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Abstract

Objective: Systemic sclerosis (SSc) is characterized by widespread fibrosis and
vascular complications. In this study, we utilized an assay for genome-wide chromatin
accessibility to'examine the chromatin landscape and transcription factor footprints in
SSc.

Methods: Dermal endothelial cells (ECs) and fibroblasts were isolated from healthy
controls and patients with diffuse cutaneous (dc) SSc. ATAC-seq was performed to
assess genome-wide chromatin accessibility at a read depth of approximately 150
million reads/sample. Transcription factor footprinting and motif binding analysis was

performed followed by functional experiments.

Results: Chromatin accessibility was significantly reduced in dcSSc patients compared
to healthy eontrols. Differentially accessible chromatin loci were enriched in pathways
and gene ontologies involved in the nervous system, cell membrane projections and
cilia motilitys"nuclear and steroid receptors, and nitric oxide. In addition, chromatin
binding of transcription factors SNAI2, ETV2, and ELF1 was significantly increased in
dcSSc ECs, while recruitment of RUNX1 and RUNX2 was enriched in dcSSc
fibroblasts. We revealed significant downregulation of the neuronal gene NRXN1 and
upregulation of SNAI2 and ETV2 in dcSSc ECs. In dcSSc fibroblasts, downregulation of
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neuronal gene ENTPD1 and upregulation of RUNX2 were confirmed. Further functional
analysis revealed that ETV2 and NRXN1 dysregulation affected angiogenesis in ECs,
while ENTPD1 enhanced pro-fibrotic properties in dcSSc fibroblasts.

Conclusion:Our data uncovered the chromatin blueprint of dcSSc, and suggested that
neuronal-related characteristics of SSc ECs and fibroblasts could be a culprit for
dysregulated angiogenesis and enhanced fibrosis. Targeting key pathways and

transcription factors identified might present novel therapeutic approaches in SSc.

Introduction

Systemic sclerosis (scleroderma, SSc) is a chronic debilitating disease characterized by
immune activation, vascular injury, and enhanced accumulation of extracellular matrix
proteins inimany organs. The associated high mortality and morbidity for this disease is
due to lackofeffective treatment options to modify disease progression, with the
exception-of autologous hematopoietic stem cell transplant, which is restricted to a

small propertion of patients and can be associated with significant adverse events.

Although the etiology of SSc is poorly understood, work from our group and others have
generated evidence that strongly implicates epigenetic dysregulation in the
pathogenesis.of SSc (1). This is supported by the low concordance rate for SSc in twins
compared(to other autoimmune diseases (2). Indeed, we have shown that in both
endothelial cells (ECs) and fibroblasts isolated from SSc skin, epigenetic mechanisms
are critically involved in their disease phenotype. Distinct differences in genome-wide
DNA methylation pattern were reported in fibroblasts isolated from limited cutaneous
and diffuse_eutaneous (dc) SSc patients (3). The overexpressed methyl-CpG-binding
protein 2 (MeCP2) in SSc fibroblasts appeared to be anti-fibrotic, in part mediated by its
effect on target genes including PLAU, NID2, and ADA (4). In addition to DNA
methylation, changes in histone-modifying enzymes, such as the histone

methyltransferase enhancer of zeste homolog 2 (EZH2), has also been implicated in

This article is protected by copyright. All rights reserved



promoting fibrosis in SSc fibroblasts (5). We also showed that histone deacetylase 5
(HDACS) and EZH2 were both upregulated in SSc ECs and posed detrimental effects
on angiogenesis in these cells (5, 6).

In this study we_provide a comprehensive analysis of chromatin accessibility patterns in
SSc utilizing.an assay for transposase-accessible chromatin with sequencing (ATAC-
seq) with high-read density, allowing for a detailed analysis of transcription factor
recruitmentacross the genome in skin-derived SSc ECs and fibroblasts compared to

healthy controls:

Methods

Methods are provided in the Online Supplementary Material. Raw and processed
sequencing'data generated from our ATAC-seq experiments have been deposited in
Gene Expression Omnibus (GEO; accession number GSE163199).

Results

Chromatin accessibility is broadly decreased in dcSSc cells. The ATAC-seq
libraries were sequenced to an average of 150 million reads per sample. All ATAC-seq
libraries yielded fragment lengths with the expected fragment distribution and clear
nucleosomesphasing (Supplemental Figure 1A). The accessible regions identified
were mostlysenriched within 1 kb of TSSs (Supplemental Figure 1B), which is
consistent with presence of regulatory elements in these regions. We next compared
our ATAC-seq data with ENCODE open chromatin data generated using DNase-seq, as

well as ChlP-seq data targeting H3K27ac, which marks active enhancers
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(Supplemental Figure 1C). There were no publicly accessible data for H3K27ac marks
in human dermal microvascular ECs therefore we also included tracks generated from
human umbilical vascular ECs (HUVECSs). The ATAC-seq peaks from both SSc ECs
and fibroblasts overlapped with ENCODE peaks, further supporting the quality of our
data. The unsupervised clustering and principal component plots of all samples included

in our ATAC-seqg experiment are shown in Supplemental Figure 2.

Chromatinaceessibility in SSc ECs and fibroblasts was overall lower than that in normal
ECs and fibroblasts, potentially reflecting the disease state of SSc cells (Figure 1 and
2). ATAC-segqridentified a total of 558 regions that are differentially accessible in SSc
ECs comparedto normal ECs, among them 97 regions showed increased chromatin
accessibility while 461 regions had decreased chromatin accessibility in SSc cells
(Figure 1A). This corresponds to 74 and 390 genes in these regions, respectively.
Figure 1A depicts the genome tracks of the CDH2 and NLGN1 loci as two examples
showing theregions that were differentially less accessible in dcSSc ECs compared to
normal ECs, as'indicated by the decrease in peak intensity. We found that differentially
accessiblesregions in ECs were enriched in introns (Figure 1B). Less accessible peaks
in SSc ECs'were also enriched in promotor regions. Among the putative more
accessible regions, 11% were located in proximal promoters (within 1 kb of the
transcription start site, TSS), 11% in distal promoters (1 to 5 kb of TSS), 24% in exons,
41% in intronsp8% in 5’-UTR, and 5% in 3’-UTR. In the less accessible regions, 21%
were locatedsin proximal promoters, 9% in distal promoters, 21% in exons, 28% in
introns, 20% in 5’-UTR, and 1% in 3’-UTR.

To gain insight.into the functions of the genes that are located in differentially accessible
regions in SSc.ECs, we performed functional enrichment analyses using Molecular
Signatures Database and found that the top 3 pathways that these genes were
significantlysassociated with included nuclear receptor transcription, post-translational
protein modification, and nitric oxide (NO)-guanylate cyclase (Figure 1C and
Supplemental Table 2). Gene ontology analysis revealed that these genes were

significantly associated with cell projection organization, chromosome, transcription
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regulator activity, and many neuronal-related GO terms (Supplementary Table 3). We
also explored potential regulation by transcription factors among differentially accessible
genes in SSc ECs, and identified enrichment of several transcription factors including
RNF138, ZSCAN9, and BCL11A, to name a few (Figure 1D). An example of
transcription.factor gene regulatory network is shown in Figure 1E. 31 genes annotated
from differential chromatin accessible regions in dcSSc ECs were targets for regulation
by the transeription factor ZBTB33, which is a transcription factor also identified in the
HINT-ATAC"analysis in ECs as shown below.

To further eapture the relationships among the pathways and gene ontology terms
enriched in'differentially accessible regions in SSc ECs, we used ClueGO/CluePedia to
generate a network plot comprising a subset of enriched terms with the best p-values
(Figure 1F). This analysis highlights gene clusters of enriched pathways and ontology
terms related to cell membrane projections assembly and organization, cilia motility,
nuclear and-steroid receptors, nitric oxide, cilia motility, and the nervous system. The
main terms‘that majority of the genes within the network converge to were “cell
projectionterganization” and “plasma-membrane bounded cell projection assembly”.
Several neuronal genes, including NLGN1, NRXN1, and SLIT2 (highlighted by arrows)
were among differentially accessible genes shared among three pathways or ontology
terms, implicating their possible significance in SSc ECs. Similarly, a group of genes
enriched insthéithree terms related to cilium motility, cell projection assembly, and cell

projection organization are highlighted (Figure 1F).

In fibroblasts, we identified 50 genetic loci with differential chromatin accessibility
between healthy individuals and patients with dcSSc. 16 and 34 loci demonstrated
increased and.decreased chromatin accessibility, respectively, in dcSSc compared to
normal fibroblasts (Figure 2A). This corresponds to 9 and 24 genes in these regions.
These data"are consistent with overall reduced chromatin accessibility in dcSSc
patients. The genome tracks of two genes, ENTPD1 and ERBB4, were selected to
show the reduction in chromatin accessibility in dcSSc fibroblasts when compared to

normal fibroblasts (Figure 2A). Similar to the distribution of chromatin regions in SSc
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ECs, the majority of peaks were detected in the introns in fibroblasts (Figure 2B).
Among the more accessible regions, 10% were located in distal promoters, 10% in
exons, 80% in introns, while none in proximal promoter, 5-UTR, and 3’-UTR. In the less
accessible regions, 16% were located in proximal promoters, 8% in distal promoters,
13% in exons;55% in introns, 8% in 5’-UTR, and none in 3'-UTR. The 33 genes that
were located indifferential chromatin accessibility regions were subjected to gene
ontology‘analysis and they were enriched in “neuron projection”, “post-synapse”, and
“postsynaptic‘membrane” (Figure 2C and Supplemental Table 4). They were also
potential targets of transcription factors PBX1, IRF1, NFKB1, and EGR1, among others
(Figure 2C). 44 differentially accessible genes in dcSSc fibroblasts are regulated by the
transcription'factor EGR1 (Figure 2D), which was also independently identified from our
HINT-ATAC analysis shown below. CTTNBP2 was the only overlapping gene that was
differentially accessible in both cell types and showed reduced accessibility in dcSSc

ECs and fibroblasts compared to normal cells.

As shown in our analysis above, the genes located in differentially accessible regions in
both ECsand fibroblasts appeared to be enriched in pathways that are involved in the
nervous_system. Indeed, gene ontology analysis of loci associated with differentially
accessible regions from both cell types revealed a significant enrichment in neuron
differentiation, neurogenesis, synapse, neuron development, neuron projection, post-
synapse, and‘axon development; 8 out of the top 14 most significant gene ontologies
(Figure 2E)=Gene network analysis also showed significant clustering of gene
ontologies'and pathways related to the nervous system, as indicated by the arrows, and
highlights cilia-related genes (Figure 2F). To ensure that the enrichment in neuronal
pathways and.ontologies among differentially accessible genes in dcSSc ECs and
fibroblasts.were not a result of contaminating neuronal cells, we co-stained dcSSc ECs
and fibroblasts with the neuronal marker NEFM and endothelial or fibroblast markers
VE-cadherinior a-SMA, respectively. As shown in Supplemental Figure 3, there was

no contamination of neuronal cells.
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To gain more insights into the relationship between chromatin accessibility and gene
transcription, we extracted publicly-available RNA-seq data generated from dermal
fibroblasts from healthy controls and dcSSc patients (n=3 each) from Gene Expression
Omnibus (GEO; accession number GSE130313). 17 of 33 genes located in differentially
accessible regions in dcSSc fibroblasts had detectable expression levels. Among them,
only 2 genes showed significant changes in transcription; NAB1 was significantly
downregulated;"and RELL 1 was significantly upregulated. Both genes were located in
differentially”less accessible regions in dcSSc fibroblasts. NAB1 codes for NGF1A-
binding protein, which is a corepressor for early growth response (Egr) transcription
factors. RELL#codes for receptor expressed in lymphoid tissues like protein 1, and it
activates the MAPK pathway when overexpressed. Since there is no available RNA-seq
data for SSc ECs, we were unable to compare the overlapping genes at a genome-wide

transcriptional level with differential chromatin accessibility results.

Transcriptionfactor binding analysis at open chromatin regions in SSc cells.
Within the accessible chromatin regions, putative transcription factors can be detected
since the 'narrow genomic regions occupied by transcription factors are protected from
Tn5. We.used HINT-ATAC to identify enriched putative transcription factor motifs, which
are sequences that bind to specific transcription factors, in the open chromatin regions
of both ECs and fibroblasts comparing healthy cells to dcSSc cells. In ECs, TFDP1,
ZBTB33, E2F4;, NFYA, and HINF, among others, bind more in normal ECs compared to
dcSSc ECspas’indicated by their positive activity score (Figure 3A and Supplemental
Table 5). In dcSSc ECs, we observed significantly more binding of ETV2, SNAI2, and
ELF1 compared, to healthy ECs (Figure 3A and Supplemental Table 5). The footprints
of these transcription factors are shown in Figure 3B. The putative transcription factors
differentially.recruited in ECs between dsSSc patients and healthy controls, identified in
the HINT-ATAC analysis, were enriched in pathways critical to telomere maintenance,
TGFB-regulated pathways, nerve growth factor (NGF) pathways, and P53 pathways
(Figure 3C and Supplemental Table 6).
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To help us understand the regulatory role of the transcription factors enriched in dcSSc
ECs, we extracted gene sets from the TRANSFAC Predicted Transcription Factor
Targets and CHEA Transcription Factor Targets databases (7, 8) for SNAI2 and ELFA1,
respectively. For ETV2, the gene list generated via ChlP-seq in in vitro differentiated
embryonic stem cells was used (9). Pathway analysis revealed that SNAI2-target genes
are enriched innuclear receptor transcription and SUMOylation, and that ETV2-target
genes are'enriched in nervous system development and axon guidance (Supplemental
Table 7). Wealso examined the degree of overlap between differentially accessible
genes in ECs between patients and controls and the identified target genes for SNAI2,
ETV2, or ELE4y Between the SNAI2-target genes and the differentially accessible
ATAC-seqg-annotated genes identified, there were 4 genes that overlapped (CACYBP,
RXRA, SP4, and THRB). Between the ELF1-target gene set and the differentially
accessible genes there were 17 overlapping genes (ARRDC2, AZI2, CCNG1, CD320,
EAF2, EDRF1, ESPL1, FAM171A2, GHITM, KCNN1, MYO9B, PDE4A, RAPGEFG6,
SLC12A4,.SPTY2D1, TTC14, and XPC). For ETV2, there were 89 genes overlapping
between genes’identified by ATAC-seq and the published ChIP-seq data
(Supplemental Figure 4). These include genes involved in neural-related pathways
such as CDHZ2, NLGN1, ROBO1, and SLIT2, as well as genes involved in longevity
regulating pathway and vascular endothelial growth factor pathway (Figure 3D). Based
on these results, the significant enrichment of genes involved in the nervous system
identified inthe differential chromatin accessibility analysis between dcSSc and normal
ECs (Figure:1C and 1F) might be driven by enriched ETV2 binding in dcSSc ECs.

Because our analysis in ECs described above suggests involvement of
aging/senescence related pathways, including telomere maintenance, P53, and
longevity regulating pathways (Figure 3C and 3D), we examined the expression of
CDKN1A (gene encoding for p21) in normal and dcSSc ECs. As shown in Figure 3E,
CDKN1A was,significantly elevated in dcSSc ECs, suggesting a senescent phenotype.

In normal fibroblasts, HINT-ATAC analysis identified more binding of NRF1, TCFL5,
ZBTB33, E2F4, and TFDP1, among other transcription factors, compared to fibroblasts
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from dcSSc patients (Figure 4A and Supplemental Table 8). In dcSSc fibroblasts,
significant enrichment of RUNX1 and RUNX2 was observed compared to normal
fibroblasts (Figure 4A and Supplemental Table 8). The transcription factor footprints
are shown_in Figure 4B. When we performed pathway enrichment analysis, the
transcription.factors with differential recruitment across the genome between dcSSc and
normal fibreblasts were significantly enriched in TGFB-regulated pathways, NGF
pathways, sighaling by neurotrophin receptors (NTRKSs), and telomere maintenance
(Figure 4C and"Supplemental Table 9). We extracted the gene sets regulated by
RUNX1 and RUNX2 from the CHEA Transcription Factor Targets database (7), and
identified 1263«target genes that are regulated by both RUNX1 and RUNX2. Pathway
analysis examining RUNX1 and RUNX2-target genes revealed enriched pathways
including GPCR signaling and chromatin modification for RUNX1, and infection-related
pathways and G alpha signaling for RUNX2 (Supplemental Table 10). We also
examined the pathways enriched in the 1263 overlapping genes regulated by both
RUNX1 and"RUNX2 and found that pathways involved in signal transduction, immune
system, and axon guidance were enriched (Figure 4D). Examining the differentially
accessiblesgenes in dcSSc fibroblasts compared to controls identified in our ATAC-seq
experiments'and the gene set from CHEA Transcription Factor Targets databases for
RUNX1 revealed 16 genes that overlapped (ABTB2, APBA2, ARHGEF7, ARPP21,
ATG7, CNKSR3, CPA5, CTTNBP2, DISC1, FARS2, GABRA4, IPCEF1, NAB1, RELL1,
SMARCAZ2yand TMEM39B). Between the RUNX2 target gene set from the CHEA
TranscriptionsFactor Targets databases and genes located in differentially accessible
regions from ATAC-seq in fibroblasts, there were 9 that overlapped (ABTB2, CNKSR3,
GABRA4, IPCEF1, NAB1, RANBP17, RELL1, SPATA16, and TRIM62). To examine
whether the.senescent phenotype shown in dcSSc ECs is also present in dcSSc
fibroblasts, we.measured CDKN1A and show Figure 4E, CDKN1A expression and
show signifieantly higher levels in dcSSc fibroblasts compared to normal fibroblasts
(p<0.05).

Functional validation studies. To explore whether the differentially accessible genes

or putative transcription factors enriched in dcSSc ECs or fibroblasts were differentially
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expressed between normal and dcSSc cells, we performed qPCR to examine the
MRNA levels of selected genes and transcription factors. We chose neuronal-related
genes, including CDH2, NLGN1, and NRXN1, which were differentially less accessible
in dcSSc ECs for follow up studies since we observed many enriched pathways in the
nervous system from our analyses (Figures 1 and 3). We also examined the expression
of ETV2, ELE1;and SNAI2, which were identified as transcriptional factors with more
binding in d€SS¢ ECs compared to healthy ECs in our HINT-ATAC analysis. Among the
selected genesand transcription factors in ECs, NRXN1 was significantly
downregulated, while ETV2 and SNAI2 were significantly upregulated in dcSSc ECs
when compared to normal ECs (Figure 5A). We also examined the expression of
SNAI1, whiech works alongside SNAI2 in many physiological pathways in ECs. The
expression of SINA/1 was also significantly increased in dcSSc ECs. To examine
whether these differentially expressed genes or transcription factors have any effect on
endothelial.function, we knocked down either ETV2 or NRXN1 in human dermal
microvascularECs (HMVECs) and performed matrigel tube formation assays. As shown
in Figure 5B,"NRXN1 knockdown in HMVECs led to significant reduction in tube
formation=ln contrast, ETV2 knockdown in HMVECs significantly increased tube
formation«(Figure 5C). These results suggest that upregulation of ETV2 and
downregulation of NRXN1 in dcSSc ECs renders these cells to a more anti-angiogenic

state.

In fibroblasts;we measured the expression of two neuronal-related genes with reduced
chromatin/accessibility in dcSSc, ERBB4 and ENTPD1. We also measured the
expression of the transcription factors RUNX7 and RUNX2, which showed more binding
in dcSSc fibroblasts in our HINT-ATAC analysis. ENTPD1 was significantly
downregulateddn dcSSc fibroblasts, while RUNX2 was significantly upregulated in
dcSSc fibroblasts (Figure 6A). To examine whether ENTPD1 plays a role in modulating
myofibroblast phenotype, we overexpressed ENTPD1 in dcSSc fibroblasts and
measured pro-fibrotic genes ACTA2 and COL1A1. We found that overexpression of
ENTPD1 resulted in significant upregulation of ACTA2 and COL1A1 (Figure 6B),

suggesting that ENTPD1 is pro-fibrotic in dcSSc. To further validate our observation, we
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also performed functional studies using dcSSc fibroblasts. Overexpression of ENTPD1
significantly enhanced gel contraction (Figure 6C), and increased cell proliferation and

wound closure in dcSSc fibroblasts (Figure 6D and 6E).

Discussion

We report a global reduction in chromatin accessibility in ECs and fibroblasts isolated
from dcSSc patients. In addition, we unveiled an unexpected neuronal signature in loci
associatedwwithydifferentially accessible regions from both cell types in dcSSc. By
applying HINT=ATAC approaches, we defined the transcription factor footprints in
dcSSc ECs and fibroblasts at a genome-wide level. In all, this study uncovered genes

and proteins:that can serve as potential biomarkers or treatment targets for SSc.

Global changes in chromatin accessibility have been reported in many other diseases.
In metastatic cancer cells, genome-wide increase in chromatin accessibility has been
reported to drive disease progression (10). In contrast, neurodegenerative diseases
such as age-related macular degeneration is associated with reduced chromatin
accessibility (114). Interestingly, aging has also been reported to be associated with
global decrease'in chromatin accessibility (12). Our results raise the possibility that the
genome-wide reduction in chromatin accessibility could be a reflection of accelerated
aging and'senescence in dcSSc. Indeed, senescence is evident in SSc, as telomere
shortening, which is a hallmark for senescence and aging has been reported (13).
Interestingly,.the transcription factors involved in both cell types showed significant
enrichmentiin_pathways related to hTERC and hTERT, which are critical for telomerase
regulation (Figure 3C and 4C). In addition, the longevity-regulating pathway was
enriched in overlapping genes between ones annotated from differentially accessible
chromatin regions in dcSSc ECs and reported ETV2-target genes (Figure 3D). We
confirmed the presence of senescence and aging phenotype in both dcSSc ECs and

fibroblasts, as demonstrated by increased expression of COKN1A (Figure 3E and 4E).

The global reduction in chromatin accessibility in dcSSc ECs might be due to

upregulation of histone deacetylases (HDACs). Histone lysine acetylation alters the
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charge on histone side chains resulting in an open chromatin configuration that allows
transcription factors to bind and enhances gene transcription. We reported previously
that in dcSSc ECs, several members of class || HDACs, including HDACS5, were
significantly upregulated (6). When we knocked down HDACS in dcSSc ECs, an
increase in_chromatin accessibility, as measured by ATAC-seq, was observed. This
mechanism,might also be relevant in dcSSc fibroblasts, as various HDACs, including
HDAC1"and"HDACG6, have been reported to be overexpressed in dcSSc fibroblasts

when compared to their normal counterparts (14).

Through pathway enrichment and gene ontology analysis of the genes annotated in
differentially"accessible chromatin regions in ECs, we observed an enrichment in genes
involved in NO-j cilia-, and extracellular matrix (ECM)-related pathways. The NO- and
ECM-related pathways observed from our analysis are not surprising, since they have
been implicated in the pathogenic phenotype of SSc ECs. It has been shown that NO
productiondistimpaired in SSc ECs due to downregulation of endothelial NO synthase
(15). Thesercells also exhibit a mesenchymal-phenotype with enhanced endothelial-to-
mesenchymal transition that leads to higher ECM expression (16, 17). Although the role
of cilia infibrosis has been implicated in SSc (18), their involvement in EC function has
not been examined. Interestingly, primary cilia, which are microtubule-based organelles,
play critical roles in maintaining vascular barrier (19). They also act as mechanosensors
in the blood'Vessels that are critical for vascular functions and development (20). These
events are pertinent to SSc vasculopathy, and therefore, further investigation of the

involvement of ciliary dysfunction in SSc is warranted.

We observed.an enrichment in genes that are involved in the nervous system. This was
also one of thedop enriched pathways in the transcription factors identified from HINT-
ATAC in both"ECs and fibroblasts (Figure 3C and 4C). Although this neuronal signature
might be surprising at first, the dysregulation of neuro-endothelial mechanisms has
been suggested to be critical in initiating microvascular abnormalities such as
Raynaud’s phenomenon in SSc (21). Indeed, disruption in the peripheral nervous

system, including morphological and functional changes, has been reported in SSc (22).
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As the nervous and the vascular systems share anatomical patterns and many cellular
mechanisms, it is not surprising that ECs express receptors for axon guidance
molecules, which are grouped in 4 major families: Slit/Robo,
Semaphorin/Plexin/Neuropilin, Netrin/Unc5/DCC, and Ephrin/Eph (23). It has been
shown that.in.dcSSc ECs, dysregulation of these pathways leads to defective
angiogenesis (24-26). Specifically, SLIT2, which was located in the less accessible
regions in 'SSE"ECs that are reported to be upregulated in these cells, shows potent
anti-angiogeniceffects (24). The reason for the discrepancy between chromatin
accessibility and transcription might be multifactorial, including increased expression of
specific activating transcription factors, reduced mRNA decay, or reduced microRNA
regulation in"SSc. Nonetheless, the studies mentioned above echo our pathway
analysis where we detected significant enrichment in pathways involving axon

guidance.

In additionderaxon guidance pathways, we also observed enrichment in synaptic-related
genes, including CDH2, NLGN1, and NRXN1. Besides their role in the nervous system,
these genes,are also critical in promoting EC angiogenesis. Loss- or gain-of-function
experiments'showed that CDH2 significantly promoted angiogenesis both in vitro and in
vivo (27). In a chicken chorioallantoic membrane system, a monoclonal recombinant
antibody against NRXN1 blocked angiogenesis, whereas exogenous NLGN1 promoted
angiogenesis(28). We showed that the promoters of these genes are less accessible in
dcSSc thanwnermal ECs (Figure 1A), and among them, NRXN1 was significantly
downregulated in dcSSc ECs (Figure 5A). We further demonstrated that NRXN1
downregulation,inhibits the angiogenic potential of HMVECs (Figure 5B), suggesting
that lower levels of NRXN1 might contribute to dysregulated angiogenesis in dcSSc
ECs.

Similar to what was observed in ECs, the enrichment of the genes associated with the
nervous system in dcSSc fibroblasts might also play relevant a role in fibrosis. ERBB4,
which codes for receptor tyrosine-protein kinase ErbB-4, is a key cellular receptor for

neuregulin growth factors. In mice, ErbB-4 deletion accelerated renal fibrosis and renal
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injury (29). In addition, the anti-fibrotic effect of neuregulin growth factor-1/ErbB-4
pathway in the heart, skin, and lungs is linked to its anti-inflammatory activity in
macrophages (30). Another example is ENTPD1, which codes for ectonucleoside
triphosphate diphosphohydrolase 1 or CD39. In the nervous system, it hydrolyzes ATP
to regulate neurotransmission. The deletion of ENTPD1/CD39 in mice promoted biliary
injury and fibrosis by acting on gut-imprinted CD8+ T cells and macrophages (31, 32).
Since thesetwo' genes were annotated in differentially less accessible regions of the
chromatin’in“deSSc fibroblasts (Figure 2A), it is possible that they are downregulated in
SSc and contribute to the exacerbated fibrosis phenotype in this disease. Indeed, when
we examineddtheir expression in dcSSc fibroblasts, ENTPD1 was significantly
downregulated‘compared to normal fibroblasts (Figure 6A). Follow-up functional
studies showed that ENTPD1/CD39 is pro-fibrotic, as it enhanced myofibroblast
functions (Figure 6B-E). The downregulation of this gene in dcSSc fibroblast appears to

be a protective mechanism in these cells.

When comparing the transcription factor footprints in dcSSc ECs, we found significant
enrichment.of SNAI2 and ETVZ2 in dcSSc ECs when compared to normal ECs. SNAI2 or
Slug, is a-neurogenic transcription factor that belongs to the Snail family of zinc finger
transcription factors. It works with SNAI1 (or Snail) in processes involving epithelial- or
endothelial-to-mesenchymal transition (33, 34). In addition, it was found to be critical in
angiogenicssprouting in ECs (35). Here we report that both SNAI1 and SNAI2 were
upregulateduinddcSSc ECs. Since increased in endothelial-to-mesenchymal transition
has been gbserved in dcSSc ECs (16), the enrichment of SNAI2 might play a critical
role in this_process. ETV2, coding for transcription factor Ets variant 2, appears to be
one of the key.drivers for the enriched neuronal signal we observed in genes annotated
in differentially.accessible regions in dcSSc ECs. It is critical in promoting blood vessel
formation asswell as reprograming non-endothelial cells into cells displaying endothelial
phenotypes«(36). As the regulatory network of ETV2 includes VEGF signaling, Notch
pathways, MAPK signaling, and Ephrin signaling (Supplemental Table 7)(9), its
upregulation in dcSSc ECs would be expected to promote healthy EC function.

Interestingly, when we knockdown ETV2 in HMVECs, we observed a significant
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increase in tube formation (Figure 5C), pointing to its role in regulating angiogenesis in
SSc.

In the HINT-ATAC analysis, we identified several transcription factors that are less
accessible in.dcSSc ECs and fibroblasts, including ZBTB33 and EGR. ZBTB33, which
codes for Kaiso, is a transcription factor but it also has the ability to bind to methylated
DNA. Therefore, ZBTB33 can function as a transcriptional activator or repressor. In
ECs, Kaiso protects ECs from apoptosis via regulating BCL2, BAX, and BIK, through its
binding partner p120ctn (37). The role of Kaiso in fibroblasts is not clear. However
silencing Kaiseuin breast cancer cells attenuated TGFf signaling and TGFBR1
expression(38), suggesting that this transcription factor might play a role in TGF[3-
related pathways in fibroblasts. The pro-fibrotic nature of EGR family of transcription
factors in SSc has been well documented (39-41). In ECs, EGR3 appears to be an
essential downstream mediator of VEGF-mediated endothelial functions (42) while

EGR1 supports'FGF-dependent angiogenesis (43).

The transeription factor RUNX2, which is enriched and upregulated in dcSSc dermal
fibroblastsybelongs to the runt-related transcription factors. These RUNX proteins play
critical roles in diverse cellular processes including proliferation, differentiation,
epithelial-to-mesenchymal transition, and inflammation. Studies have shown crosstalk
between RUNX2 and pro-fibrotic signaling pathways, including TGFB and Wnt pathways
(44, 45). Funetionally, the effect of RUNX2 on fibrosis appears to be organ-specific.
RUNX2-deficient mice showed exacerbated ureteral obstruction-induced kidney fibrosis,
accompanied with enhanced TGFf-signaling (46). In contrast, RUNX2, which is
significantly.expressed in human type 2 diabetic aorta, induced aortic fibrosis and
stiffening in.mice (47). In the lung, the involvement of RUNX2 in fibrogenesis is cell-type
dependent (48). Knockdown of RUNX2 in alveolar epithelial type Il cells decreased
profibrotic sighals, whereas fibroblasts deficient in RUNX2 showed increased ECM
production. The role of RUNX proteins in SSc has not been fully explored. Our previous
studies revealed that RUNX1, RUNX2 and RUNX3 were all hypomethylated in

fibroblasts from both dcSSc and limited cutaneous SSc patients compared to healthy
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individuals (3). However, their functional relevance in these cells were not explored.
Recently, lower expression of RUNXS in dendritic cells was shown to be associated with

enhanced fibrosis in mice (49).

While the reduction in chromatin accessibility observed in ECs and fibroblasts in dcSSc
might be a hallmark of the disease, it is not clear whether this observation contributes to
the pathogenesis of the disease itself, or is a mere representation of adaptive
responses‘in‘thése cells to function in the disease environment. In addition, our study
did not accountfor the cellular heterogeneity and cell subsets of ECs and fibroblasts
within the skinmFurther functional studies and experiments to identify the molecular
mechanisms and specific cell subtypes that mediate the global change in chromatin

landscape in SSc are warranted

In summary, we provided novel information identifying open and closed chromatin
regions in bothtECs and fibroblasts in dcSSc. In addition, we characterized the
transcription factor footprints in these cells and revealed the complex networks of
transcription, factors and their target genes, thereby allowing us to explore the potential
mechanisms of dysregulated angiogenesis and enhanced fibrosis in this disease.
Indeed, we identified the significant involvement of neuronal genes in SSc, specifically
NRXN1 and ENTPD1, that are critical in both EC and fibroblast functions. Through
HINT-ATAC analysis followed by functional validation we also showed the impact of
ETV2 overexpression in dcSSc ECs. The data presented enhances our understanding
of the involvement of epigenetic dysregulation at the chromatin architectural level in
SSc.
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Figure legends

Figure 1: ATAC-seq captures chromatin accessibility in dcSSc ECs. (A) Volcano plot of
differentially.aceessible genes between normal and SSc ECs. Values with logFC > 1 or
logFC < -1and adjusted P-value < 0.05 are highlighted in green and blue, respectively
(left). Representative ATAC-seq tracks at CDH2 and NLGN1 gene loci in normal and
dcSSc ECs (right). Both genes are neuronal-related genes. (B) Genomic distributions of
differentially acecessible chromatin regions identified by ATAC-seq in ECs. Each color
representssasgenomic feature, as shown in the right part of the plot. Opening and
closing refers«to higher and lower chromatin accessibility in dcSSc relative to normal
ECs, respectively (C) Pathway enrichment analysis of loci annotated to all differentially
accessible regiens in dcSSc ECs. (D) Gene regulatory network analysis for transcription
factor targets using iRegulon, showing the top 18 most significant enrichments.
Normalized Enrichment Score corresponds to a false discovery rate between 3% and

9%. (E) An example of a gene regulatory network showing differentially accessible
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genes identified by ATAC-seq in dcSSc ECs that are targets of the transcription factor

ZBTB33. (F) Network analysis representing genes annotated to differentially accessible
chromatin regions in dcSSc ECs compared to controls. The node size corresponds with
the significance_of the term it represents within the network. Colored portions of the pie
charts represent the number of genes identified from the ATAC-seq experiment that are

associated\with the term.

Figure 2: Analysis of chromatin accessibility profiles in dcSSc fibroblasts. (A) Volcano
plot of differentially accessible genes between normal and SSc fibroblasts. Values with
logFC > 1 er logFC < -1 and adjusted P-value < 0.05 are highlighted in green and blue,
respectively(left). Representative ATAC-seq tracks at ENTPD1 and ERBB4 loci in
normal and dcSSc fibroblasts (right). (B) Genomic distributions of differentially
accessible chromatin regions identified by ATAC-seq in fibroblasts. Each color
represents.a genomic feature, as shown in the right part of the plot. Opening and
closing referitothigher and lower chromatin accessibility in dcSSc relative to normal
fibroblasts, respectively (C) Gene ontology analysis of loci associated with differentially
accessiblesregions in dcSSc fibroblasts (left). Gene regulatory network analysis for
transcription factor targets using iRegulon, showing the top 18 most significant
enrichments. Normalized Enrichment Score corresponds to a false discovery rate
between 3% and 9% (right). (D) An example of a gene regulatory network showing
differentially"accessible genes identified by ATAC-seq in dcSSc fibroblasts that are
targets of thestranscription factor EGR1. (E) Major gene ontology category annotations
of genes associated with differentially accessible chromatin in both SSc ECs and
fibroblasts. (F) Network analysis of differentially accessible chromatin regions identified
in both dcSSc.ECs and fibroblasts. The node size corresponds with the significance of
the term it represents within the network. Colored portions of the pie charts represent
the number.of genes identified from the ATAC-seq experiment that are associated with

the term. The clusters related to the nervous system are highlighted by arrows.
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Figure 3: The most enriched transcription factor motifs and their target genes in SSc
ECs. (A) HINT-ATAC motif analysis of regions in normal and dcSSc ECs. The top 3
transcription factors with significant differential activity values in ECs are shown. The
activity score indicates the difference in activity in normal compared to dcSSc ECs
(Normal-dcSSc). A positive score indicates increased transcription factor binding in
normal ECs, and a negative score indicates increased binding in dcSSc ECs. The
consensus‘sequences of transcription factor motifs are illustrated, and the height of the
letter represents how frequently that nucleotide is observed in that particular position in
each motif. (B) The footprint profiles of ETV2, SNAI2, and ELF1 generated from ECs.
(C) Pathway analysis of the putative transcription factors identified in ECs. The top 14
are shown.(D)'Pathway analysis of differentially accessible genes in dcSSc ECs that
overlap with ETV2-target genes reported in Liu et al. (E) The expression of CDKN1A in
dcSSc ECs is significantly increased compared to normal ECs. n=number of subjects.

Data are shown as mean +/- S.D.

Figure 4:“The most enriched transcription factor motifs and their target genes in dcSSc
fibroblasts«(A) HINT-ATAC motif analysis of regions in normal and dcSSc fibroblasts.
The top 3 transcription factors with significant differential activity values in fibroblasts
are shown. The activity score indicates the difference in activity in normal compared to
dcSSc fibrablasts (Normal-dcSSc). A positive score indicates increased transcription
factor binding«in normal fibroblasts, and a negative score indicates increased binding in
dcSSc fibroblasts. (B) The footprint profiles of RUNX1 and RUNX2 generated from
fibroblasts. (C) Pathway analysis of the putative transcription factors identified in
fibroblasts.. The.top 14 are shown. (D) Pathway analysis of target genes regulated by
both RUNX1.and RUNX2 identified using the CHEA Transcription Factor Targets
database. (E) The expression of COKN1A in dcSSc fibroblasts is significantly increased
compared tornormal fibroblasts. n=number of subjects. Data are shown as mean +/-
S.D.
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Figure 5: Functional relevance of genes and transcription factors identified by ATAC-
seq and HINT-ATAC analysis in ECs. (A) The mRNA expression levels of selected
genes were analyzed in normal and dcSSc dermal ECs showing significant
downregulation of NRXN1 and upregulation of ETVZ2, SNAI1, and SNAI2 in dcSSc
compared to.normal controls. (B) Knockdown of NRXN1 significantly decreased tube
formation in.a matrigel tube formation assay. A representation of 3 independent
experiments‘is'shown. (C) Knockdown of ETV2 results in a significant increase in
angiogenesisiin‘a matrigel tube formation assay. A representation of 3 independent

experiments is shown. Data are shown as mean +/- S.D.

Figure 6: Functional relevance of genes and transcription factors identified by ATAC-
seq and HINT-ATAC analysis in fibroblasts. (A) The expression of ENTPD1 is
significantly downregulated while RUNX2 is upregulated in dcSSc fibroblasts. (B)
Overexpression of ENTPD1 in dcSSc fibroblasts results in upregulation of ACTAZ and
COL1A1. (€)Qverexpression of ENTPD1 in dcSSc fibroblasts enhanced gel contraction
compared to cells transfected with control vectors. (D) Increased cell proliferation in
ENTPD1-transfected dcSSc fibroblasts compared to controls. Cell confluence is
measuredsby IncuCyte®. A representation of 4 dcSSc patients is shown. (E) ENTPD1-
overexpressing dcSSc fibroblasts migrate faster to close the wound gap compared to
control-transfected cells. Wound confluence is measured by IncuCyte®. The analysis of
representative'pictures at 0 and 44 hours for each group is shown. White color in the
pictures deneotes cells. Data shown are a representation of 4 dcSSc patients. Data are

shown as mean +/- S.D.
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