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Abstract

Objective—Understanding the pathogenesis of systemic sclerosis (SSc) is confounded by
considerable disease heterogeneity. Animal models of SSc that recapitulate distinct subsets of
disease at the molecular level have not been delineated. We applied interspecies comparative
analysis of genomic data from multiple mouse models of SSc and patients with SSc to determine
which animal models best reflect the SSc intrinsic molecular subsets.

Methods—Gene expression measured in skin from mice with sclerodermatous graft-versus-host
disease (scIGVHD), bleomycin-induced fibrosis, Tsk1/+ or Tsk2/+ mice was mapped to human
orthologs and compared to SSc skin biopsy-derived gene expression. TGFf activation was
assessed using a responsive signature in mouse and 7nfrsfl2a expression measured in SSc and
mouse skin.

Results—Gene expression in skin from mice with sclGVHD and bleomycin-induced fibrosis
corresponded to that in SSc patients in the /inflammatory molecular subset. In contrast, Tsk2/+
mice showed gene expression corresponding to the fibroproliferative SSc subset. Bleomycin and
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Tsk2/+ mice showed enrichment of a TGFB-responsive signature. Expression of 7nfrsfiZ2a (the
Tweak-Receptor / Fnl4) is elevated in skin from fibroproliferative SSc patients and skin of Tsk2/+
mice.

Conclusion—This study reveals similarities in cutaneous gene expression between distinct
mouse models of SSc and specific molecular subsets of the disease. Different pathways underlie
the intrinsic subsets including TGF-B, IL13 and IL4. We identify a novel target, 7nfrsflZathat is
elevated in skin from fibroproliferative patients and Tsk2/+ mice. The information will serve to
inform mechanistic and translational pre-clinical studies in SSc.
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A lack of clear genetic associations and the heterogeneity in clinical presentation of systemic
sclerosis (SSc; scleroderma) have limited the development of a single agreed-upon animal
model (1). We have demonstrated that molecular subsets of SSc exist (2-4) and that different
signaling pathways underlie each subsets (5-7). Given the distinct molecular features of SSc
subsets, it is possible that one or more mouse models might most accurately represent each.
Identification of appropriate models for each subset is necessary to effectively develop
therapeutics that specifically target each of these groups of patients. We conducted an
integrated interspecies analysis of gene expression in skin of four commonly used mouse
models of SSc to identify those models in which skin gene expression and deregulated
pathways most accurately reflects that of the molecular subsets of SSc.

Many different signaling pathways have been implicated in SSc (8, 9). TGFp and PDGF
signatures have been demonstrated to underlie the fibroproliferative subset of patients (5, 7),
whereas IL4 and IL13 signaling is predominantly enriched in the inflammatory subset of
patients (6). Recent analyses have demonstrated that TGFp signaling can span the
fibroproliferative and inflammatory subsets (7, 10). Here we have directly compared the
similarities and differences in the molecular events underlying pathogenesis of SSc, and in
mouse models of the disease. To our knowledge this is the first integrative and comparative
analysis of genome-wide expression in animal models for a heterogeneous human
autoimmune disease.

Materials and Methods

Study Design and human subjects

Microarray data from human SSc samples were obtained from Milano et al ((2); GEO
accession GSE9285). SSc patients met the ACR criteria for systemic sclerosis and included
both diffuse and limited systemic sclerosis patients as well as a subset of patients with
morphea. We performed biological rather than technical replicates for the different mouse
samples. The study was designed to identify the best mouse models to study each of the
human SSc subsets. This is a major unmet need since heterogeneity in the disease has
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confounded basic science studies as well as clinical trials. Our data show that different
mouse models represent different subsets of SSc disease.

Mouse models of SSc

Mouse skin samples were obtained from different laboratories (Table 1). All animal
protocols were institutionally approved by the Animal Care and Use Committee at
University of Connecticut Health Center (UCONN), Brigham and Women's Hospital
(BWH), Boston University School of Medicine (BUMC), Northwestern Feinberg School of
Medicine (NW) and Drexel University College of Medicine (DUCM). Each biopsy included
the hypodermal layer and fibrosis was confirmed at the site of biopsy in all models. The
sclGVHD model was generated at BWH and data have been described previously (6).
Depilated Tsk2/+ (11) mouse back skin samples from UCONN were stored in RNAlater
(ThermoFisher Scientific, Waltham MA). These mice are heterozygous for the Tsk2
mutation on chromosome 1 and were maintained in an inbred line developed by
backcrossing onto C57BL/6J (>N10). Tsk1/+ back skin samples were obtained from six
week old mice (12) at BUMC. C57BL/6-FP"Tsk+/+PldnP2 mice were obtained from Jackson
Laboratories (Bar Harbor, ME) and maintained by breeding with C57BL/6 mice. Tsk1/+ and
Tsk2/+ heterozygous mice were identified by assessment of skin tightness over the back and
by genotyping as described (12). The bleomycin-induced skin fibrosis model was generated
at the NW. The protocol chosen has been used previously to study skin fibrosis (13). In
bleomycin-induced fibrosis, six- to eight-week-old female BALB/cJ mice were given daily
subcutaneous injections of bleomycin (1 mg/kg) and sacrificed at either 5 days or 21 days.
Skin at the site of injection was biopsied. All skin tissue was stored in RNAlater for shipping
and storage.

In vivo TGFB-responsive gene signature

Total RNA samples from the back skins of mice treated with subcutaneous pumps
containing TGFp were generated at BUMC. Prior to surgery, mice were injected with
buprenorphine. For pump insertion, C57BL/6 mice were placed under general anesthesia
using isoflourane by inhalation. After complete anesthesia was achieved, the mice were
placed on a warm towel, their backs shaved, the surgical area sterilized with betadine and a 1
cm incision made through the skin over the interscapular region. The sterile pumps
containing 50, 250 or 1250ng of TGFp or PBS were inserted into a subcutaneous pocket
made by gently teasing apart the fascia layer. Skin was closed with 1-2 staples. Mice were
sacrificed 7 days after surgery and the skin from around the pump insertion site harvested for
total RNA preparation.

RNA isolation and microarray hybridization

Total RNA was isolated from mouse skin samples using standard Trizol (Invitrogen,
Carlsbad, CA) procedures. Samples were manually homogenized as previously described
(2). Samples were further purified using RNA cleanup with RNeasy mini-columns (Qiagen,
Valencia, CA). RNA was quantified on a NanoDrop ND-1000 Spectrophotometer (Agilent
Technologies, Santa Clara, CA) and integrity assessed by gel electrophoresis.

Arthritis Rheumatol. Author manuscript; available in PMC 2017 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sargent et al.

Page 4

Samples were amplified and labeled using the Agilent Low Input Linear Amplification kit
(Agilent Technologies, Santa Clara, CA) and were hybridized against Universal Mouse
Reference (UMR) (Strategene, La Jolla, CA) to Agilent Whole Mouse Genome arrays
(G4122F) (Agilent Technologies, Santa Clara, CA) in a common reference based design as
previously described (2, 5).

Microarray data processing and analysis

Human gene expression data from Milano et al (2) were lowess-normalized log, Cy5/Cy3
ratios, filtered for intensity/background ratio =1.5 in one or both channels and for which at
least 80% of the data of sufficient quality were present. This resulted in 28,495 probes for
analysis, which were collapsed to 14,276 gene symbols.

Mouse gene expression data were lowess-normalized log, Cy5/Cya3 ratios, filtered for
intensity/background ratio 21.5 in one or both channels and for which at least 80% of the
data was of sufficient quality were present. This resulted in 13,773 probes selected from
Agilent Mouse Whole Genome microarray. These probes were then collapsed by gene
symbol, resulting in 9,776 genes.

Both human and mouse data tables were multiplied by negative one, thereby converting the
log, Cy5/Cy3 ratios to logy Cy3/Cy5 ratios for all analyses.

For interspecies comparisons mouse genes were matched to their human orthologs using the
Mouse Genome Database (MGD) at Jackson Laboratories (14). Mouse genes were matched
to their human orthologs based on Mouse/Human Orthology with Phenotype Annotations
table (MGI 5.22). 62.53% of mouse genes mapped to a human ortholog. This resulted in
6,113 genes. Missing data values were imputed using KNN-nearest neighbors (k=10)
function in the bioinformatics toolbox of Matlab R2008b. Systematic bias was corrected
using distance weighted discrimination (DWD) in Matlab (15).

Intrinsic genes were selected using an intrinsic gene identifier algorithm (2, 16) was
performed (Table 1). 1,217 genes that demonstrated a weight intrinsic score threshold below
0.30 were selected for further analysis (2, 16). Each column was standardized using the root
mean square (RMS) for each array, calculated by taking the sum of the square of the
expression values for each gene, divided by the number of genes, and taking the square root
of this value. The values of the genes on each array were divided by its RMS. All human and
mouse data were median centered and clustered using Cluster 3.0 (17) and visualized in
TreeView 1.0.13 (17). The p-values for branches on the dendrogram were calculated using R
SigClust package with default settings (* in Figure 2 indicates p < 0.001). Consensus
Clustering was performed using GenePattern ConsensusClustering with 2,000 iterations and
K=3,4 and 5, which clearly shows 4 stable clusters (Figure 2; Supplemental Figure S1).

Pair-wised Pearson correlations for all human and mouse models of SSc were calculated
using the R package corrplot to generate the heatmap showing the Pearson product-moment
correlation coefficient (Pearson's r) between human SSc and mouse models of SSc
(Supplemental Figure S2).
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Pathway module map analysis was performed in Genomica (18). Gene expression data for
the merged datasets was matched to the appropriate Entrez Gene Identifier corresponding to
the human gene annotation. Statistically significantly enriched GO terms were selected (p <
0.05; FDR 0.05; hypergeometric distribution) and clustered according to their enrichment
scores. Samples were organized as per the sample clustering of the 1,217 intrinsic genes
(Figure 3).

Gene expression data from this study are available from NCBI GEO at accession number
GSE71999 (Tskl/+ Tsk2/+, and bleomycin-induced skin fibrosis). The data for the
sclGVHD mouse model ((6); GSE24410) and human SSc skin data ((2); GSE9285) were
published previously.

Immunohistochemistry

To visualize TWEAK-R positive and Ki-67 positive cells, paraffin-embedded sections were
deparaffinized with two washes of xylene and two washes of ethanol. Antigens were
unmasked with 10 mM citrate buffer at 100 °C for 25 min, then blocked with 5% goat
serum. For mouse biopsies, rabbit anti-TWEAK-R monoclonal antibody at 1:100
(ab109365, Abcam, Cambridge, MA), or rabbit anti-Ki67 polyclonal antibody at 1:250
(ab9260, Millipore, Darmstadt, Germany) in blocking buffer was applied to the sections
overnight at 4°C. Slides were washed three times with PBS and incubated with Cy3-
conjugated goat anti-rabbit IgG at 1:200 (TWEAK-R) or at 1:500 (Ki-67,
Jacksonlmmuno-111-165-006, Jackson ImmunoResearch Laboratories, West Grove) for 40
min at RT. Nuclei were visualized with DAPI (Life Technologies, Carlsbad CA). An IgG
isotype negative control was used to control for background staining.

Staining of human SSc skin biopsies followed the procedure above, except the mouse anti-
TWEAK-R monoclonal antibody was used (1:20; BioLegend, Clone ITEM-4). Sections
were washed to remove unbound antibody and then incubated with goat-anti-mouse-Cy3
(1:400; Jackson ImmunoResearch West Grove PA) for 40 min at room temperature. A
mouse 1gG2b isotype negative control (ThermoFisher, Waltham MA) was used and analyzed
in parallel. Eleven biopsies from Milano et al. (2) were analyzed using intrinsic subset
assignments from (7), which were identical to Milano except that dSSc7 forearm, which was
assigned to fibroproliferative, and dSSc2 forearm, which was assigned to normal-like. The
biopsies stained were fibroproliferative (dSScl, dSSc7, dSScll), inflammatory (dSSc6,
I1SSc7), /imited (1SSc1, 1SSc4, and 1SSc5 where two independent skin samples were
analyzed) and normal-like (1SSc7, dSSc2, Nor2, Nor3, Nor5). Positive cells in the dermis
and epidermal skin appendages were counted by a blinded expert; epidermal staining was
not quantified. Statistical significance was calculated using a Mann-Whitney test. Variable
increased staining was observed in fibroproliferative and inflammatory patients, and due to
the low (n=2) patients analyzed in the /inflammatory subset these data were graphed together
with those of the fibroproliferative subset.

Statistical Analysis

Pearson correlations were calculated and plotted in Microsoft Office Excel 2007. Positive
cells in the sections were counted at 40X magnification from at least 6 fields of view per
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sample, and four different mice per genotype. The numbers per field were compared for
statistical significance by 1-way ANOVA using GraphPad Prism software.

To our knowledge no direct comparisons have been made between the bleomycin-induced
SSc mouse model or the Tsk2/+ model with human SSc; although both mouse models share
features with human SSc, such as immune cell filtration, ECM deposition, and skin fibrosis
(19-22). The datasets and analyses for human SSc skin and the sclGVHD mouse model gene
expression have been previously published (2, 6). We used DWD analysis methods (15) to
remove platform and species biases, and to integrate the human SSc biopsy and the mouse
model gene expression datasets (Figure 1). Groupings in the human and mouse tissue
datasets were specified based on intrinsic subset classification (2) or by mouse model (Table
1). 1,217 genes were selected from the merged dataset; samples and genes were organized
by hierarchical clustering.

As expected, after hierarchical clustering, SSc skin biopsy samples clustered into the same
groupings of the original molecular subsets (2). We were specifically interested in
understanding how gene expression in different mouse models resembles specific subsets of
human SSc. The sclIGVHD samples clustered adjacent to the /nflammatory patient samples,
consistent with prior findings (6), and the Tsk2/+ mice at 4-weeks of age shared a
dendrogram branch with the fibroproliferative subset, suggesting that the skin of these mice
share gene expression features with the skin from patients in this subset (Figure 2A).
Bleomycin-injected mice at 5 days and at 21 days clustered together, and shared a branch
with the inflammatory subset. Samples from Tsk1/+ mice and the Tsk2/+ mice at 16-weeks
clustered on a branch with the /imited subset of patients. Each cluster containing both mouse
and human samples is statistically significant (Figure 2; p < 0.001). We performed 2,000
iterations of K-means clustering using consensus cluster, each using 2/3 of the data that
showed four stable clusters (Supplemental Figure S1). We plotted the pair-wised Pearson
correlation values for all human samples and mouse models (Supplemental Figure S2),
which supports the clustering results in Figure 2.

We have previously demonstrated enrichment of IL13-driven gene expression patterns in
both the /nflammatory subset and in sclGVHD mice (6). As previously demonstrated,
membrane-associated 1L13-specific receptor subunit /L13RA1 has coordinately high relative
expression in both groups along with A/FIand CCL2, both of which are IL13-regulated; all
show high expression again in this interspecies comparison (Figure 2C) (23). Expression of
many of these genes is similarly increased in the bleomycin-induced fibrosis model,
consistent with the characterized role of 1L13 signaling in fibrosis in these mice (24, 25).

Despite similarities between sclGVHD and bleomycin-induced skin fibrosis, a prominent
cluster of interferon genes distinguishes these two models. This group of genes is not
induced by bleomycin, but is highly upregulated in early scIGVHD. Many of the genes in
this cluster are expressed at intermediate levels in SSc inflammatory skin and are targets
associated with interferon signaling, such as STAT1, IRF1, CCL5, IFI30, and JAK3 (Figure
2D).
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A large number of the genes found coordinately regulated in the fibroproliferative subset and
in Tsk2/+ mice at 4-weeks of age are associated with cell proliferation, including K/67,
CENPE, KIF20A, MCM?7, and POLEZ (Figure 2F) (26). Skin samples from Tsk2/+ mice
and their wild-type littermates were stained for the key signature molecule of the
proliferative subset, K/67. The results (shown in Figure 5F-G) confirmed the microarray
findings that showed up-regulated K767 mRNA transcripts, which are expressed in
significantly more cells, especially in hair follicle locations, primarily in male Tsk2/+ mice
in which the disease is more severe; K167 was not analyzed in female Tsk2/+ mice.
Interestingly, gene expression in skin samples from Tsk2/+ mice at 16-weeks and Tsk1/+ at
6-weeks of age did not show a strong resemblance to the genes differentially expressed in
diffuse SSc, however, they do show some resemblance to limited SSc. In our mechanistic
studies of scIGVHD and Tsk2/+ (6, 27), we found a strong correlation between age of the
mice, the gene expression in the model and their resemblance of the human SSc subsets.

To examine the shared features of gene expression in the molecular subsets and in the mouse
models on a genomic scale, we created a module map of enriched GO terms in the integrated
human SSc and mouse model gene expression dataset (Figure 3). Many GO terms associated
with proliferation and mitosis such as mitotic checkpoint, cell division, requlation of mitosis
and DNA replication initiation were similarly positively enriched in the Tsk2/+ mice at 4-
weeks and in the fibroproliferative biopsies, consistent with the increased expression of
genes involved in cell cycle progression. Other GO terms coordinately regulated in this
subset and in 4-week Tsk2/+ mice include those associated with RNA metabolism (RNA
splicing, mRNA processing and RNA binding), translation (protein-RNA complex assembly,
ribosome and eukaryotic 43S initiation complex) and DNA repair (DNA-dependent DNA
replication and DNA repair). Proteins involved in these processes such as topoisomerase |
and RNA polymerase | are frequent antigenic targets for autoantibodies in SSc (28-32). GO
terms associated with lipid biogenesis such as fatty acid metabolic process, lipid metabolic
process and sterol biosynthetic process, are enriched and downregulated in a portion of
fibroproliferative biopsies and similarly downregulated in the Tsk2/+ mouse skin biopsies.
Loss of subcutaneous fat is a characteristic feature of both diffuse SSc (33) and Tsk2/+
model (22). Additionally, it has been demonstrated that lipid biogenesis and fibrotic
processes in fibroblasts are mutually antagonistic signaling systems. Activation TGFp-
signaling inhibits lipid biogenesis via PPAR~y pathways and vice versa (13, 34).
Additionally, PPARYy ligands have been shown to suppress bleomycin-induced fibrosis in
lungs (35).

Modules shared in skin from sclGVHD mice at two weeks and the inflammatory subset are
predominantly associated with inflammatory processes, such as immune system process,
inflammatory response, chemokine activity, and response to biotic stimulus. Increased
expression of ECM-associated pathways is also evident in the /nflammatory and limited
subsets, as well as in the bleomycin-induced fibrosis and Tsk1/+ models, suggesting that
pathways underlying fibrosis in these patients and these models may also be conserved.

Having established that skin from Tsk2/+ mice at 4-weeks shares gene expression features
with the fibroproliferative subset, we specifically examined a role for TGFp-signaling
associated gene expression in this model. An in vivo TGF@-responsive signature in mouse
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skin was generated and expression of these genes examined in skin from Tsk2/+ animals.
Total RNA was prepared from skin samples of C57BI/6 mice that had been surgically
implanted with subcutaneous pumps containing 50, 250 or 1250ng of TGFp, or phosphate-
buffered saline (PBS) as a control, for 7 days. Gene expression data relative to the PBS
treatment control is shown. We have termed the 719 probes that showed a 2-fold or more
change in gene expression the mouse TGFp-responsive signature (Figure 4). Canonical
TGFp targets found induced in this signature include 7/MP1, PA/1, COL1AL, SPPI, LOX,
THBS and SPARC, demonstrating that this signature is representative of a response to TGFp
in the skin of these animals. The data for the mouse TGFp-responsive signature was
extracted from the compendium of gene expression in skin of the models. Expression of
TGFp-responsive signature genes is enriched in skin from Tsk2/+ animals at 4-weeks
(Figure 4B) suggesting that TGF-signaling is active in the skin of these mice. Since both
the bleomycin-induced skin fibrosis and Tsk1/+ pathogenesis have been shown to involve
TGFp-signaling, we confirmed the activation of TGFp-signaling in Tsk1/+ and bleomycin-
induced skin fibrosis (Figure 4C). Analysis of the bleomycin-induced skin fibrosis model
using GSEA confirms enrichment of the TGFp-activated gene expression (Supplemental
Figure S3).

We recently demonstrated that PDGF signaling is also increased in the fibroproliferative
subset of SSc patients (9). We analyzed the PDGF stimulated gene set from Johnson et al.
and find PDGF stimulated gene expression increased in Tsk2/+ mice at 4-weeks of age and
in the scIGVHD mouse model (data not shown). PDGF gene expression was not enriched in
either the bleomycin-induced fibrosis model, Tsk1/+ or Tsk2/+ at 16-weeks of age.

To confirm the molecular similarities between the patients in the fibroproliferative subset
and Tsk2/+ mice we analyzed the expression of the TGFB-regulated gene tumor necrosis
factor receptor superfamily, member 12a ( 7nfrsf1Z2a; also designated 7weak-R, fibroblast
growth factor-inducible-14). Tweak-R is highly expressed in the fibroproliferative subset and
was among a set of genes highly correlated to worse skin disease (2). 7iweak-R mRNA levels
were also found increased in the fibroproliferative subsets of Milano et a/. (Figure 5A; p <
0.00001); gene expression differences for Tweak-R ( Tnfrsf12a) were confirmed by gRT-
PCR (2). Immunohistochemistry analysis of a subset of biopsies from the Milano et al. study
(2) showed that TWEAK-R protein levels were increased in the dermis and around
epidermal skin appendages of patients of the fibroproliferative and inflammatory subsets
(Figure 5B-C; p < 0.05, Mann-Whitney test). The Tsk2/+ animal model has cycles
throughout young life while the disease is becoming established. We used this information to
select skin samples at peak disease activity for assessment of TWEAK-R expression. We
performed immunohistochemistry on sections of skin taken from female Tsk2/+ and their
wild-type littermates to detect the levels of TWEAK-R (Figure 5D - E). 7Tweak-R is induced
by TGFB (36) and there is an ~1.5-fold increase in numbers of TWEAK-R positive cells at
in skin of 4-week-old female Tsk2/+ mice compared to their wild-type littermates (Figure
5D - E; p = 0.013) and in male Tsk2/+ mice compared to their wild-type littermates (not
shown). Taken together with the findings of enrichment of TGFg-signaling primarily in the
fibroproliferative skin biopsies of the Milano cohort (5), we believe that Tsk2/+ skin at 4-
weeks reflects the biology of this subset of SSc.
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Discussion

The identification of mouse models that share gene expression patterns with the
fibroproliferative and inflammatory subsets of SSc provides the research community with
valuable tools in which to closely examine the molecular mechanisms underlying disease in
these subsets. The data presented here are consistent with our earlier findings that sclGVHD
mice share underlying mechanistic pathways with the /nflammatory subset of SSc (6). Here
we have extended those findings by identifying Tsk2/+ mice at 4-weeks of age as a
promising model of disease for the fibroproliferative subset. We used multiple approaches to
demonstrate parallels in gene expression in this mouse and fibroproliferative skin biopsies,
including analysis of individual genes and clusters, examination of global similarities based
on co-expression of GO terms, and specifically testing for enrichment of TGFB-responsive
gene expression in both species. PDGF stimulated gene expression has also been shown to
underlie the fibroproliferative subset and we find PDGF gene expression also increased in
the Tsk2/+ mouse.

The role of TGFp signaling in fibrosis and as a driver of disease in SSc is well established.
An important new finding is the demonstration that Tsk2/+ mice have activation of TGFB
responsive gene expression. We have shown that Tsk2/+ results from an ENU-induced point
mutation in the PITINP fragment of the Co/3aZ gene (27). We show that the TGFp target,
Tnfrsfl2a (Tweak-R or Fni4) is highly expressed both in SSc patients of this subset and in
Tsk2/+ mice at 4-weeks of age. Interestingly, mice deficient for 7iveak-R have significantly
reduced liver progenitor cell proliferation in response to chemical liver injury (37). Its
ligand, 7weak / Tnfsf12, has been implicated as a driver of inflammation and proliferation of
fibroblasts / epithelial cells and can contribute to kidney fibrosis (38, 39). The kidneys of
Tweak KO mice show a decreased number of myofibroblasts with lower proliferation, and
reduced ECM accumulation; mice over-expressing TWEAK have increased kidney fibrosis
(38). We propose that a common mechanism underlying the fibroproliferative subset of SSc
and the Tsk2/+ model is due in part to TGFp signaling leading to activation of the 7iveak /
Fn14signaling axis.

The deregulation of TGFp signaling in the bleomycin model has been previously
demonstrated (40, 41) and we observe activation of TGFp signaling here (Supplemental
Figure S3). The bleomycin-induced fibrosis model has also been used to advance knowledge
of the roles for both TGFB and IL13 in fibrosis and has been particularly informative for
revealing the interactions between these signaling pathways in fibrotic processes (24, 25).
The inflammatory gene expression signature dominates the Bleomycin fibrosis signature and
the clustering results. This is consistent with data showing that mice lacking a functional
inflammasome are not susceptible to bleomycin-induced fibrosis (42-45). Our data suggest
the bleomycin-induced skin fibrosis model shows similarities to the early inflammatory
response observed in patients and shows both TGFp and 1L13 signatures, both of which are
implicated in SSc pathogenesis.

The resemblance of the Tsk1/+ mouse to the SSc subsets is not clear or consistent with prior
findings (46). We found no significant parallels of gene expression in skin of these animals
at 6-weeks of age with the molecular subsets of SSc. Detailed analysis of Tsk1/+ at other
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time points might show stronger similarities to gene expression in SSc skin. The Genomica
module map analysis did not demonstrate any contribution to gene expression patterns by B-
lymphocytes in Tsk1/+ as has been previously reported. It is possible that the reported
reliance of the phenotype in these mice on functional IL4 signaling (47) is relevant to the
inflammatory or limited subsets, however the GO term analysis implemented in these studies
is not sensitive enough to draw definitive conclusions from these data.

Previous comparisons of human SSc and human cGVHD at the histological level show key
similarities as well as distinct differences. Fleming et al. compared human cGVHD to
human SSc histologically (48) and showed a similar extent of fibrosis, increased hyaluronan
staining, myofibroblasts numbers and intimal hyperplasia of the microvasculature including
increased smooth muscle cell layers. SSc and cGVHD showed positive dermal KI67
staining. The major difference was that SSc showed differences in the pattern of fibrotic
change and a decrease in staining for endothelial cell markers indicating capillary
rarefaction, not found in cGVHD.

This study has several limitations. The bleomycin-induced fibrosis model results are likely
specific to the protocol used here. In addition, the TGFB pump model captures only a single
time point and this cytokine likely induces changes in a time dependent-manner. We note
that the proliferating cells observed in SSc are mainly located in the epidermis with some
proliferating cells around the vasculature and other epidermal skin appendages (2, 48). Since
the structure of mouse skin, particularly the epidermis, is quite different in mice, this could
limit interpretation of the Tsk2/+ data and mapping of our subsets.

With few tools available for studying disease mechanisms in this poorly understood disease,
the benefits of the results of this study are clear. By using gene expression as a readily
quantifiable phenotype in skin, we have shown that the Tsk/2+ mouse, the sclGVHD and
bleomycin-induced fibrosis mouse models are similar to their respective human subsets not
by gross morphology approximations, but by robust genome-scale molecular measures. This
means it is the expression of thousands of genes, rather than any single gene, that drives
these results. Additionally, identification of the pathways similarly deregulated in human
SSc subsets and in mouse models, provides new urgently needed tools for optimizing
development of therapeutics that specifically target each of the intrinsic subsets of
scleroderma. The mechanisms in these mouse models can be used to identify drugs for SSc
patients in the clinic and target their molecular subsets. The development of a routine
diagnostic for SSc patients as well as drugs that target each subset will greatly facilitate
treatment of this disease.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Implementation of integrated inter species analysisfor systemic sclerosis
The schematic of the analysis strategy based on that of Herschkowitz et a/. (49) is shown.

Human and mouse datasets were merged as described in the text, the biases removed using
DWD, and the intrinsic genes selected and clustered for further analysis.
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Figure 2. Gene expression patternsare shared in human SSc skin and in the mouse models
(A) Integrated human mouse expression data clustering. The upper dendrogram shows the

organization of the molecular subsets of SSc. The shading indicates the placement of these
subsets in the integrated dataset cluster analysis. Microarrays from the mouse models are
interspersed among the human subsets. Notably, Tsk2/+ at 4-weeks cluster on the same
branch as the fibroproliferative subset while sclGVHD mice at 2- and 5-weeks are clustered
with the inflammatory subset. Samples from the bleomycin mouse model show are most
closely associated with inflammatory subset but show aspects of inflammatory and
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fibroproliferative gene expression. (B) 1217 intrinsic genes were clustered in the gene and
array dimensions. The sample dendrogram is that from Figure 1. Selected clusters of interest
are shown. Gene expression features shared by the sclGVHD mice and the inflammatory
subset include those induced by IL13 (C) and IFN-signaling (D). Genes associated with
proliferation were up-regulated in Tsk2/+ mice at 1 month and in the fibroproliferative
subset (F). A cluster of genes was found up-regulated in the inflammatory and limited
subsets as well as the sclGVHD and other models (E).
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Figure 3. Module map of coordinately regulated GO termsin human SSc and in mouse models
A module map of enriched GO terms was created using gene expression from the integrated

interspecies microarray dataset. Modules significantly enriched (p < 0.05, FDR 0.05,
hypergeometric distribution) in at least 15 of the 109 arrays were selected and are displayed.
Clusters of select GO terms are shown to the right of the module map. Each column
represents a microarray and each row is a GO term. The arrays have been ordered as per the
intrinsic clustering shown in Figure 1. Positively enriched and negatively enriched modules
are shown by red and green squares respectively.
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Figure 4. TGFp-responsive signature gene expression in SSc mouse models
(A) Pumps containing PBS or 50, 250 or 1250ng of TGF were surgically inserted

subcutaneously in B57/B6 mice for 7 days and skin analyzed by DNA microarray. 719 genes
changed in expression >2-fold from the PBS control in at two doses of TGFf. Data were TO
transformed against the PBS control and the blue wedge is indicative of increasing TGFp
concentrations. Data for the 719 TGFB-responsive genes were extracted from the SSc mouse
models and clustered in the array and gene dimensions. Pearson correlations of the 1250ng
TGFp dose and each microarray were calculated and are plotted directly beneath the
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heatmap. The TGFB dose response is shown to the left of the heatmap. The highest TGFp
gene expression is observed in 5 week samples from the sclGVHD mouse and 4-week old
Tsk2/+ mice. (B) Dendrogram of mouse samples analyzed colored-coded by model. (C)
Canonical TGFp targets COL1A1, WISP1, SPARC, and TIMP1 were found TGFp-
responsive. (D) TGFB-induced genes highly expressed in the sclGVHD model. (E)
Proliferation genes induced by the TGFp treatment.
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Figure 5. Tweak R (TNFRSF12A) isdifferentially expressed in fibroproliferative SSc patients
and Tsk2/+

(A) Fibroproliferative SSc patients express significant more nfrsfl2a ( Tweak-R, p <
0.00001). (B) Fibroproliferative and inflammatory SSc patients (n=5) have higher
TNFRSF12A protein in the dermis and (C) surrounding epidermal skin appendages than
patients in the limited intrinsic subset (n=3), or the normal/normal-like subset (n=3 healthy
controls; n=2 SSc normal-like)(p < 0.05; one way ANOVA). (D) Tsk2/+ mice expressed 1.6-
fold more TNFRSF12A (TWEAK-R) than wild type littermates (p=0.013). Four-week-old
female mice were scored for the number of TWEAK-R (Fn14)+ cells per field of view
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(400X magnification). Significance was calculated with a paired t-test using at least eight
fields of view per mouse and four mice per genotype. (E) Representative immunofluorescent
images of two wild type mice (Left), two Tsk2/+ mice (center) and the isotype control
staining (right). Skin samples were evaluated by immunofluorescence for the presence of
TWEAK-R(red) and DAPI(blue). (F-G) KI67 staining for proliferating cells in the hair
follicles and dermis of Tsk2/+ mice show significant increase in the 4- and 10-week
samples.
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Eleven groups were specified for intrinsic gene analysis
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Four goups of human samples were specified based on the intrinsic subsets of SSc (2) and seven groups of

mouse models were defined based on the model type and different timepoints were specified. (s.c.

subcutaneous).

Intrinsic Group

Description

Species  #of Microarrays

1

© 0o N o g W N

P
= O

Fibroproliferative (previously diffuse-proliferation)
inflammatory
limited
normal-like
cGVHD 2 weeks
cGVHD 5 weeks
s.c. bleomycin 5 days
s.c bleomycin 21 days
Tsk2/+ 4-weeks
Tsk2/+ 16-weeks
Tsk1/+ 6-weeks

human
human
human
human
mouse
mouse
mouse
mouse
mouse
mouse

mouse

27
17
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