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Abstract

Systemic sclerosis (SSc) is a clinically heterogeneous fibrotic disease with no effective treatment.
Myofibroblasts are responsible for unresolving synchronous skin and internal organ fibrosis

in SSc, but the drivers of sustained myofibroblast activation remain poorly understood. Using
unbiased transcriptome analysis of skin biopsies, we identified downregulation of SPAG17in
multiple independent SSc patient cohorts, and by orthogonal approaches observed significant
negative correlation between SPAGI7and fibrotic gene expression. Fibroblasts and endothelial
cells explanted from SSc skin biopsies showed reduced chromatin accessibility at the SPAG17
locus. Remarkably, mice lacking Spagl7demonstrated spontaneous skin fibrosis with increased
dermal thickness, collagen deposition and stiffness, and altered collagen fiber alignment.
Knockdown of SPAG17 in human and mouse fibroblasts and microvascular endothelial cells was
accompanied by spontaneous myofibroblast transformation and markedly heightened sensitivity
to profibrotic stimuli. These responses were accompanied by constitutive transforming growth
factor-p (TGF-B) pathway activation. Thus, we discovered impaired expression of SPAG17 in SSc
and identified a new cell-intrinsic role for SPAG17 in negative regulation of fibrotic responses.
These findings shed fresh light on the pathogenesis of SSc, and may inform the search for
innovative therapies for SSc and other fibrotic conditions via SPAG17 signaling.
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INTRODUCTION

Systemic sclerosis (SSc) is an acquired chronic disease of unknown etiology characterized
by microvascular changes and fibrosis synchronously affecting the skin and multiple organs
(Allanore et al, 2015). There are currently no effective treatments to prevent or reverse
fibrosis (Distler ef af, 2019; Volkmann and Varga, 2019). Patients with SSc present with
protean clinical manifestations and follow diverse temporal trajectories to unpredictable
outcomes. Fibrosis in the skin varies from limited to diffuse, and its extent is associated with
prognosis and survival (Denton & Khanna, 2017).

The defining feature of SSc is intractable fibrosis affecting the skin, lungs, heart, and
muscle (Distler et al, 2017). Fibrosis causing progressive dysfunction in the affected organs
underlies the diverse clinical manifestations of SSc and is responsible for its high mortality
(Varga & Abraham, 2007). Fibrosis in SSc is characterized by excessive extracellular
matrix (ECM) production accompanied by accumulation and persistence of myofibroblasts
(Bhattacharyya et al, 2011; Pakshir & Hinz, 2018). Myofibroblasts originate from tissue-
resident fibroblasts as well as other stromal cell progenitors through a complex and still
incompletely-characterized series of differentiation events. These cells appear transiently in
physiological wound repair; why in pathological fibrosis they fail to disappear or re-enter a
state of cellular quiescence has been intensively studied, but to date remains unknown (Hinz
et al, 2019).
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Deploying a comprehensive approach to identify transcripts distinguishing SSc skin biopsies
from healthy controls, we identified 526 genes that were downregulated and 1,200 genes
that were upregulated in SSc compared to healthy control skin (Roberson et al., 2022).

We noted that among these genes, sperm-associated antigen-17 (SPAG17), a functionally
poorly characterized gene (Teves et al., 2016), displayed the most significant variation.
Experiments presented here revealed a unique role for SPAG17 in modulating myofibroblast
differentiation and fibrosis. Thus, SPAG17 appears to play a crucial role in regulating
connective tissue homeostasis, and its profound dysregulation in SSc patients may directly
contribute to the development or progression of skin fibrosis.

Altered SPAG17 expression in SSc skin biopsies

To uncover molecular markers associated with SSc, skin biopsies from a longitudinal
inception cohort of 19 SSc patients and 15 matched healthy controls were studied (Table
S1). RNA sequencing showed significant downregulation of SPAGZ7mRNA in SSc skin
biopsies (FC=-5.1, q=1.95 x 10~1%) (Roberson et a/., 2022). Reduced SPAG17expression
was seen in SSc patients with both limited (IcSSC; 2.70 x 10°) and diffuse cutaneous
(dcSSc, 1.41 x 10713) disease (Fig. 1A), with levels lower in dcSSc than IcSSc (2.70 x 1074,
Fig. 1B). Modest negative correlations between modified Rodnan skin scores (MRSS) and
SFPAG17 expression were noted using both non-parametric Kendall’s tau correlation (tau =
-0.32, P = 1.73 x 1072) and linear regression (MRSS = -0.03, adjusted R? = 0.23, Fig. 1C
and D).

To examine the generalizability of these findings, we analyzed SPAG17mRNA expression
in skin biopsies from an independent cohort of early- stage (mean disease duration 1.3
years) SSc (n= 48) patients and healthy controls (n=33) in the Prospective Registry for
Early Systemic Sclerosis (PRESS) cohort (Skaug et a/., 2020). Significant down-regulation
of SPAG17in dcSSc skin (fold change=0.34, p<0.001) was confirmed (Figure S1).

Next, to characterize the cell populations that express SPAG17, biopsies (HC=18 and
SSc=22) were subjected to single-cell RNA-sequencing (SCRNA-seq) analysis. SPAG17
expression was detected in multiple cell populations in the skin, with fibroblasts showing
the highest levels (about 70%). Although 75% of endothelial cells also expressed SPAG17,
levels were lower compared to fibroblasts (Fig. 1E). Minimal SPAGI7 expression was also
detected in lymphocytes, keratinocytes, and mast cells (Figure S2A). Comparison of healthy
and SSc skin biopsies showed a markedly decreased frequency of SPAGI 7-expressing
cells in SSc (Fig. 1E). SPAG17reduction was most prominent in fibroblasts, with 30% of
this cell population no longer expressing the gene. Moreover, 15% of ECs lost SPAG17
gene expression, and the remaining 60% showed reduced SPAG17 expression compared to
healthy controls. Fibroblast subclustering showed lowest SPAG17 expression in COL8AI+
fibroblasts in SSc biopsies ( Figure S2C). Notably, this fibroblast subpopulation expressed
high levels of ACT7AZ, identifying these cells as myofibroblasts.

In light of the striking downregulation of SPAGZ7mRNA noted in SSc skin biopsies (Fig.
1A), we sought to examine SPAG17 expression in skin biopsies and isolated skin fibroblasts.
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We found that SPAG17 protein was detectable in fibroblasts and vascular endothelial cells
from healthy donors, but markedly reduced in SSc biopsies ( Figure S3A). Examination of
SPAG17 in explanted skin fibroblasts showed lower expression in SSc (n=6) compared to

healthy controls (n=5) (Figure S4).

To investigate epigenetic mechanisms that might potentially account for reduced cellular
levels of SPAG17 in SSc, dermal fibroblasts and microvascular ECs isolated from SSc (n=6)
and healthy donor (n=6) skin biopsies were studied by ATAC-seq. Notably, significantly
reduced chromatin accessibility in the SPAG17 locus was observed in SSc compared to
healthy ECs and fibroblasts (Fig. 1F, Table S2).

Loss of SPAG17 in the mouse is associated with skin fibrosis recapitulating human SSc

To examine the role of SPAG17 in the skin, we used a conditional Spag7knockout mouse
model generated with Sox2-Cre mice (Kazarian et al,, 2018). Deletion of the Spagl7gene
in the skin was confirmed by RT-PCR (Figure S5B). Mice were assessed for skin phenotype
at different ages. Remarkably, Spag17/Sox2-Cre knockout mice showed significant skin
changes compared to age- and sex-matched wild-type mice. In particular, increased
accumulation of tightly packed collagen-rich ECM in the dermis; reduced thickness of the
dermal white adipose tissue (dWAT); and increased dermal thickness were greatest between
3 and 5 months of age (Fig. 2 and Figure S6). Characterization by atomic force microscopy
revealed a significant increase in mechanical stiffness, a hallmark of fibrosis, in skin from
Spag17/Sox2-Cre KO mice (Fig. 2C and Figure S7). Increased alignment of dermal collagen
bundles is a distinct feature of SSc skin accompanying fibrosis (Cao et al., 2017). We noted
striking ECM alterations in Spag7 KO mice, with a pattern of highly organized collagen
bundles compared to a more random distribution in wild-type mice (Fig. 2D). These initial
analyses indicate that loss of SPAG17 in the mouse is associated with skin changes that
resemble those seen in SSc skin. However, these studies are limited and focused on a narrow
period of age. Further studies are needed to determine disease progression and whether this
knockout shows microvascular changes and synchronos multi-organ fibrosis like SSc.

Loss of SPAG17 is associated with fibrotic signaling

To unravel mechanistic links between SPAG17and fibrosis, we first analyzed the
associations of SPAG17and differentially expressed genes in SSc. Notably, reduced
SPAG17in SSc skin biopsies was associated with upregulation of multiple genes involved in
ECM production, growth factors binding, focal adhesion, and other processes implicated in
fibrosis (Fig. 3A and Table S3).

To analyze how SPAG17 modulates fibrotic responses, we studied skin fibroblasts explanted
from Spag17/Sox2-Cre KO mice and wild-ype control mice. Unbiased transcriptome
profiling revealed differential expression of 367 genes (167 down-regulated and 200 up-
regulated; q<0.0005, Fig. 3B and C). Analysis of differentially expressed genes (DEGS)

by GO and KEGG showed significant enrichment in fibrotic programs, including integrin-
mediated signaling pathway, ECM organization, collagen fibril organization, focal adhesion,
regulation of actin cytoskeleton, TGF-p signaling, and others (Fig. 3D and E). We next
sought to evaluate similarities in differential gene expression between Spag1 7-deficient
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mouse fibroblasts and SSc skin fibroblasts using human-mouse cross-species transcriptome
analysis (Sargent et al., 2016). Comparing transcriptomes from SSc fibroblasts explanted
from patients with early diffuse cutaneous disease vs. healthy donors (Chadli et a/., 2019)
and mouse skin fibroblast explanted from Spag17/Sox2-Cre KO mice vs. wild-type control
mice showed significant overlap among differentially expressed fibrotic genes (Figs. 3F,

G, Figure S8, and Table S4). Notably, the pathways enriched with DEGs common to both
SSc fibroblasts and Spag17/Sox2-Cre KO mouse fibroblasts included ECM organization,
proteoglycans, collagen degradation, and integrin binding. We also found an overlap of
these genes with the previously defined “matrisome” gene set, which corresponds to the
ensemble of genes encoding structural ECM proteins and ECM-associated proteins (Naba et
al., 2016) (Fig. 3H). Having shown altered expression of ECM genes in Spagl7/Sox2-Cre
KO fibroblasts, we next examined protein composition of the ECM produced in vitro by skin
fibroblasts isolated from newborn wild-type (n=5), Spag17/Sox2-Cre heterozygous (n=5),

or Spagl7/Sox2-Cre KO (n=5) mice (Table S5A). Proteomic analysis identified 65 distinct
matrisome proteins (Figures S9A, B; Table S5B). Comparison of the list of ECM proteins
identified in samples from each group revealed that most proteins were detected in at least

2 or 3 of the five samples for each genotype ( Figure S9B and C, Table S5B). To identify
protein changes associated with loss of SPAG17, we further defined the “matrisome” of
each genotype as the ensemble of ECM and ECM-associated proteins detected in at least

3 of the five biological replicates for each group (Table S5C). Using this definition, the
matrisome of fibroblasts for each genotype comprised 34 proteins (wild-type), 41 proteins
(heterozygous), and 44 proteins (Spagl7/Sox2-Cre knockout, Table S5C). We found that 33
proteins were produced by wild-type, heterozygous and Spag17/Sox2-Cre KO fibroblasts in
similar abundance. This group included fibrillar collagens (Collal, Colla2, Col3al, Col5al,
Col5a2), fibrillar ECM glycoproteins such as fibronectin (Fnl) and fibrillins 1 and 2 (Fbn1,
Fbn2), and the matricellular proteins periostin (Postn), SPARC, and tenascin-C (Tnc) (Table
S5B and S5C). Interestingly, 11 matrisome proteins were uniquely detected in SPAG17
knockout but not by wild-type fibroblasts (Fig. 31 and Table S5C). Of note, lack of detection
of these proteins in wild-type fibroblasts does not necessarily mean that they are absent since
abundance level of these 11 proteins might falls under the limit of detection. Of interest,

we found the COL4AZ2 collagen type 1V alpha 2 chain, a type IV collagen associated

with laminin, nidogen, and heparan sulfate proteoglycans that constitute a major component
of nearly all basement membranes. The matricellular protein thrombospondin 2 (THBS2),

a fibrosis marker that is elevated in SSc skin and has been shown to stimulate collagen
expression (Kajihara et al., 2012), was also detected in Spag17/Sox2-Cre KO fibroblasts.
The metalloproteinases MMP14 and MMP2 and the metalloproteinase inhibitor TIMP3,
involved in collagen remodeling and implicated in fibrosis (Giannandrea & Parks, 2014),
were more abundant in ECM generated by SPAG17-deficient fibroblasts (Table S5C).

SPAG17 regulates myofibroblast transition

Accumulation of myofibroblasts originating from quiescent stromal precursor cells, and
their persistence within lesional tissues, is a canonical hallmark of SSc that underlies
intractable fibrosis in affected organs (Hinz & Lagares, 2020). To examine the impact
of SPAG17 on myofibroblast transition, we first analyzed the expression of SPAG17and
the myofibroblast marker ACTAZby scRNA-seq. Remarkably, SPAG17was virtually

J Invest Dermatol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sapao et al.

Page 6

undetectable in activated myofibroblasts in SSc skin biopsies, with SPAG17and ACTAZ
showing a striking anticorrelation (Figure S2B).

Next, we investigated how loss of SPAG17 impacted /n vitro myofibroblast transition in
human and mouse fibroblasts and endothelial cells in culture. First, we used human skin
fibroblasts with SPAG17 deleted using CRISPR/Cas9 technology ( Figures S10 and S11A),
and skin fibroblasts explanted from Spag17/Sox2-Cre KO mice (Figure S11B). Notably,
both human and mouse fibroblasts lacking SPAG17 showed increased ASMA expression
compared to control fibroblasts (Fig. 4A and C). Moreover, loss of SPAG17 in fibrtoblasts
was associated with markedly increased /n vitro collagen production (Fig. 4B, D, E and
Figure S11C-E). Pursuing a similar experimental strategy to examine SPAG17 regulation
of cell fates in human and mouse endothelial cells, we found that CRISPR/Cas9-mediated
deletion of SPAG17in human microvascular endothelial cells (HMECSs) was associated with
increased ASMA expression (Fig. 4F and Figure S12A), altered cadherin 5 localization,
and reduced focal adhesions (Fig. 4G and Figure S12B). Moreover, lung endothelial cells
explanted from Spag17/Sox2-Cre KO mice showed evidence of spontaneous EndoMT, with
increased ASMA and reduced CD31 and VE-cadherin compared to wild-type ECs (Fig.
4H-J and Figure S12C and D).

A near-universal mechanism underlying fibrotic myofibroblast transition involves Smad-
dependent canonical TGF- signaling (Lafyatis, 2014, Mori et al., 2003). Because we found
that TGF-B signaling was altered in Spag17/Sox2-Cre KO fibroblasts (Fig. 3E), we sought
to investigate SPAG17 regulation of TGF- signaling in myofibroblast transition. Mouse
fibroblasts lacking SPAG17 showed increased expression of TGFBRII (Fig. 5A and Figure
S13B). Remarkably, we consistently observed increased nuclear accumulation and activation
of Smad2 and Smad3 in Spag17/Sox2-Cre KO fibroblasts, even in the absence of exogenous
TGF-B (Fig. 5B—C and Figure S13C-D). Next, we investigated whether pharmacological
inhibition of TGF-p signaling would reverse the profibrotic phenotype. Remarkably, we
noted reduced ASMA, procollagen | and nuclear accumulation of Smad2/3 in Spag17/Sox2-
Cre KO fibroblasts treated with distinct inhibitors (Figure S14). Taken together, these ex
vivo studies with explanted human and mouse cells provide robust evidence that loss of
SPAGL17 is accompanied by spontaneous profibrotic reprogramming with myofibroblast
transdifferentiation driven in part through canonical TGF-p signaling pathways.

DISCUSSION

The pathogenesis of SSc remains poorly understood (Allanore et a/, 2015). In particular,
how fibrosis develops synchronously in multiple organs in SSc is an unanswered question
with fundamental treatment implications. Myofibroblast accumulation and sustained
activation appear to play fundamental roles in fibrosis in SSc (Bhattacharyya et a/, 2011).
Myofibroblasts in the fibrotic skin arise through reprogramming of quiescent progenitor
cells via cell-autonomous epigenetic alterations and altered metabolic states, as well as
transient transcriptional changes triggered in response to TGF-p, Hedgehog, Wnts and other
morphogens. Here, we report that expression of SPAG17is markedly downregulated in

SSc skin biopsies and skin fibroblasts, and loss of SPAG17 in mice is associated with

skin fibrosis phenocopying human SSc. Taken together with our results using isolated
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human and mouse fibroblasts and endothelial cells, these observations support a previously
unrecognized cell-autonomous function for SPAG17 as a regulator of myofibroblast
differentiation and fibrotic responses.

The pleiotropic gene SPAG17is associated with both motile cilia (Teves ef a/, 2013;
Andjelkovic et al, 2018; Abdelhamed et a/, 2020) and primary cilia (Teves et al/, 2016).

In the mouse, global deletion of Spagl7impairs primary cilia formation, resulting in
developmental defects and early neonatal death (Teves et a/, 2015), while its conditional
deletion leads to male infertility (Kazarian et a/, 2018). In humans, homozygous null
mutations in SPAG17 appear to be exceedingly rare, but were described in children with
developmental defects (Cordova-Fletes et a/, 2017) and associated with male infertility (Xu
etal, 2018), consistent with phenotypes in knockout mice (Teves et a/, 2015; Kazarian et
al, 2018). Genome-wide association studies have revealed association of the SPAG17 locus
with short stature (Weedon & Frayling, 2008; Weedon et a/, 2008; Takeuchi ef af, 2009;
Kim et al, 2010; Zhao et al/, 2010; N’Diaye et al, 2011; Wood et a/, 2014; van der Valk

et al, 2015). Interestingly, upregulation of SPAG17 has been described in several cancers
(breast, colon, gastric, lung, and melanoma) (Silina et a/, 2011). While these associations of
SPAG17 with a variety of pathological conditions suggest important biological roles (Teves
et al, 2016), the pleiotropic function and mechanisms of action of SPAG17 remain poorly
understood.

We observed reduced SPAG17expression in SSc skin biopsies, and an inverse correlation
with skin involvement. This finding was replicated in independent patient cohorts.
Remarkably, reduced SPAGI7expression in the skin was associated with the upregulation of
genes important for ECM organization, focal adhesion, and growth factors. Moreover, loss
of Spag17in the mouse was associated with spontaneous skin fibrosis phenocopying the
changes seen in patients with SSc.

We further demonstrated reduced SPAG17 expression in fibroblasts explanted from SSc
skin biopsies, suggesting that the loss of SPAG17 in SSc is an inherent and durable feature
of these fibroblasts. Indeed, genome-wide transcriptome analysis of SSc skin fibroblasts
demonstrated a 4-fold reduced expression of SPAG17compared to healthy fibroblasts
(Chadli et al, 2019).

Loss-of-function experiments with explanted human and mouse fibroblasts and ECs
demonstrated upregulation of profibrotic gene signatures, suggesting a powerful influence of
SPAGL17 in modulating cellular fibrotic responses. The mechanisms accounting for reduced
SPAG17 in SSc skin are currently unknown. While we found no evidence for the association
of SSc with hypomorphic genetic variants of SPAG17in GWAS databases (unpublished),
results from ATAC-seq analysis suggest that cell-type-specific epigenetic mechanisms
leading to altered chromatin landscape at the SPAG17locus might be responsible for
reduced SPAG17 expression in SSc fibroblasts and ECs. Further studies are needed to
determine whether this is due to DNA methylation or histone modifications, mechanisms
that are increasingly linked to the pathogenesis of SSc (Tsou et al, 2021; Tsou et al., 2021b).
Reprogramming of metabolically quiescent mesenchymal progenitor cells into activated
profibrotic myofibroblasts, a fundamental step in the evolution of all forms of pathological
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fibrosis, is triggered by profibrotic growth factors, cytokines and morphogens, as well as
biomechanical cues, mediated through a variety of receptors and intracellular signaling
pathways (Pakshir ef a/, 2020). We report here that loss of function of SPAG17 leads to
constitutive activation of canonical TGF- signaling, which might account for the observed
myofibroblast transitions and pathological fibrosis (Fig. 6). Further studies at the molecular
level will be necessary to dissect the SPAG17-interacting protein partners and elucidate their
interaction with components of TGF-p signaling pathways.

The present studies identify an entirely newl cell-autonomous role for SPAG17in the
negative regulation of fibrotic responses. The mechanisms regulating SPAG17 expression
are currently unknown, as are the factors accounting for reduced SPAGZ7mRNA in SSc
skin. Profiling differences between skin biopsy-derived healthy and SSc mesenchymal cells
indicated altered chromatin landscape at the SPAG17 locus, suggesting that epigenetic
mechanisms might be responsible for reduced SPAG17 expression in SSc, and could
represent a possible therapeutic target using epigenetic modifier drugs. Based on the present
observations, we propose here a distinct paradigm for SSc pathogenesis implicating SPAG17
loss as a driver of fibrosis. Further studies on the regulation, expression and role of SPAG17
in fibrosis and the underlying mechanisms may inform the search for innovative therapies
for SSc and other fibrotic conditions.

MATERIALS AND METHODS

A graphic outline of the orthogonal experimental strategies employed in this study is shown
in Supplementary Fig. 15.

Human Subjects

All human studies were approved by Northwestern University Institutional Review Board
and subjects provided their written, informed consent. Strategic Pharma-Academic Research
Consortium (SPARC) cohort. Patients fulfilling American College of Rheumatology
classification criteria for SSc (van den Hoogen et a/, 2013) enrolled in the SPARC
longitudinal observational cohort underwent regular follow-up evaluations and were used
for these studies (Table S1) (Roberson et af, 2022).

RNA isolation and analysis

Skin biopsy-derived transcriptome libraries were prepared and analyzed following standard
procedures (Roberson et al, 2022; Skaug et af, 2020). Detailed information is provided in
Supplementary material.

Single cell RNA-seq

Skin biopsies from SSc (n=22) patients and healthy (n=18) volunteers were processed for
single cell RNA-seq (Davis et al, 2021). Additional details are provided in Supplementary
material.

J Invest Dermatol. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sapao et al. Page 9

Assay for transposase-accessible chromatin using sequencing (ATAC-Seq)

Participants were recruited from the University of Michigan Scleroderma Program. The
study was approved by the institutional review board. Upon obtaining informed consent,
subjects (6 patients with dcSSc and 6 healthy controls matched for age, sex, and ethnicity)
underwent skin biopsies, and cultures of skin fibroblast and microvascular endothelial cells
were established. Confluent cells were subjected to ATAC-seq as previously described (Tsou
et al, 2021). Additional details are provided in Supplementary material.

SPAG17 knockout mice

All animal studies were conducted in accordance with protocol AM10297 approved by the
VCU Institutional Animal Care and Use Committee. Spagl/~mutant mice were generated by
introducing a deletion in exon 5 that leads to a premature stop codon and absent SPAG17
expression (Kazarian et al., 2018). Skin fibroblasts and lung endothelial cells were obtained
from Spagl7/Sox2-Cre line, epiblast-derived specific conditional mutant mice. Additional
detailed information is provided in Supplementary material.

Biomechanical stiffness

Stiffness in skin from wild-type and knockout mice was determined by atomic force
microscopy as previously described (Sicard et a/, 2017). Additional details are provided
in Supplementary material.

Collagen alignment

Collagen alignment was determined by Second Harmonic Generation (SHG) microscopy
in skin mouse samples as previously described (Chen et al., 2012). Additional details are
provided in Supplementary material.

SPAG17 CRISPR/Cas9 knockout cells

Human dermal fibroblasts (ATCC® PCS-201-012™) and human microvascular
endothelial cells (HMEC, ATCC® CRL-3243™) were cultured following manufacturer’s
recommendations and transfected with CRIPR/Cas9 vectors (Santa Cruz sc410482, Santa
Cruz sc418922 or Lenti-U6-SPAG17-EPCG-VSVG, Figure S16A) following standar
methods. Detailed procedures are provided in Supplementary material.

Immunocytochemistry

Cells were fixed in 4% formalin (Sigma Aldrich, St. Louis, MO) and processed for
immunolabelling (Teves et a/, 2015) using the indicated primary antibodies (Table S7).
Detailed procedures are provided in Supplementary material.

RNA-seq studies in mouse fibroblasts

Confluent skin fibroblasts from neonate wild-type and knockout (Spag7/Sox2-Cre) mice
were subjected to RNA-seq using the Illumina platform. Alignment was performed to the
mouse reference genome (NCBI/mm10). Analysis was performed using standard methods as
indicated in Supporting material.
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Preparation of cell-derived ECM for proteomic analysis

Mouse primary dermal fibroblasts were obtained from the back skin from five mice per
genotype at PO and P1 postnatal age for each genotype. Both female and male mice were
used. Fibroblasts were cultured and processed as previously reported (Franco-Barraza et al,
2016;). Additional detailed information is provided in Supplementary material.

Data availability

The mass spectrometry proteomics data can be found at http://
proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD019869, hosted at the
ProteomeXchange Consortium via the PRIDE partner repository (Perez-Riverol et a/, 2019)
with the dataset identifier PXD019869. The RNA-seq data from cultured fibroblasts have
been deposited to the BioSample database with accession PRINA776825 and can be

found at https://www.nchi.nlm.nih.gov/Traces/study/?acc=PRINA776825&0=acc_s%3Aa
and https://www.ncbi.nlm.nih.gov/sra/?term=PRINA776825.

Statistical analysis

GraphPad Prism 8 software was used for statistical analysis. Data are presented as means

+ standard error. Data were analyzed comparing the means from two groups by Student’s t-
test. Samples were considered significantly different when the p-value was < 0.05. Statistics
for large data used analysis in R. Detailed information for each method is provided in
Supplementary material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SFPAGI17is significantly downregulated in SSc. (a-c) Skin biopsies from patients with SSc
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(n=19) and healthy controls (n=15) were subjected to RNA sequencing. (a) Volcano plot
showing differentially expressed genes. (b) Expression of SPAG17. The half-violin shows
the density distribution. Black circles, baseline biopsies; red triangles, 6 months follow-up
biopsies. (c) Correlation of SPAG17and MRSS. (d) Biopsies stained with hematoxylin and
eosin (representative images). Scale bar= 400um. (€) Skin biopsies from SSc patients (n=22)
and healthy controls (n= 18) were subjected to single cell RNA-seq. Bar graph showing
percentage of cells expressing SPAG17. (f) Representative ATAC-seq plot demonstrating
reduced chromatin accessibility in the SPAGZ7locus in SSc (n= 6) vs. healthy control (n=6)
skin-derived ECs.
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Figure2:
Loss of Spag17in the mouse drives skin fibrosis. Wild-type and SPAG17 knockout mice

were sacrificed (from 3 to 11 month old) and skin was harvested. (a) Trichrome stain;
representative images. Scale bar= 100um. (b) Quantification of dermal thickness from

WT (n=35) and KO (n=42) mice; (five determinations/mouse). (c) Quantification of skin
stiffness WT (n=3) and KO (n=4). Scale bar= 50 and 30um. (d) Quantification of collagen
alignment using Second Harmonic Generation (SHG) Photophysics, WT (n=12) and KO
(n=37). Scale bar=2003BCm Results are presented as mean+SEM. *p < 0.05. Abbreviations:
WT, wild-type; KO, Spag17/Sox2-Cre knockout.
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Figure 3:
Loss of SPAG17is associated with upregulation of profibrotic genes. (a) SPAG17

association with differential gene expression from patients with SSc (n=48) and healthy
controls (n=33). (b-f) Confluent skin fibroblasts isolated from neonatal WT and KO

mice (n=5) were subjected to RNA-seq. (b) Venn diagram and (c) Volcano plot showing
differential gene expression. (d) GO pathway analysis. (€) KEGG enriched pathway
analysis. (f) Circos diagram showing cross-species analysis comparing fibroblasts from SSc
patients and from Spag?7KO mice. (g) Venn diagram comparing overlap of genes from SSc
skin fibroblasts and SpagZ7 KO mouse fibroblasts. (h) Venn diagram showing overlapping
of genes from KO fibroblast and matrisome genes from annotated database. (i) Proteomic
characterization of ECM produced in vitro by mouse skin fibroblasts.
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Figure 4:

Loss of SPAG17triggers myofibroblast transition and stimulates collagen production.
Quantification of fluorescence intensity was perfomed for all the experiments in 30 cells/
sample using ImagelJ. (aand b) Human skin fibroblasts were transfected with CRISPR/Cas9
and immunolabelled with antibodies to ASMA or procollagen | (n=3). (c-€) Confluent
fibroblasts isolated from WT and KO mice were immunolabelled with ASMA, procollagen

I or collagen 1, (n=6). (f and g) Human microvascular endothelial cells were transfected
with SPAG17 CRISPR and virus control, and immunolabelled with antibodies to ASMA,
Cadherin5 or SPAG17, (n=3). (h-j) Primary lung endothelial cells from WT and KO mice
were immunolabelled with antibodies to ASMA, VE-cadherin or CD31, (n=3). Results are

means . SEM). *p<0.05.
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Figure5:
Loss of SPAG17in fibroblasts is associated with aberrant intracellular TGF-p signaling.

Confluent skin fibroblasts from WT and KO mice were incubated in media with and without
10 ng/ml TGF-B for 72 h, and immunolabelled using antibodies to TGFBRII, SMAD2/3
and pSMAD?2/3. (a) Quantification of TGFBRII fluorescence intensity (30 cells/sample)
(n=5). (b-c) Quantification of nuclear and cytoplasmic levels of (b) SMAD2/3 (n=6). (c)
pSMAD2/3 (n=3). Results are means + SEM. *p<0.05.
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Figure6:
Proposed mechanism linking SPAG17 downregulation and SSc pathogenesis. The

mechanistic model implicates an epigenetic downregulation in the SPAG17 gene leading
to constitutive activation of TGF-p signaling followed by myofibroblast transition and
consequently expression of fibrotic genes underlying pathological fibrosis.
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