-catenin pathway
based on a previously published data set, using the above algorithm (24). The statistical
methods used to examine the relationship between these transcript composite scores and
clinical outcomes depended on the distribution of composite scores (dependent variable).
The distribution of the keratin scores was right skewed. Therefore, nonparametric methods
were used for analysis of the keratin scores. Specifically, Spearman’s rho was used if the
independent variable was continuous, and Wilcoxon’s rank sum test was used if the
independent variable was categorical. Parametric tests were used for analysis of the
composite fibroinflammatory scores (Pearson’s correlation and linear regression).

Analysis of cell type—specific expression

Skin consists of a complex set of cell types, each of which contributes to the aggregate
expression data generated from a given biopsy. We performed cell type—specific expression
analysis according to the approach previously described by our group (25), to investigate the
potential contribution of these cell types to the SSc skin transcript profile (see
Supplementary Methods, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract).
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RESULTS

Sixty-one patients with SSc and 36 control subjects were assessed in this study. The
demographic and clinical characteristics of the study population are shown in
Supplementary Table 1, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract.

Skin thickening at the biopsy site is a prominent source of heterogeneity

The transcriptome of the majority of SSc patients differed from that of control subjects.
There were 2,754 differentially expressed genes in SSc patients compared with controls (see
Additional Tables 1 and 2, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract). IPA revealed that the top 3
represented canonical pathways belonged to hepatic fibrosis, agranulocyte adhesion/
diapedesis, and granulocyte adhesion/diapedesis. The top significantly activated upstream
transcription regulators were interferon (IFN) regulatory factor 7 (IRF-7), NF-x4, IRF-1,
STAT-1, and tumor protein 53, while the top upstream activated cytokines/growth factors
were transforming growth factor 1 (TGFSL), IFNa, oncostatin M, IFNa2, and IFNy (see
also Supplementary Figure 1 and Additional Table, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract).
Next, we examined the SSc gene profile based on the status of skin involvement at the
biopsy site (Figure 1); a complete list of differentially expressed transcripts in all
comparison groups is shown in Additional Table 1 (available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract).

A comparison of patients with clinically affected skin at the biopsy site and control subjects
revealed 4,184 differentially expressed transcripts belonging to hepatic fibrosis, agranulocyte
adhesion/diapedesis, and dendritic cell (DC) maturation, while a comparison of SSc patients
with clinically unaffected skin at the biopsy site and controls resulted in only 24
differentially expressed genes (the small number of differentially expressed transcripts in
this comparison precluded a meaningful pathway analysis). Furthermore, we detected
prominent gene expression differences between SSc patients with clinically affected skin at
the biopsy site and those with unaffected skin at the biopsy site. This comparison resulted in
142 differentially expressed transcripts belonging to the top 3 overrepresented canonical
pathways.

We also performed a parallel analysis in order to investigate whether the heterogeneity based
on the status of skin at the biopsy site is driven by disease type. In a comparison between
patients with dcSSc and controls, there were 3,983 differentially expressed transcripts
belonging to hepatic fibrosis, DC maturation, and graft-versus-host signaling, while 71
differentially expressed transcripts were detected in a comparison between patients with
IcSSc and controls, with overrepresentation of the hepatic fibrosis pathway. Of note, there
were no differentially expressed transcripts when patients with dcSSc were compared with
those with 1cSSc, indicating that the status of skin at the biopsy site is a more prominent
source of heterogeneity than is disease type. Of note, a pairwise comparison between
affected and unaffected skin within the same individual SSc patients, as previously
performed (9,10,16,17), could not be conducted in our study, because biopsy samples
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obtained from other typically uninvolved anatomic areas such as the buttock area were not
performed.

Differentially expressed gene expression profiles in SSc patients

Figure 2 shows the unsupervised hierarchical clustering of 2,754 differentially expressed
genes identified in the comparison between SSc samples and controls (for additional
information see Supplementary Figure 2, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract). Two partially
overlapping gene clusters were overexpressed in SSc patients (Figure 2). The first gene
cluster was highly enriched with keratins and keratin-associated proteins (mainly hair and
adnexal structure keratins), with 77 of 93 transcripts (82.8%) being keratin-related (see
Additional Table, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract). Thirty-four patients (57.6%),
including those with clinically affected skin and those with unaffected skin (see
Supplementary Figure 3, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract), as well as both patients with IcSSc
and patients with dcSSc, clustered in the group with overexpression of the keratin signature
(data not shown). The Kkeratin signature was significantly less common among control
subjects (present in only 8 controls [22.2%]; £=0.002). We also investigated levels of 2
representative keratin transcripts, keratin 25 and keratin 85, by gRT-PCR. As shown in
Supplementary Figure 4 (available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract), levels of both keratin 25 (type |
keratin) and keratin 85 (type Il keratin) were significantly higher in patients compared with
controls (median fold changes 21.1 [£= 0.015] and 15.7 [P = 0.003], respectively).

The second overexpressed cluster was enriched with genes involving inflammatory
(including IFN-inducible genes) and fibrotic pathways, such as 7THY1, COL1A1, COMP,
OAS1, and CCL2 (Figure 2; see also Additional Table, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract). As
shown in Supplementary Figure 5 (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract), this fibroinflammatory
signature was present in 44 patients (74.6%), while only 5 control subjects had this signature
(P<0.001). IPA of this cluster revealed that the top 3 overrepresented canonical pathways
were hepatic fibrosis, agranulocyte adhesion/diapedesis, and DC maturation. In this cluster,
genes belonging to inflammatory and fibrotic pathways were coexpressed. As shown in
Figure 2, this gene cluster partially overlapped with the keratin signature. Similar to
previously published data (9), 14 SSc samples (23.7%) clustered with control samples
(Figure 2; see also Supplementary Figure 2, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract).

Cross comparison with the inflammatory and proliferative intrinsic subsets

We mapped the inflammatory intrinsic subset (60 genes corresponding to 93 probes) and the
proliferative intrinsic subset (56 genes corresponding to 86 probes) previously described by
Milano et al (9) to probes present on Illumina HumanHT-12 arrays. As shown in
Supplementary Figure 6 (available on the Arthritis & Rheumatology web site at http://
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onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract), some patient samples showed
increased coexpression of transcripts in the inflammatory intrinsic subset, but we did not
observe homogeneous overexpression of proliferative intrinsic genes among patient samples
(see Supplementary Figure 7, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract). We also investigated the overlap
between the above-mentioned fibroinflammatory cluster and these 2 intrinsic gene subsets.
Twenty inflammatory intrinsic genes (23 probes) were also present in our fibroinflammatory
cluster, whereas only 5 genes were in common between the proliferative intrinsic gene
subset and our fibroinflammatory gene cluster.

We also performed a hierarchical clustering analysis using unbiased selection of genes that
deviated at least 2-fold from the mean in at least 5 samples in order to parallel the analytic
approach described in previous SSc skin gene expression studies (9,10). Following this
approach, 1,870 genes were identified. As shown in Supplementary Figure 8 (available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
39289/abstract), unsupervised hierarchical clustering using this gene list demonstrated that a
subgroup of SSc samples (especially those from patients with affected skin) clustered
together. Furthermore, there were clusters of genes that corresponded to the samples with an
intrinsic inflammatory signature (9) and the above-described keratin signature, but samples
with a prominent intrinsic proliferative signature (9) and their corresponding genes could not
be detected. Furthermore, 13 of 58 genes in the inflammatory intrinsic signature overlapped
with our list of 1,870 transcripts (P < 0.001, odds ratio [OR] 3.48, 95% confidence interval
[95% CI] 1.89-6.41), while only 1 of 55 genes in the proliferative intrinsic signature
overlapped with this gene list (P=0.127, OR 0.32, 95% CI 0.06-1.61). This indicates that
the previously described inflammatory intrinsic signature (9) had significant overlap with
our list of 1,870 genes, while the proliferative intrinsic genes did not show a significant
overlap with the genes that have highly varying levels in our data set.

Correlates of keratin and fibroinflammatory signatures

Next, we calculated composite scores for the keratin and fibroinflammatory clusters. As
shown in Supplementary Figure 9 (available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract), both clusters showed higher
composite scores in patients compared with controls (P < 0.001 for the keratin cluster and P
< 0.001 for the fibroinflammatory clusters).

Table 1 shows clinical correlates of these 2 composite transcript scores. A higher composite
keratin score was associated with shorter disease duration and the presence of ILD, while a
higher composite fibroinflammatory score was associated with a higher MRSS, local skin
score, and diffuse cutaneous involvement. Composite scores were not associated with SSc-
related antibodies (data not shown) or treatment with immunosuppressive agents.

Examination of clinical correlates in the 14 SSc patients with a “normal-like signature”
revealed that they had a significantly longer disease duration. In addition, a composite score
for predicted activation of the Wnt/s-catenin pathway in our data set based on a previously
published gene list (24) was calculated. Both the keratin and fibroinflammatory composite
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scores were significantly correlated with the Wnt/g-catenin composite scores (rs = 0.29 [P=
0.004] and r = 0.56 [P < 0.001], respectively).

Analysis of cell type signhature scores

As shown in Figure 3, the 1,604 overexpressed transcripts in SSc skin were enriched in
genes specifically expressed in fibroblasts, macrophages, microvascular tissue, and DCs.
Similarly, the 1,150 underexpressed transcripts were enriched in genes specifically
expressed in lymphocytes (NK cells, CD4+ and CD8+ T cells, and B cells), and epidermis-
related cell types (melanocytes, keratinocytes, and hair outer root sheath [ORS] cells).
Again, calculation of cell type signature scores revealed significant heterogeneity across
patients.

At the individual patient level (Figure 4), significantly higher scores were more frequently
calculated for fibroblasts (72% of patients), indicating that genes specifically expressed in
fibroblasts were increased in most of the biopsy specimens from patients with SSc (for
additional information, see Supplementary Figure 10, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/abstract).
Similarly, in the majority of patients, we calculated significantly higher signature scores for
microvascular and macrophage-related transcripts. Consistent with coexpression of fibrotic
and inflammatory transcripts in our unsupervised hierarchical clustering experiments, the
majority of samples with significantly higher fibroblast scores (35 of 44 [80%]) had
significant macrophage and/or DC scores. Furthermore, the top cell-based profiles
correlating with the fibroinflammatory signature in the initial clustering (Figure 2) were
macrophage genes (r = 0.75, £< 0.005) and fibroblast genes (r = 0.68, £< 0.001). There was
also a subgroup of patients with elevated expression of hair ORS—specific genes; the top
cell-based profiles correlating with the keratin signature in the initial clustering (Figure 2)
were hair ORS genes (rg = 0.44, < 0.001) and keratinocyte genes (r = 0.38, £< 0.001).

Longitudinal progression of the keratin signature

In an exploratory investigation, we examined the longitudinal progression of the above-
mentioned signatures (Figure 2) in 5 patients. The keratin signature increased numerically
over time in the 2 patients with early disease (disease duration <2 years), while it declined
numerically in the remainder of the patients (see Supplementary Figure 11, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.39289/
abstract). The fibroinflammatory score showed less variation over time, although a
downward trend over time was observed in the majority of samples (see Supplementary
Figure 11). None of the observed changes reached statistical significance, which might be
attributable to the small sample size (n = 5).

Immunohistochemical studies of the keratin signature

As shown in Figure 5, keratin 6 and keratin 16 staining in SSc skin samples (5 with a keratin
signature) and matched controls was confined to hair follicles and eccrine sweat glands,
whereas there was diffuse staining of the epidermis in a sample of psoriatic skin (positive
controls). The keratin 85 staining was confined to hair matrix/precortex and hair cuticle in
all 3 sample types (SSc, psoriasis, and controls) and was not present in the epidermis.
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DISCUSSION

In the present study, we investigated the global gene expression profile in a large sample of
patients with SSc and control subjects, using a comprehensive microarray platform to dissect
the heterogeneity of transcriptome patterns in affected SSc skin. SSc skin samples showed
prominent fibroinflammatory and keratin transcript profiles that correlated with certain
disease features. Furthermore, we performed a cell-based modular analysis that showed
substantial heterogeneity in the inflammatory profile of SSc skin. These findings may have
important implications for identification of therapeutic targets and development of
biomarkers.

A prominent fibroinflammatory signature correlating with the MRSS and the local skin
score was present in the majority of SSc skin samples. Hierarchical clustering and cell type—
specific signature scores indicated that inflammatory and fibrotic signatures coexist in most
patients. As expected, the majority of patients in the current study (72%) displayed
significant up-regulation of the fibroblast cell-type signature, while the overall inflammatory
profile of SSc patients showed significant heterogeneity. This heterogeneity might provide
important information for stratifying patients for targeted therapies and/or responses to
general immunosuppression. The DC/macrophage modules were the most commonly up-
regulated inflammatory modules (>50%), whereas NK cell, CD4, and CD8 T cell modules
were up-regulated in only 10%, 18%, and 21% of cases, respectively. A similar analysis in
psoriatic plaques revealed a more inflammatory and less fibrotic profile. In patients with
psoriasis, the majority of samples displayed heightened macrophage, DC, NK cell, and CD8
T cell signatures, while only 9% of samples showed up-regulation of the fibroblast signature
(25). This finding is also clinically plausible, because psoriatic plaques are more responsive
to immunosuppression than is SSc skin.

Full-thickness skin biopsy specimens consist of a heterogeneous collection of cell types,
each of which contributes to the aggregate expression measurement for any individual gene.
However, few previous global gene expression studies in SSc skin have included analyses to
relate the observed transcript heterogeneity to cell-specific signatures. Whitfield et al (10)
measured gene expression in 11 different cell lines grown in culture that represent cell types
likely to be present in skin. A comparison of the transcript profile of these cell lines with
skin samples revealed that SSc skin had prominent dysregulation of fibroblast- and
endothelial-related genes. Gardner et al (7) examined the gene expression profile of SSc skin
and concomitantly collected explanted passage 4 fibroblasts. A comparison of skin and
fibroblast transcriptomes showed that a subgroup of differentially expressed transcripts are
likely to be of fibroblast origin, while other cell types were also required for full expression
of the SSc phenotype. Composite scores for the cell-specific signatures were not calculated
in either of those studies.

Pendergrass et al (17) also performed a cell type—specific analysis based on 2 previously
published data sets (26,27). Similar to our analysis, a composite score was calculated for
cell-based gene signatures. However, we have here calculated a rank-based signature score
statistic while using a novel and large collection of data samples to identify signature genes
for each cell type (25,28,29). Pendergrass et al also observed significant heterogeneity in the
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SSc skin inflammatory profile. However, a cross-comparison between their specific cell type
signatures and our results is difficult, because the cell types were defined differently. Similar
to our results, a prominent fibroblast signature in patient samples was observed. The most
prominent inflammatory cell signature in the Pendergrass study was the granulocyte
signature, while the macrophage signature was the most prominent inflammatory signature
in our study. Those investigators also reported a combined signature for myeloid cells that
was present in the majority of patients.

We also investigated the presence of previously described intrinsic inflammatory and fibrotic
signatures (9,16,17) in our data set. A subset of SSc samples showed an increased
coexpression pattern for the intrinsic inflammatory transcripts, but this was not observed for
the intrinsic proliferative transcripts. In the present study, we not only included a larger
number of patients but also investigated a substantially higher number of control subjects
with a similar demographic background (36 control subjects in the present study versus 6-10
in previous studies [9,16,17]). This larger number increased the power to detect
differentially expressed transcripts and better reflects the heterogeneity within each study
population (patients and controls) during the clustering analysis. Furthermore, we used a
platform that includes 54% more genes (30,500 versus 19,800), allowing us to perform a
more comprehensive investigation of SSc skin. For example, only 55.1% of keratin signature
genes were present in the previously used platform (16,17). Based on our results, it seems
prudent to continue broader molecular profiling of SSc skin to characterize the transcript
dysregulations most relevant for understanding disease mechanisms, creating subsets,
identifying therapeutic targets, and developing biomarkers.

We observed a prominent keratin signature in SSc skin, which is a novel finding. Previous
research mainly focused on molecular dysregulations in the dermal layer of SSc skin,
although phenotypic changes in the skin such as hypopigmentation or hyperpigmentation
also imply involvement of the epidermis (30). Previous studies have also indicated
overexpression of the key cytokines TGFS (31), monocyte chemotactic protein 1 (32),
vascular endothelial growth factor (33), and interleukin-2 receptor (34) in SSc epidermis. A
proteomic analysis of lesional scleroderma skin showed prominent dysregulation of proteins
specific to epidermal differentiation in addition to those involved in extracellular matrix
production and myofibroblast contractility (35). In a followup study, epidermal keratinocyte
maturation was delayed, and an activation pattern with up-regulation of keratin 6 and keratin
16 was observed in both clinically involved and uninvolved skin of patients with early
dcSSc. Furthermore, coculture of epidermis from SSc patients and normal human fibroblasts
promoted fibroblast contractility to the extent observed with TGFg, while epidermis from
healthy controls did not have a similar effect (36).

Similar to the above-mentioned study (36), the keratin transcript signature was present in
involved and uninvolved skin in the present study. However, our immunohistochemical
staining results did not indicate that the keratin signature that we observed was a marker of
general activation of keratinocytes, as seen in psoriatic skin (25). Specifically, keratin 6 and
keratin 16, both of which are usually expressed only in hair and eccrine sweat glands but
show broad epidermal staining in diseases with general activation of keratinocytes (e.g.,
psoriasis), did not show a broad epidermal staining pattern in SSc patients with the keratin
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signature. The keratin signature consisted mainly of up-regulation of hair- and adnexal
structure—related keratins. Consistent with this notion, keratin 85 staining was confined to
hair follicles and eccrine sweat glands. Of note, we do not believe that the observed keratin
signature is due to the higher number of hair follicles in SSc patients, because the same
anatomic site was biopsied in patients and controls. Furthermore, there was no association
between the keratin signature and male sex.

The observed association between the keratin signature and shorter disease duration supports
the notion that this transcript profile is a time-dependent occurrence. The observed keratin
signature might be a response of the hair follicle to the molecular changes in SSc skin. Hair
follicle morphogenesis and growth are regulated through complex and reciprocal epithelial
mesenchymal interactions. The dermal papilla is essential for follicle formation in the
embryo and for initiating the next period of hair growth in adults (37). Activation of Wnt/g-
catenin signaling is an important stimulator of new hair growth and differentiation (38-40).
In our data set, the keratin signature correlated with the predicted activation of the Wnt/5-
catenin pathway, supporting the notion that the up-regulation of this pathway in SSc (41)
might contribute to the observed keratin signature. The observed association of the keratin
signature with ILD might also stem from common upstream regulators for ILD and this
transcript signature. Further studies are needed to investigate the potential role of this
signature in the pathogenesis of SSc. In general, our results provide further evidence for the
presence of molecular dysregulation in several skin compartments (not only dermis) in SSc.

Similar to what was observed in previous studies, a subset of patients showed normal-like
gene expression profiles (7,9,16,17). These patients had a significantly longer disease
duration, and a trend for association of a normal-like signature with longer disease duration
was observed in a previous SSc skin data set (17). This finding is also supported by the
decreasing composite fibroinflammatory scores observed in our pilot longitudinal study (see
Supplementary Figure 11, available on the Arthritis & Rheumatology web site at http://
onlineflibrary.wiley.com/doi/10.1002/art.39289/abstract). Patients with a normal-like
transcript profile also tended to have milder disease (lower MRSS and lower skin score at
the biopsy site), although these findings did not reach statistical significance.

Patients in whom skin at the biopsy site was affected were more likely to have a distinct
gene expression profile and a higher composite fibroinflammatory score. However, we were
unable to compare the gene expression profile of skin biopsy specimens obtained from 1
affected area (e.g., the arm) and 1 unaffected area (usually the buttock or back) in the same
individual, because biopsies of the buttocks area were not performed in our study.
Furthermore, the number of differentially expressed genes in clinically affected versus
unaffected SSc skin was substantially lower than the number of transcripts in affected SSc
skin versus control skin, indicating substantial heterogeneity in the group with unaffected
SSc skin. It is likely that a subgroup of SSc patients with clinically unaffected skin have
histologic changes characteristic of SSc.

In conclusion, this large global SSc skin gene expression study indicated the presence of
prominent fibroinflammatory and keratin profiles. A subset of patients with a longer disease
duration had a normal-like gene expression profile. Furthermore, analysis of cell type—
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specific signature scores revealed significant heterogeneity in the inflammatory profile of
SSc skin, which might provide important information for substratifying patients to enable
targeted therapies and to predict the response to immunosuppression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Numbers of differentially expressed (DE) genes in systemic sclerosis (SSc) patients with

affected skin at the biopsy site compared with those with unaffected skin at the biopsy site
and control subjects (A) and in patients with diffuse SSc compared with those with limited
SSc and control subjects (B).
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Figure2.
Unsupervised hierarchical clustering of skin samples based on the 2,754 transcripts that

were differentially expressed in clinically affected systemic sclerosis (SSc) skin, unaffected
SSc skin, and control skin. The orange bars and purple bars on the left indicate keratin and
fibroinflammatory gene clusters, respectively.
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Figure 3.

Genes differentially expressed in systemic sclerosis (SSc) skin samples (versus control
samples). Enrichment with genes specifically expressed in certain cell types is shown. Genes
were ranked according to the degree to which they were specifically expressed in each of 14
cell types. Enrichment statistics quantify the degree to which genes that were significantly
increased (A) or decreased (B) in SSc skin samples are among the genes specifically
expressed with respect to each cell type. Positive enrichment statistics denote enrichment of
differentially expressed genes with respect to genes most specifically expressed in a given
cell type. Negative enrichment statistics denote enrichment of differentially expressed genes
with respect to genes showing specifically low expression in a given cell type. ** = P<
0.001 by Wilcoxon’s rank sum test. DC = dendritic cell; KC = keratinocyte; ORS = outer
root sheath; NK = natural killer.
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Figure 4.
Hierarchical clustering of patients with systemic sclerosis based on cell type signature

scores. Each row represents a patient sample. Transcript scores for each patient were
calculated with respect to 14 cell types. Scores were calculated based on fold-change
estimates for 125 signature genes per cell type (expression in patient samples/average
expression in 36 control samples). Triangles denote scores that are significantly high (&) or
low (W) compared with all other human genes. Values in the 2 bottom rows are the
percentages of patients with significantly high (red) or low (blue) scores. KC = keratinocyte;
ORS = outer root sheath; NK = natural killer; DC = dendritic cell.
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Cont SSc Psoriasis

KRT16
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Figureb.
Representative images showing keratin 6 (KRT6), KRT16, and KRT85 staining of skin

tissue from patients with systemic sclerosis (SSc) with a keratin transcript signature (n = 5)
and unaffected control subjects (n = 5). Psoriatic skin was used as a positive control for
KRT6 and KRT16. Arrows indicate hair follicles. Original magnification x 400.
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