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Mindin (SPON2) Is Essential for Cutaneous
Fibrogenesis in a Mouse Model of Systemic
Sclerosis
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Systemic sclerosis is a fibrotic disease that initiates in the skin and progresses to internal organs, leading to a poor
prognosis. Unraveling the etiology of a chronic, multifactorial disease such as systemic sclerosis has been aided by
variousanimalmodels that recapitulatecertainaspectsof thehumanpathology.Wefoundthat the transcription factor
SNAI1 isoverexpressed in theepidermisofpatientswith systemic sclerosis, anda transgenicmouse recapitulating this
expression pattern is sufficient to induce many clinical features of the human disease. Using this mouse model as a
discovery platform, we have uncovered a critical role for the matricellular protein Mindin (SPON2) in fibrogenesis.
Mindin is produced by SNAI1 transgenic skin keratinocytes and aids fibrogenesis by inducing early inflammatory
cytokine production and collagen secretion in resident dermal fibroblasts. Given the dispensability of Mindin in
normal tissue physiology, targeting this protein holds promise as an effective therapy for fibrosis.
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INTRODUCTION
Tissue fibrosis is a pathological condition in which the
diseased or damaged tissue is replaced by excessive extra-
cellular matrix, leading to tissue hardening and loss of organ
function. Secretion of extracellular matrix by activated fi-
broblasts (myofibroblasts) is a physiological response of the
wound healing program. However, unlike canonical dermal
wound healing, in the context of fibrosis, fibroblasts remain
persistently activated and are likely sustained through posi-
tive feedback loops between fibroblast activation, inflam-
mation (Wynn, 2008), tissue stiffness (Nakasaki et al., 2015),
and vascular damage (Enzerink and Vaheri, 2011). When
critical organs such as the lungs, heart, kidney, or liver
become affected, the consequences of such overscarring
become fatal. For this reason, fibrosis is a major contributor to
many diseases and w 40% of mortalities worldwide (Wynn,
2007).

An example of a fibrotic disorder with a poor prognosis is
scleroderma, a group of skin fibrotic disorders with different
subtypes classified by the extent of tissue involvement. The
subcategories of scleroderma are localized scleroderma and
systemic scleroderma or systemic sclerosis (SSc). Localized
scleroderma is limited to affecting only certain areas of the
skin (Denton and Khanna, 2017). In contrast, SSc is a pro-
gressive fibrotic disease with inflammatory, autoimmune, and
vascular defects (Van Den Hoogen et al., 2013). Fibrosis
characteristically initiates in the skin of distal extremities. The
skin manifestations are limited to these areas in the case of
limited SSc; however, large areas of skin are involved in cases
of diffused SSc (dSSc). Unlike localized scleroderma, which
negatively impacts the QOL, SSc can progress to involve
estigative Dermatology. This is an open access
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critical organs such as the lungs, heart, and kidney often with
fatal consequences.

A number of mouse models have been developed to un-
derstand the molecular basis of SSc and to be used as a
platform for potential therapeutic development (Yue et al.,
2018). The current mouse models recapitulate at least one
of the clinical hallmarks of SSc, although a holistic animal
model that can mimic the full spectrum and progressive na-
ture of the human SSc disease is limited. One of these
models, the Fli1þ/‒ Klf5þ/‒ haploinsufficiency mouse, can
exhibit the later symptoms of SSc: vasculopathy, fibrosis, and
the progressive involvement of internal organs (Noda et al.,
2014). A mouse model that can manifest the earliest symp-
toms of the disease such as Raynaud-like phenomenon and
puffy fingers (both indicative of vascular defects of SSc) fol-
lowed by chronic inflammation, systemic autoimmunity,
progressive fibrosis in the skin, and involvement of other in-
ternal organs would be a valuable tool to increase our un-
derstanding of the etiology of SSc and illuminate new ways to
treat this disease.

RESULTS
The SNAI1 transgenic mouse recapitulates clinical features
of scleroderma patients

In light of the upregulation of SNAI1 in multiple fibrotic tis-
sues (Boutet et al., 2006; Goyal et al., 2016; Jayachandran
et al., 2009; Rowe et al., 2011), we analyzed the expres-
sion of this transcription factor in the human fibrotic skin
disease scleroderma (SSc). Quantitative PCR analysis of skin
biopsies revealed an w5-fold increase in SNAI1 relative to
that in normal skin biopsies (Figure 1a). Furthermore, we
observed that the expression of the SNAI1 protein is localized
in the nucleus of basal epidermal keratinocytes (KCs) in pa-
tients with SSc (Figure 1b), whereas it is undetectable in
normal skin. We previously developed a transgenic (Tg)
mouse with SNAI1 targeted to the basal layer of the epidermis
(SNAI1 Tg) (Jamora et al., 2005) (Figure 1b) and that develops
dermal fibrosis (Nakasaki et al., 2015; Pincha et al., 2018a).
Interestingly, although the RNA of the SNAI1 transgene is
expressed from neonatal to adulthood (Figure 1c), the protein
is detected only neonatally (Figure 1d). Consequently, the
transient expression of the SNAI1 protein in the epidermis is
sufficient to initiate the program dermal fibrogenesis.

To test the extent towhich the SNAI1 Tgmouse recapitulates
the diagnostic characteristics of SSc, we benchmarked the
phenotype against the clinical parameters as defined in the
European League Against Rheumatism and the American
College of Rheumatology 2013 criteria (Van Den Hoogen
et al., 2013). The most dramatic gross phenotypes in the
SNAI1 Tg mice at postnatal day 9 are puffy tails with necrotic
ulcers, shiny skin (Figure 1e), and puffy paws with edema
(Figure 1f). These features are similar to puffy fingers and
necrotic lesions of digital ulcers observed in the tips of the
fingers or toes in patients with SSc (Schiopu et al., 2010). One
of the earliest signs of SSc is Raynaud’s phenomenon, in which
the blood vessels in the extremities contract upon exposure to
cold stress, leading to the discoloration of the tissue (Wigley
and Flavahan, 2016). A brief cold challenge was applied to
the tail of mice on postnatal day 9 for 2 minutes and was
observedby four independent viewerswhowere blinded to the
Journal of Investigative Dermatology (2023), Volume 143
genotype of the mice. The cold challenge led to blanching of
the tissue in theTgmouse that later recovered after 24hours but
had no discoloration effect in the wild type (WT) mice
(Figure 1g).

One of the later hallmarks of the SSc is the development of
autoantibodies against nuclear proteins (Takehara and Sato,
2005). Interestingly, the serum from SNAI1 Tg mice on
postnatal day 60 contained antibodies against nuclear pro-
teins (Figure 1h and Supplementary Table S1), although this
observation was not consistently reproducible in the serum
collected from mice on postnatal day 9. SSc is a progressive
disease, in which fibrosis starts in the extremities but later
involves internal organs. In line with this, we observed that
SNAI1 Tg mouse on postnatal day 60 showed vascular
leakage in the lung (Figure 1i), which is often an early sign of
lung involvement in SSc (Bruni et al., 2018). However, we
did not observe any evidence of lung fibrosis at this age
(Supplementary Figure S1a). Another major organ involved in
scleroderma is the heart (Champion, 2008), and cardiac ab-
normalities usually portend poorly for the patient. Echocar-
diography examination revealed that SNAI1 Tg mice aged 1
year present with cardiac hypertrophy. This is manifested as
increases in heart size, left ventricle wall thickness, increased
ejection fraction and fractional shortening, and decreased left
ventricle volume at systole (Figure 1j and Supplementary
Figure S1b). Furthermore, in later stages of dSSc skin, skin
ulcers are commonly observed over the extensor surfaces of
the body (Suliman et al., 2017). Consistent with this, the
dorsal neck lesions first appear in mice on postnatal day 90
(Supplementary Figure S1c) and can be observed in Tg mice
that are aged 1 year (Supplementary Figure S1d).

In summary, five of the European League Against Rheu-
matism and the American College of Rheumatology classifi-
cation criteria for SSc were met in the SNAI1 Tg mice
(Supplementary Table S2). Overall, the characterization of
the SNAI1 Tg mice shows that transient expression of this
transcription factor is sufficient to launch the development of
fibrosis. Moreover, similar to the clinical sequelae of SSc, the
fibrotic phenotypes are long lasting in the Tg mouse and
eventually encompass the skin, connective tissue, and inter-
nal organs.
SNAI1 Tg mice recapitulate histological and molecular
characteristics of SSc

At the histological level, skin from patients with SSc exhibits
an early increase in dermal thickness and a later loss of
dermal white adipose tissues (Marangoni et al., 2015). The
dermal thickness of the SNAI1 Tg skin was significantly
increased by w1.5-fold relative to that of WT as early as
postnatal day 9 and increased to w3-fold at postnatal day 60
(Figure 2a and b). However, the loss of dermal white adipose
tissues was significant only in Tg skin at postnatal day 60
(Figure 2a and b). We also observed an increase in the
amount of collagen (Figure 2c and d) (Nakasaki et al., 2015)
and fibronectin (Supplementary Figure S2a and b) in the
dermis of neonatal mice that substantially increases as the
mice age. In summary, these data suggest that fibrogenesis
initiates neonatally and progresses until it is most pro-
nounced in the adult skin.
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Figure 1. The SNAI1 Tg mouse recapitulates the diagnostic feature of scleroderma. (a) qPCR for expression of SNAI1 gene in healthy skin (n¼6patients) and skin

from patients with SSc (n¼ 12 patients) and performed in three technical replicates. (b) Immunohistochemistry for SNAI1 protein in skin sections. The black dotted

line denotes the basement membrane that separates the epi from the der. Arrows denote positively stained cells. Bar¼ 20 mm. (c) qPCR for SNAI1 expression inWT

and SNAI1 Tgmice skin samples taken on P9 (WT, n¼ 5; SNAI1 Tg, n¼ 6), P15 (WT, n¼ 5; SNAI1 Tg, n¼ 6), and P60 (WT, n¼5; SNAI1 Tg, n¼ 5). All sampleswere

performed in three technical replicates for qPCR. (d)Western blot for SNAI1 using skin samples. (e) Gross appearance of tail. (f) Gross appearance of paws. (g) Cold

challenge test for Raynaud’s phenomenon. Images of the tail were taken before and after exposure to ice. Recovery was 24 hr after cold challenge. (h) Antinuclear

antibody staining using serum collected from P60 mice. Bar ¼ 100 mm (serum dilution 1:10). (i) Lungs of P60 mice were analyzed for vascular leakage using dye

extravasation assay (WT, n ¼3 mice; SNAI1 Tg, n ¼ 3 mice; three measurements per mouse). (j) Comparison of gross anatomy (left panel) and echocardiogram

(middle panel) of the heart of WTand SNAI1 Tg mice aged 1 year. Bar ¼ 5 cm. Comparison of values for ejection fraction and fractional shortening obtained

from echocardiogram betweenWT (n¼ 12 mice) and SNAI1 Tg (n¼ 8mice) mice (right panel). Error bars represent mean� SEM. P-value was calculated using (a)

Mann‒WhitneyU test and (c, i, j)Welch’s t-test. *P< 0.05, **P< 0.01, and ***P< 0.001. der, dermis; epi, epidermis; hr, hour; P15, postnatal day 15; P60, postnatal

day 60; P9, postnatal day 9; SnTg, SNAI1 transgenic; SSc, systemic sclerosis; Tg, transgenic; WT, wild type.
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Given the early onset of this phenotype, we investigated
the mechanisms underlying fibrogenesis in the SNAI1 Tg
mouse, by analyzing the transcriptome of postnatal day 9 skin
through RNA sequencing. A total of 353 genes were differ-
entially expressed (log2 fold change > 1.5 for upregulated or
� 1.5 for downregulated, adjusted P < 0.05), and of these,
www.jidonline.org 701
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Figure 2. SNAI1 Tg mice recapitulate histological and molecular characteristics of SSc. (a) H&E staining of skin sections. Block lines denote dermal thickness,

and lines with double-headed arrows denote dWAT thickness. Bar ¼ 100 mm. (b) Quantification of dermal and dWAT thickness in P9 WT (n ¼ 4) and SNAI1 Tg

(n ¼ 4) and P60 WT (n ¼ 4) and SNAI1 Tg (n ¼ 4) mice (each dot represents an individual mouse, two microscopic fields per mouse were analyzed). (c)

Immunofluorescence of K5 (red) and collagen 1 (green). Bar ¼ 100 mm. (d) Quantification of dermal collagen staining in P9 WT (n ¼ 4 mice) and SNAI1 Tg (n ¼
4 mice) and P60 WT (n ¼ 5 mice) and SNAI1 Tg (n ¼ 5 mice) mice (two microscopic fields per mice were analyzed). (e) qPCR for inflammatory cytokines gene

expression in WT (n ¼ 8 mice) and SNAI1 Tg (n � 6 mice) skin at P9 (three technical replicates per mouse were performed). (f) qPCR for inflammatory cytokines

gene expression in WT (n ¼ 9 mice) and SNAI1 Tg (n ¼ 7 mice) skin at P60 (three technical replicates per mouse were performed). (g) Immunofluorescence of

K5 (red) and CD11b (green). Bar ¼ 100 mm. (h) Quantification of the number of CD11bþ cells per microscopic field in P9 WT (n ¼ 3 mice) and SNAI1 Tg (n ¼ 3

mice) and P60 WT (n ¼ 3 mice) and SNAI1 Tg (n ¼ 3 mice) mice (two microscopic fields per mouse were counted). (i) Immunofluorescence of K5 (red) and CD3

(green). Bar ¼ 100 mm. (j) Quantification of the number of CD3þ cells per microscopic field in P9 WT (n ¼ 3 mice) and SNAI1 Tg (n ¼ 3 mice) and P60 WT (n ¼
3 mice) and SNAI1 Tg (n ¼ 3 mice) mice (two microscopic fields per mouse were counted). The error bars represent mean � SEM. P-value was calculated using
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276 genes were upregulated, and 77 were downregulated
(Supplementary Figure S2c and d). WEBGSALT (WEB-based
Gene SeT AnaLysis Toolkit) analysis (Liao et al., 2019)
revealed enrichment of Gene Ontology terms associated with
an inflammatory response (Supplementary Figure S2e). Of the
upregulated genes in the SNAI1 Tg mice with known human
orthologs, 60 (35%) were also upregulated in patients with
early dSSc (GSE130955 [Skaug et al., 2020]) (Supplementary
Figure 2f) (2% overlap, representation factor ¼ 3.1, P <
9.495e-17). Given the early onset of fibrosis in the SNAI1 Tg
mice, we compared the gene profile with that of pediatric
patients with localized SSc (Mirizio et al., 2021) and found
14% orthologous genes overlapped (GSE166861 [Mirizio
et al., 2021]) (Supplementary Figure S2f) (1.28% overlap,
representation factor 2, P < 7.724e-4). Interestingly, the
overlapping genes were enriched in inflammatory genes
(Supplementary Figure S2g and h). Moreover, genes from the
RNA-sequencing data such as CXCL1, CCL12, CCL20, and
S100A9 were also elevated in SNAI1 Tg skin at postnatal days
9 and 60 (Figure 2e and f and Supplementary Table S3).
In addition, inflammatory signals found in SSc such as IL-6,
IL-10, IL-4, CXCL10, and monocyte chemotactic protein-1
(Crescioli et al., 2018; Fukayama et al., 2020; Hudson
et al., 2005; Kawaguchi, 2017; Raja and Denton, 2015;
Salmon-Ehr et al., 1996) were also upregulated (Figure 2e
and f and Supplementary Table S3). In contrast, IL-17F did not
show any significant upregulation. Consistent with the
upregulation of inflammatory cytokine expression, we
observed a marked increase in the number of CD11bþ cells
(such as monocytes, neutrophils, and macrophages)
(Figure 2g and h), T cells (Figure 2i and j), and mast cells
(Supplementary Figure S2i and j) in the SNAI1 Tg skin.

Secreted Mindin (SPON2) from SNAI1 Tg KCs mediates
fibrogenesis

The central process in the establishment of dermal fibrosis is
the activation of fibroblasts intomyofibroblasts (Schuster et al.,
2021) that are capable of secreting excessive amounts of
extracellular matrix proteins and many inflammatory cyto-
kines. Thus, the source of these activated fibroblasts has
generated widespread interest. The canonical role of SNAI1 in
mediating an epithelial‒mesenchymal transition during
embryogenesis is widely extrapolated to be a method to pro-
duce activated fibroblasts from neighboring SNAI1-expressing
epithelial cells. Surprisingly, lineage tracing analysis revealed
that none of the dermal fibroblasts in the Tg skinwere a product
of an epithelial‒mesenchymal transition (Figure 3a). The
b-galactosidase staining observed in the dermis was localized
to sebaceous glands (Supplementary Figure S3a) owing to the
hyperplasia that we have previously reported (Du et al., 2010).
These data suggest a non‒epithelial‒mesenchymal transition
function of SNAI1 to activate resident dermal fibroblasts
through the exchange of signals between the epidermal and
dermal compartments.

To test this hypothesis, we collected conditioned media
(CM) from WT and SNAI1 Tg epidermal explants and
=
(b, e, f, h, j) two-tailed Welch’s t test and (d) ratio-paired t test. *P < 0.05, **P < 0

tissue; epi, epidermis; K5, keratin 5; ns, nonsignificant; P60, postnatal day 60; P

transgenic; WT, wild type.
assessed their sufficiency to activate primary dermal fibro-
blasts using a collagen contraction assay. Interestingly, SNAI1
Tg epidermal CM induced 1.7-fold higher activity than the
WT CM (Supplementary Figure S3b). However, the epidermis
is not a homogenous tissue of KCs but also contains other cell
populations, including resident immune cells. To determine
whether the Tg KCs are the source of the fibroblast-activating
signal(s), we used CM from SNAI1 Tg primary KCs and found
that it was sufficient to induce collagen contraction
(Figure 3b) and significantly upregulated a-smooth muscle
actin expression (Supplementary Figure S3c). Furthermore,
primary dermal fibroblasts treated with SNAI1 Tg KCs CM
resulted in a significant upregulation of CXCL1 and IL-6 but
not of RANTES, IL-17F, and IL-4. However, CCL12, CCL20,
and IL-1b were downregulated by SNAI1 Tg CM (Figure 3c
and Supplementary Table S3). What then is the factor(s) in the
SNAI1 Tg CM responsible for fibroblast activation? We have
previously reported that Fibulin-5 and PAI-1 are secreted by
SNAI1 Tg KCs that contribute to fibrosis by altering tissue
stiffness (Nakasaki et al., 2015) and mast cell recruitment
(Pincha et al., 2018a), respectively. However, we found that
ablating these genes from SNAI1 Tg background only results
in a partial reduction of the fibrotic phenotype. This incom-
plete abrogation of the fibrotic phenotype implies that other
factors are involved in fibrogenesis, each contributing in an
additive or synergistic manner. Thus, we have been system-
atically analyzing different proteins secreted by SNAI1 Tg
KCs to understand their potential role(s) in mediating the
fibrotic phenotype in the mouse model. Another protein
secreted by SNAI1 Tg KCs is Mindin (Badarinath et al., 2022),
an F-spondin family protein (also known as SPON2), which
has previously been reported to be overexpressed in some
solid tumors (Feng et al., 2019; Kang et al., 2020; Lu et al.,
2020; Qian et al., 2012; Schmid et al., 2016; Yuan et al.,
2017) and fibrotic conditions (Moon et al., 2009;
Murakoshi et al., 2011a; Sun et al., 2015; Yang et al., 2020;
Zhang et al., 2018). In pathological contexts, Mindin has
been implicated in allergic (Tighe et al., 2011), inflammatory,
and fibrotic diseases (Murakoshi et al., 2011a; Wang et al.,
2013; Yang et al., 2020; Zhang et al., 2018), and over the
years, it has emerged as a prognostic and diagnostic
biomarker for multiple carcinomas (Feng et al., 2019; Liao
et al., 2010; Lu et al., 2020; Parry et al., 2005; Schmid
et al., 2016; Yuan et al., 2017; Zhang et al., 2015). Mindin
has also been reported as a proinflammatory and profibrotic
molecule in fibrotic conditions such as renal fibrosis (Yang
et al., 2020), atherosclerosis (Zhang et al., 2018), Ehlers‒
Danlos syndromes (Chiarelli et al., 2019), and Reinke’s
edema (Grill et al., 2021) and cardiac remodeling post-
myocardial infarction (Moon et al., 2009). It is a proposed
biomarker for diabetic nephropathy (Murakoshi et al.,
2011a), osteoarthritis (Balakrishnan et al., 2014), and pros-
tate cancer (Qian et al., 2012). Mindin is also seemingly
involved in response to injury. For instance, the urinary
secretion of Mindin in diabetic nephropathy is a result of
podocyte injury (Murakoshi et al., 2011b). Mindin has also
.01, ***P < 0.001, ****P < 0.0001; ns, P > 0.05. dWAT, dermal white adipose

9, postnatal day 9; SnTg, SNAI1 transgenic; SSc, systemic sclerosis; Tg,
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been shown to activate NF-kB signaling in ischemic brain
injury and regulate the production of inflammatory cytokines
and infarct size (Wang et al., 2013).

Interestingly, we found that Mindin is overexpressed in the
skin biopsies from patients with SSc (Figure 3d). Moreover,
Mindin RNA is exclusively expressed by SNAI1 Tg but not
WT epidermal KCs (Figure 3e). Because Mindin is known to
impact macrophages (Jia et al., 2005; Li et al., 2020), T cells
(Li et al., 2006), and proinflammatory signaling pathways
(Guleng et al., 2010; Yang et al., 2020), we postulated that
Mindin may be required for the inflammatory microenvi-
ronment of the SNAI1 Tg skin that is crucial for fibrogenesis.
In this regard, we found that ablating Mindin expression in
the SNAI1 Tg background resulted in a drastic reduction in
the number of infiltrating T cells and CD11bþ cells (such as
monocytes, neutrophils, and macrophages) in postnatal day 9
skin (Figure 3f‒h). However, there was no significant
reduction in the number of mast cells in SNAI1 Tg/Mindin-
knockout skin (Supplementary Figure S3d and e), which we
have previously shown is regulated by PAI-1 (Pincha et al.,
2018a).

As expected, inflammatory cytokine expression of IL-10,
CXCL-1, and CCL-20, which was upregulated in the skin of
the SNAI1 Tg mice on postnatal day 9, was reduced in SNAI1
Tg/Mindin-knockout mice (Figure 3i and Supplementary
Table S3). Interestingly, the reduction in T cells and CD11bþ

cells (Supplementary Figure S3f‒i) and inflammatory cyto-
kines (Supplementary Figure S3j) was only apparent in post-
natal day 9 but not in postnatal day 60 skin. By postnatal day
60, other inflammatory signals in the SNAI1 Tg skin may
override the early protection provided by removing Mindin in
the Tg background.

Mindin stimulates proinflammatory cytokines in fibroblasts
that drive fibrogenesis

We postulated that because Mindin is secreted from SNAI1
Tg KCs, it may need a relay system to recruit immune cells
from circulation. One link between the epidermis and
vasculature may be the activated fibroblasts, which have
emerged as an important signaling node for coordinating
various processes associated with fibrogenesis (Davidson
et al., 2021). In particular, myofibroblasts secrete a number
of inflammatory cytokines and chemokines.

To examine the potential effect of Mindin on fibroblasts,
we treated primary dermal fibroblasts with recombinant
Mindin and performed an RNA-sequencing analysis. We
found that 1,232 genes were upregulated and that 1,274
genes were downregulated (adjusted P < 0.001, log2 fold
change > 0.5, or log2 fold change � 0.5). Interestingly, we
found that the majority of Gene Ontology terms enriched for
the upregulated genes are related to inflammatory processes
(Supplementary Figure S4a) and, in particular, are involved
in macrophage and T-cell migration and recruitment
=
Tg (n ¼ 3 mice), and SNAI1 Tg/Mindin-KO (n ¼ 3) mice (two microscopic field

(i) qPCR for inflammatory cytokines gene expression in WT (n ¼ 8 mice), SNAI1

technical replicates per mice were performed; WT and SNAI1 Tg data are same a

using (b, c) two-tailed Welch’s t test, (d) Mann‒Whitney U test, and (g‒‒i) one-wa

0.001, and ****P < 0.0001. aSMA, a-smooth muscle actin; b-Gal, b-galactosida
keratin 5; KO, knockout; MCP-1, monocyte chemotactic protein-1; ns, nonsignifi

transgenic; WT, wild type.
(Supplementary Figure S4b). Thus, although Mindin is known
to directly aid in the recruitment of macrophages (Jia et al.,
2005), it may also act on fibroblasts to increase the levels
of cytokine expression that can amplify the signal for the
migration and homing of immune cells into the skin. In line
with this, we found a significant overlap of 16 genes in
Mindin-treated fibroblasts and in SNAI1 Tg mouse skin
(Supplementary Figure S4c) (representation factor ¼ 1.9, P <
0.009), which were enriched for inflammatory processes
(Supplementary Figure S4d). Similarly, there is a significant
overlap of 182 upregulated genes between patients with early
dSSc and Mindin-treated fibroblasts (Supplementary
Figure S4e and f) and an overlap of 44 genes with pediatric
patients with localized SSc (Supplementary Figure S4g and
h). Many genes such as Rantes, Cxcl1, Il6, Il1b, Ccl12, and
Ccl20 that we found to be upregulated in the SNAI1 Tg skin
were confirmed by qPCR analysis of primary dermal fibro-
blasts treated with Mindin (Figure 4a and Supplementary
Table S3). However, not all inflammatory cytokines found
in the SNAI1 skin can be recapitulated by Mindin-treated
fibroblasts. For instance, IL-6, IL-17F, and IL-4 showed no
change or were downregulated.

We then assessed the dependence of the SNAI1 Tg
phenotype on Mindin. In neonatal skin, we observed that the
heightened dermal thickness in the SNAI1 Tg skin was
reduced to WT levels on ablation of Mindin (Figure 4b and c).
Even in adult skin (postnatal day 60), the 3.2-fold increase in
dermal thickness in the SNAI1 Tg skin was substantially
reduced, although it remained slightly higher than WT levels.
Remarkably, the loss of dermal white adipose tissue seen in
the adult Tg skin is reversed on deletion of Mindin in the
SNAI1 background. Likewise, the levels of dermal collagen
were reduced during deletion of Mindin in the SNAI1 back-
ground in both neonatal and adult mice (Figure 4d and e). In
addition, many of the symptoms associated with scleroderma
that are recapitulated in the SNAI1 Tg mouse are substantially
reduced when Mindin is removed from the Tg background
(Supplementary Table S2). Altogether these data reveal that
Mindin plays a critical role in SNAI1-mediated fibrogenesis
because the absence of this matricellular protein largely
attenuates the fibrotic phenotype.

DISCUSSION
We report a mouse model on the basis of the Tg over-
expression of SNAI1 in the basal epidermal KCs to mimic its
expression in the SSc skin (Figure 4f). Of the seven criteria of
the 2013 American College of Rheumatology/European
League Against Rheumatism (Van Den Hoogen et al., 2013),
the SNAI1 Tg mouse matched at least five: puffy fingers;
Raynaud’s phenomenon; necrotic tip ulcers; the presence of
antinuclear antibodies; and thickening of the skin, especially
in the paws and tail. Although the leather-like appearance
s per mouse were counted; WT and SNAI1 Tg data are same as in Figure 2j).

Tg (n � 6 mice), and SNAI1 Tg/Mindin-KO (n ¼ 3 mice) skin at P9 (three

s in Figure 2e). The error bars represent mean � SEM. P-value was calculated

y ANOVA followed Tukey’s post hoc analysis. *P < 0.05, **P < 0.01, ***P <

se; CM, conditioned media; EMT, epithelial‒mesenchymal transition; K5,

cant; P9, postnatal day 9; SnTg, SNAI1 transgenic; SSc, systemic sclerosis; Tg,
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(lesion) of the skin on the paws and tail was apparent, it is
difficult to clearly score sclerodactyly owing to the natural
curling of the murine paws. Similarly, red spots and sores
were observed in the paws and limbs of SNAI1 Tg mice and,
in later stages, on lesions around the dorsal neck area.
However, whether they represent telangiectasia will require
further evaluation.

The robust inflammatory phenotype in the SNAI1 Tg
mouse begs the question of how the expression of SNAI1 in
epidermal KCs leads to the dermal infiltration of immune
cells. Interestingly, the function of SNAI1 in our mouse model
of cutaneous fibrosis is epithelial‒mesenchymal transition
independent and relies on signaling proteins such as Mindin.
Although Mindin is well-known as a matricellular protein (Jia
et al., 2005), it can also participate in cell signaling pathways
such as a pathogen-associated molecular pattern to directly
recruit macrophages (He et al., 2004). In this study, we present
evidence that Mindin can activate primary dermal fibroblasts
leading to the expression of inflammatory cytokines and
chemokines that can recruit both adaptive and innate immune
cells to the skin. This observation is consistent with a previous
finding that Mindin can activate proinflammatory signaling
through the NFkB pathway in HK-2 cells (Guleng et al., 2010;
Wang et al., 2013; Yang et al., 2020). Furthermore, we found
that Mindin is essential for the early inflammatory response in
the SNAI1 Tg mouse. Crippling this cutaneous inflammation
through the genetic knockout of Mindin completely abrogated
the dermal fibrosis in the neonatal (postnatal day 9) SNAI1 Tg
mouse. That said, the temporal analysis of the SNAI1 Tg
phenotype has revealed an intriguing aspect of fibrosis. In
contrast to the neonatal SNAI1 Tg mouse, as the mouse
reached adulthood, the absence of Mindin in the postnatal
day 60 mouse did not sustain the reduction of cutaneous
inflammation. Nevertheless, there was still a substantial
decrease in dermal thickness in the absence of Mindin in the
adult SNAI1 Tg mouse, albeit not to levels comparable with
that in WT skin. Consistent with this was our observation that
Mindin can increase collagen expression in dermal fibroblasts
(Kataria et al., 20221). Together, these observations suggest
that inflammation is more important at the initial stages of
fibrogenesis rather than at the later stages of the pathogenesis
or in the maintenance of this pathology. This is consistent with
the model that inflammation is an early driver of scleroderma,
whereas the later stages of the disease are marked by fibro-
proliferation (Milano et al., 2008; Skaug et al., 2020). In
addition, the transient effect of Mindin on inflammation
despite its effective suppression of fibrosis suggests that this
matricellular protein likely has other important roles such as
regulating the activity of myofibroblasts.

Altogether the data suggest that specific targeting of SNAI1
and/or Mindin has the potential to fill the gap in effective
therapeutic targets to halt the progression of SSc. In line with
this, Mindin is also upregulated in other mouse models of SSc
(Supplementary Figure S5). Moreover, Mindin has also been
reported as a proinflammatory and profibrotic molecule in
other conditions (Chiarelli et al., 2019; Grill et al., 2021;
1 Kataria S, Rana I, Badarinath K, Zaarour RF, Kansagara G, Zirmire RK, et al.

Mindin differentially regulates fibroblast subpopulations via distinct members of

the Src family kinases during fibrogenesis. bioRxiv 2022.
Moon et al., 2009; Yang et al., 2020; Zhang et al., 2018). A
note of caution is worthwhile because all fibrotic tissues may
not be completely the same, and the role of Mindin may not
be universal in all tissues as a profibrotic factor. For instance,
Mindin has been implicated to be antifibrotic in liver steatosis
(Zhu et al., 2014) and possibly in cardiac hypertrophy (Bian
et al., 2012).

MATERIALS AND METHODS
Animal studies

C57Bl6 (WT) mice were obtained from The Jackson Laboratory (Bar

Harbor, Maine), Mindin-knockout mice were obtained from You-

Wen He (Duke University, Durham, NC), and the SNAI1 Tg

mouse was described earlier (Jamora et al., 2005).

Gene expression

RNA extraction and PCR analysis were as previously described (Pincha

et al., 2018a). Primer sequences are presented in Supplementary

Table S4.

Human SSc skin

Analysis of human skin was as previously described (Nakasaki et al.,

2015). Characteristics of patients’ samples are provided in

Supplementary Table S5. Human skin samples were acquired

following written, informed consent by the donors.

Transcriptome data analysis

Thedifferential gene expression analysiswas performed using theCLC

genomics workbench differential expression analysis tool (Gallardo-

Escárate et al., 2014). The functional and pathway enrichments of

the Gene Ontology terms and Kyoto encyclopedia of genes and ge-

nomes pathways (Kanehisa and Goto, 2000) associated with the

differentially expressed transcripts were analyzed through WebGes-

talt tool (Liao et al., 2019). The P-values were corrected by Benjamini

and Hochberg false discovery rate correction method, and the false

discovery rate < 0.05 was considered statistically significant

(Benjamini and Hochberg, 1995). Differentially expressed genes in

the skin of human early dSSc were derived from GSE130955 (Skaug

et al., 2020), and those of the skin of pediatric patients with local-

ized scleroderma were from GSE166861 (Mirizio et al., 2021). Venn

diagrams were obtained using Venny 2.1 (Oliveros, 2007). Repre-

sentation factor and P-value were calculated using exact hypergeo-

metric probability using the program (http://nemates.org/MA/progs/

representation.stats.html).

Mindin expression in fibrotic mouse models

We searched gene expression omnibusmicroarray datasets for different

mouse models fromGSE61728 (Long et al., 2015), GSE71999 (Sargent

et al., 2016), GSE17914 (Greenblatt et al., 2012), GSE97546 (Lv and

Liu, 2017),GSE77326 (LeBleu, 2020), GSE200425 (Biasin et al., 2022),

GSE31950 (Wang et al., 2012), GSE10849 (Augustus et al., 2008),

GSE36496 (Wu and Brooks, 2012), GSE200409 (Chiba and Matsu-

moto, 2022).

Western blot

Western blotting was performed as previously reported (Pincha

et al., 2018a). Antibodies used were hemagglutinin (1:1,000, ab

9110, Abcam, Cambridge, United Kingdom) and b-actin (1:4,000,

A2228, Sigma-Aldrich, St. Louis, MO). The horseradish peroxidase‒
labeled secondary antibodies (Jackson ImmunoResearch Labora-

tories, West Grove, PA) were used at 1:5,000. Blots were developed

on an ImageQuant LAS4000.
www.jidonline.org 707
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Histology and immunohistochemistry

Skin tissues were analyzed as previously reported (Pincha et al.,

2018a) using the following antibodies at 1:200: keratin 5, collagen

1 (ab21286, Abcam), CD11b (ab8878, Abcam), CD3 (14-0041-85,

eBiosciences, San Diego, CA), fibronectin (ab2413, Abcam), or

serum. Secondary antibodies (Jackson ImmunoResearch Labora-

tories) were used at 1:300. Images were captured with an Olympus

IX73 microscope or FV1000 confocal microscope and analyzed

with Fiji software.

For quantification of dermal thickness, multiple measurements

were made along the length of the H&E-stained sections perpen-

dicular to the epidermis. The collagen and fibronectin staining was

quantified by measuring the integrated density of staining in the

dermis.

Raynaud’s assay

Postnatal day 9 (neonatal) mice tails were kept on ice for approxi-

mately 2 minutes. The color change assessment was made by four

independent observers while performing the cold challenge test, and

images were captured with a camera immediately after the cold

exposure and again after 24 hours.

Vascular leakage

Leakage of Evans Blue dye was performed as in the study by Wick

et al. (2018).

Echocardiography

Cardiac function in WT and SNAI1 Tg mice at age 1 year was per-

formed and analyzed as previously reported (Dhandapany et al.,

2021).

Lineage tracing

K14-Cre R26R were crossed with K14-SNAI1 Tg mice to generate

K14-Cre R26R/K14-SNAI1 Tg, and skin sections were probed for

expression of b-galactosidase and a-smooth muscle actin using

immunohistochemistry.

Cell culture

Primary dermal fibroblasts and epidermal KCs were isolated and

cultured as described earlier (Nakasaki et al., 2015; Nowak and

Fuchs, 2009). To collect CM WT and SNAI1 Tg, KCs were seeded

in a 10-cm dish in low calcium E-media as described previously

(Bhatt et al., 2022). On reaching confluency, low calcium E-media

was replaced with serum-free low calcium E-media. CM was

generated from confluent plates of WT and SNAI1 Tg KCs incubated

for 16 hours in serum-free media. Primary fibroblasts were seeded in

a 3.5 cm dish (150,000 cells/dish), and on reaching 80% confluency,

they were treated with CM (1:1 ratio of CM and DMEM) from WTor

SNAI1 Tg KCs for 16 hours. For accessing the effect of Mindin on

fibroblasts, the primary fibroblasts seeded in a 3.5 cm dish (150,000

cells/dish) were treated with either buffer or Mindin (w200 ng/ml)

for 16 hours.

Mindin purification

Histidine-tagged Mindin was purified from CM collected from Chi-

nese hamster ovary‒Mindin cells using Ni-NTA beads (Thermo

Fisher Scientific, Waltham, MA) according to the manufacturer’s

instructions.

Collagen contraction assay

Collagen contraction assay using rat tail collagen plugs (08-115, 1

mg/ml, MilliporeSigma, Burlington, MA) was previously reported

(Pincha et al., 2018b).
Journal of Investigative Dermatology (2023), Volume 143
Statistics

Comparisons of the two groups were done using a two-tailed

Welch’s t test or Mann‒Whitney U test. Paired data were analyzed

using ratio-paired t test. One-way ANOVA followed by Tukey’s

posthoc analysis was used for multiple-group comparisons. Graph-

Pad Prism 6 (GraphPad Software, San Diego, CA) was used for all

statistical analyses. Data represent the mean � SEM. P < 0.05 were

considered significant.

Study approval

Animal work was approved by the inStem Institutional Animal Ethics

Committee following the norms specified by the Committee for the

Purpose of Control and Supervision of Experiments on Animals

(Government of India). Acquisition and processing of the human

tissue were conducted according to the protocol approved by the

Institutional Review Board of the Christian Medical College Vellore

(Vellore, India). Informed consent was obtained from all patients for

skin sample collection and experimentation. All experimental work

was approved by the Institutional Biosafety Committee and the

Institutional Human Ethics Committee of inStem.
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Datasets related to this article can be found at https://www.ncbi.nlm.
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Supplementary Figure S2. SNAI1 Tg mice recapitulate histological and molecular characteristics of SSc. (a) Immunofluorescence imaging for K5 (red) and
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(n ¼ 3) and SNAI1 Tg (n ¼ 3) mice. Red ¼ upregulated, blue ¼ downregulated. (d) Volcano plot of upregulated and downregulated genes. (e) Biological

processes based on GO term enrichment of genes upregulated in the skin of the SNAI1 Tg mice. (f) Comparison between upregulated genes of P9 SNAI1 Tg mice

with upregulated genes from patients with SSc in GEO dataset (GSE130955 [Skaug et al., 2020], diffused scleroderma) and (GSE166861 [Mirizio et al., 2021],
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pediatric localized scleroderma). (g) Biological processes based on GO term enrichment of upregulated genes common in the skin of the SNAI1 Tg mice and SSc

(GSE166861 [Mirizio et al., 2021], pediatric localized scleroderma). (h) Biological processes based on GO term enrichment of upregulated genes common in

the skin of the SNAI1 Tg mice and SSc (GSE130955 [Skaug et al., 2020], diffused scleroderma). (i) Toluidine blue staining for mast cells in WT and SNAI1 Tg at

P9 and P60. Bar ¼ 50 mm. (j) Quantification of the number of mast cells per microscopic field in P9 WT (n ¼ 3) and SNAI1 Tg (n ¼ 3), P60 WT (n ¼ 3), and

SNAI1 Tg (n ¼ 3) mice. The error bars represent mean � SEM. P-value was calculated using (j) two-tailed Welch’s t test and (a) ratio-paired t test. *P < 0.05. ns, P

> 0.05. GEO, Gene Expression Omnibus; GO, Gene Ontology; K5, keratin 5; nd, not detected; ns, ns, nonsignificant; P60, postnatal day 60; P9, postnatal day 9;

SnTg, SNAI1 transgenic; SSc, systemic sclerosis; Tg, transgenic; WT, wild type.
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Supplementary Figure S3. Secreted Mindin leads to fibrotic phenotype. (a) Lineage tracing of the WT and SNAI1 Tg mice using the K14-Cre R26R reporter. All

cells of epithelial origin are positive for b-Gal (blue), and oil red O marks the sebaceous glands (red). Bar ¼ 50 mm. (b) CM was collected from WT (n ¼ 3) and

SNAI1 Tg (n ¼ 3) mouse skin explants. Fibroblast activation was measured with the collagen contraction assay. (c) aSMA gene expression to assess fibroblast

activation after treatment with WT and SNAI1 Tg keratinocytes CM. (d) Mast cells (purple) staining in WT, SNAI1 Tg, and SNAI1 Tg/Mindin-KO at P9 and P60.
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=
Bar ¼ 50 mm. (e) Quantification of the number of mast cells per microscopic field in P9 WT (n ¼ 3), SNAI1 Tg (n ¼ 3), SNAI1 Tg/Mindin-KO (n ¼ 3) and P60 WT

(n ¼ 3), SNAI1 Tg (n ¼ 3), and SNAI1 Tg/Minding-KO (n ¼ 3) mice. Two microscopic fields per mouse were counted. WTand SNAI1 Tg for P9 and P60 data are

the same as used earlier for Supplementary Figure 2j. (f) T cells in WT, SNAI1 Tg, and SNAI1 Tg/Minding-KO mice skin at P60. Skin sections were stained for K5

(red) and T cells (CD3, green). Bar ¼ 100 mm. (g) Quantification of the number of CD3þ cells per microscopic field in P60 WT (n ¼ 3), SNAI1 Tg (n ¼ 3), and

SNAI1 Tg/Minding-KO (n ¼ 3) mice. Two microscopic fields per mouse were counted. WT and SNAI1 Tg data are the same as in Figure 2j. (h) CD11bþ cells in

WT, SNAI1 Tg, and SNAI1 Tg/Mindin-KO mice skin at P60. Skin sections were stained for K5 (red) and CD11b (green). Bar ¼ 100 mm. (i) Quantification of the

number of CD11bþ cells per microscopic field in P60 WT (n ¼ 3), SNAI1 Tg (n ¼ 3), and SNAI1 Tg/Mindin-KO (n ¼ 3) mice. Two microscopic fields per mouse

were counted. WT and SNAI1 Tg data are the same as in Figure 2h. (j) qPCR for inflammatory cytokines gene expression in WT (n ¼ 9), SNAI1 Tg (n ¼ 7), and

SNAI1 Tg/Mindin-KO (n ¼ 3) skin at P60. WT (P60) and SNAI1 Tg (P60) are the same samples used earlier for Figure 2f. The error bars represent mean � SEM. P-

value was calculated using (b, c) two-tailed Welch’s t test and (e, g, i, j) one-way ANOVA followed Tukey’s posthoc analysis for multiple-group comparison. *P <

0.05, **P< 0.01, ***P< 0.001, and ****P < 0.0001. aSMA, a-smooth muscle actin; b-Gal, galactosidase; CM, conditioned media; K5, keratin 5; KO, knockout;

P60, postnatal day 60; P9, postnatal day 9; SnTg, SNAI1 transgenic; Tg, transgenic; WT, wild type.
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Supplementary Figure S4. Mindin-treated fibroblasts show an overlap with SNAI1 Tg mice and human SSc. (a) Biological processes based on GOTERM

enrichment of genes upregulated in fibroblasts treated with Mindin. (b) Venn diagram of upregulated genes in Mindin-treated fibroblasts that are involved in

chemotaxis of immune cells. (c) Venn diagram of overlapping upregulated genes in SNAI1 Tg mice and Mindin-treated fibroblasts. (d) Top 10 biological

processes of GOTERMS of upregulated genes that are held in common in SNAI1 Tg mice and Mindin-treated fibroblasts. (e) Venn diagram of overlapping

upregulated genes in patients with early dSSc (GSE130955 [Skaug et al., 2020]) and Mindin-treated fibroblasts. (f) Top 10 biological processes of GOTERMS of

upregulated genes that are held in common in dSSc and Mindin-treated fibroblasts. (g) Venn diagram of overlapping upregulated genes in patients with early

pLoS (GSE166861 [Mirizio et al., 2021] and Mindin-treated fibroblasts. (h) Top 10 biological processes of GOTERMS of upregulated genes that are held in

common in pediatric limited SSc and Mindin-treated fibroblasts. DF, dermal fibroblasts; dSSc, diffused systemic sclerosis; GOTERMS, Gene Ontology Terms;

pLoS, pediatric localized scleroderma; SSc, systemic sclerosis; STAT, signal transducer and activator of transcription; Tg, transgenic.

I Rana et al.
The Role of Mindin in a New Mouse Model of Scleroderma

Journal of Investigative Dermatology (2023), Volume 143710.e6



Supplementary Figure S5. Mindin is

overexpressed in other mouse models

of fibrosis. (a) Expression values for

Mindin in the skin of WT and TSK2/þ
(GSE61728); 5 d and 21 d post-PBS or

-bleomycin treatment (GSE71999);

Syn- and Allo-transplanted cGVHD

model (GSE17914). (b) Expression

values for Mindin in normal versus

Fibrotic lungs (treated with

bleomycin) (GSE97546) and in lungs

of mice treated with either PBS or

bleomycin (21 d after treatment). (c)

Expression values for Mindin in lungs

of WTand FRATg mice. (d) Expression

values for Mindin in the lungs of WT

and TGFb1 Tg mice. (e) Expression

values for Mindin in the heart of WT

and caveolin-1‒knockout mice. (f)

Expression values for Mindin in the

kidney of WT and knockout mice that

underwent either sham or UUO

surgery. (g) Expression values for

Mindin in the liver of mice given

either control or NASH-inducing high-

fat diet. Allo, allogenic; Bleo,

bleomycin; cGVHD, chronic graft-

versus-host disease; d, day; HFD,

high-fat diet; KO, knockout; NASH,

non-alcoholic steatohepatitis; ns,

nonsignificant; Syn, syngeneic; Tg,

transgenic; UUO, unilateral ureteral

obstruction; W, week; WT, wild type.
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Supplementary Table S1. ANA Staining Results of WT,
SnTg, and SnTg/Min KO for dilutions 1:10 to 1:200

Dilution Factor 1:10 1:25 1:50 1:100 1:200

WT-1 � � � � �
WT-2 � � � � �
WT-3 � � � � �
WT-4 � � � � �
WT-5 � � � � �
WT-6 � � � � �
WT-7 � � � � �
WT-8 � � � � �
SnTg-1 þ þ þ þ þ
SnTg-2 � � � � �
SnTg-3 þ þ þ þ þ
SnTg-4 þ þ þ þ �
SnTg-5 þ þ þ þ þ
SnTg-6 � � � � �
SnTg-7 þ þ þ þ þ
SnTg-8 þ þ þ þ þ
SnTg/Min KO-1 � � � � �
SnTg/Min KO-2 � � � � �
SnTg/Min KO-3 þ þ þ þ þ
SnTg/Min KO-4 � � � � �
Abbreviations: ANA, antinuclear antibody; KO, knockout; Sn, snail; Tg,
transgenic; WT, wild type.

Shown are ANA staining results of WT, SNAI1 Tg, and SNAI1 Tg/Mindin-
KO for dilutions 1:10 to 1:200. The þ sign represents positive staining,
and the ‒ sign represents negative staining.

Supplementary Table S2. Summary of SSc-Associated
Phenotypes

P9
Sample
Size

Raynaud’s
Phenomenon

in Tail1

Puffy
Paws/
Tail1

Skin
Lesions on

Tail

Tail Tip
Ischemic
Ulcer1

WT 17 0/17 0/17 0/17 0/17

Snail Tg 6 5/6 4/6 5/6 3/6

Snail Tg/
Min KO

5 2/5 1/5 4/5 2/5

P60
Sample
Size

Raynaud’s
Phenomenon

in Tail1 ANA1,2
Puffy
Paws1

Tail
Autoamputation

WT 8 0/8 0/6 0/8 0/8

Snail Tg 9 8/9 4/7 4/9 9/9

SnailTg/
Min KO

5 2/5 1/4 1/5 2/5

Abbreviations: ACR-EULAR, European League Against Rheumatism and
the American College of Rheumatology; ANA, antinuclear antibody; KO,
knockout; P60, postnatal day 60; P9, postnatal day 9; SSC, systemic
sclerosis; Tg, transgenic; WT, wild type.

The number of mice exhibiting the noted symptom/the total number of
mice observed is shown.
1Symptom similar to ACR-EULAR diagnostic criteria.
2Animals that showed nuclear localization in 1:10 dilution of Sera were
counted as positive.
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Supplementary Table S3. A Tabulated Representation of Cytokine Gene Expression Levels

Gene

P9 P60 WT vs SnTg CM Buffer vs Mindin

WT SnTg SnTg/MinKO WT SnTg SnTg/MinKO WT-CM SnTg CM Buffer Mindin

IL-6 1.56 � 0.49 6.44 � 1.571 3.22 � 0.79ns 1.12 � 0.2 2.0 � 0.4ns 1.72 � 0.49ns 1.01 � 0.11 2.72 � 0.192 1 � 0.05 1.03 � 0.04ns

IL-1b 1.43 � 0.53 14.47 � 3.053 5.97 � 2.28ns 3.46 � 2.34 5.14 � 1.6ns 10.08 � 8.42ns 1.03 � 0.17 0.12 � 0.031 1 � 0.02 15.64 � 0.872

RANTES 1.25 � 0.33 5.18 � 1.281 6.79 � 2.29ns 1.3 � 0.39 4.92 � 0.852 4.53 � 0.61ns 1.02 � 0.15 0.6 � 0.01ns 1 � 0.05 4.93 � 0.491

IL-17F 2.19 � 0.76 7.17 � 2.8ns 3.93 � 2.09ns 1.33 � 0.32 2.27 � 0.35ns 1.05 � 0.41ns 1.05 � 0.22 1.73 � 0.13ns 1.01 � 0.08 0.67 � 0.021

IL-4 1.67 � 0.43 7.31 � 2.57ns 5.58 � 1.77ns 1.14 � 0.21 1.97 � 0.31ns 1.21 � 0.34ns 1.05 � 0.22 1.29 � 0.05ns 1 � 0.03 0.73 � 0.032

CXCL1 1.91 � 0.67 26.59 � 5.55 83 0.75 � 0.332 2.74 � 1.29 7.19 � 2.68ns 12.91 � 8.52ns 1.05 � 0.24 2.41 � 0.121 1 � 0.04 11.45 � 0.472

CCL12 1.47 � 0.4 4.2 � 0.552 3.84 � 0.27ns 1.29 � 0.34 2.91 � 0.79ns 1.85 � 0.82ns 1.00 � 0.02 0.1 � 0.013 1 � 0.05 3.58 � 0.411

CCL20 1.66 � 0.53 13.88 � 2.464 5.02 � 0.951 1.07 � 0.12 10.47 � 2.143 4.49 � 2.51ns 1.03 � 0.19 0.06 � 01 1.04 � 0.19 27.1 � 0.324

S100a9 1.48 � 0.5 15.44 � 5.151 4.38 � 2.09ns 1.44 � 0.53 13.48 � 2.752 9.2 � 5.23ns ND ND ND ND

Abbreviations: CM, conditioned media; KO, knock out; ND, not detected; NS, not significant; P60, postnatal day 60; P9, postnatal day 9; SnTg, snail Tg; SnTg/MinKO, Snail Tg/Mindin KO; WT, wild type.

Expression levels were shown as average fold change � SEM in P9 WT (n ¼ 8) , SnTg (n� 6), and SnTg/MinKO (n ¼ 3); P60 WT (n ¼ 9), SnTg (n ¼ 7), and SnTg/MinKO (n ¼ 3); WT-CM (n ¼ 3 biological replicates)
versus SnTg-CM (n ¼ 3 biological replicates); and Buffer versus Mindin (n ¼ 3 technical replicates). P-values were calculated using one-way ANOVA followed by post hoc Tukey’s test for P9 and P60 (significance
values were shown as superscripts for WT vs. SnTg and SnTg vs. SnTg/MinKO for significance values of WT vs. SnTg/MinKO) (Figure 3i and Supplementary Figure S3j) and Welch’s t test for WT versus SnTg-CM
and Buffer versus Mindin (significance values were shown as superscripts).
1P < 0.05.
2P < 0.01.
3P < 0.001.
4P < 0.0001.
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Supplementary Table S4. List of Primers Used for qPCR

Quantitative Real-time PCR Primers

Gene Forward Primer Reverse Primer

m_GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

m_b Actin GGGCTATGCTCTCCCTCAC GATGTCACGCACGATTTCC

m_Snail CAGCTGGCCAGGCTCTCGGT GCGAGGGCCTCCGGAGCA

m_Mindin ATGGAAAACGTGAGTCTTGCC TGATGCTGTATCTAGCCAGAGG

m_IL 6 ACAACCACGGCCTTCCCTACTT CACGATTTCCCAGAGAACATGTG

m_IL 1b TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT

m_RANTES CCTCACCATCATCCTCACTGCA TCTTCTCTGGGTTGGCACACAC

m_IL 10 GGCGCTGTCATCGATTTCTC ATGGCCTTGTAGACACCTTGG

m_IL 17 F CAGACACTCAGGCTGCATCA TGGACAATGGGCTTGACACA

m_CXCL 10 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA

m_IL 4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

m_MCP1 ACTGAAGCCAGCTCTCTCTTCCTC TTCCTTCTTGGGGTCAGCACAGAC

m_CXCL 1 ACTGCACCCAAACCGAAGTC TGGGGACACCTTTTAGCATCTT

m_CCL 12 ATTTCCACACTTCTATGCCTCCT ATCCAGTATGGTCCTGAAGATCA

m_CCL 20 AGGCAGAAGCAGCAAGCAAC ACAAGCTTCATCGGCCATCT

m_S100A9 ATACTCTAGGAAGGAAGGACACC TCCATGATGTCATTTATGAGGGC

m_aSMA ATCGTCCACCGCAAATGC AAGGAACTGGAGGCGCTG

h_GAPDH GCCACATCGCTCAGACAC CCAGAGTTAAAAGCAGCC

h_b Actin TCCTTCCTGGGCATGGAGT AGCACTGTGTTGGCGTACAG

h_Snail ACCACTATGCCGCGCTCTT GGTCGTAGGGCTGCTGGAA

h_Mindin CGCTGGACCTGTACCCCTA AGGAGGACGTTATCTCGGTCA

Supplementary Table S5. Scleroderma Patient
Information

Biopsy
Number Age, y Sex

Disease
Duration

Modified Rodnan
Skin Score

SSC 5 41 F 2 y 36

SSC 212 34 F 3 y 47

SSC 166 31 F 1.5 y 42

SSC 116 45 M 6 mo 41

SSC 111 44 M 1.5 y 8

SSC 8 46 M 2 y 32

SSC 7 48 F 3 y 44

SSC 6 43 M 1 y 26

SSC 4 45 M 1 y 45

SSC 3 40 F 4 mo 22

SSC 299 42 F 6 mo 21

SSC 214 36 F 2.5 y 32

Abbreviations: F, female; M, male; SSC, systemic sclerosis.

Healthy skin samples were collected from healthy humans with same age
and sex. These samples were the same as those used in Nakasaki et al.
(2015).
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