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A B S T R A C T

Objectives: Systemic sclerosis (SSc) is an autoimmune-driven fibrotic disease, characterised by
excessive extracellular matrix (ECM) deposition and fibroblast activation. Our study aimed to
identify novel fibroblast subpopulations in SSc and determine their functional role.
Methods: We performed single-cell RNA sequencing on cultured dermal fibroblasts from healthy
donors and patients with diffuse cutaneous SSc, verified selected, specific genes at the protein
level and used siRNA knockdown experiments to provide evidence for a functional role of these
proteins.
Results: SSc fibroblasts revealed high heterogeneity and in specific activated subsets strong upre-
gulation of CD9 and four and a half LIM domain 1 (FHL1), previously described as a muscle-
related protein. Overexpression of FHL1 and CD9 was also detected in fibroblast subsets in
patient skin. CD9 was associated with the regulation of FHL1 expression. Downmodulation of
FHL1 in primary skin fibroblasts correlated with downregulation of the vestigial-like family
member 3 (VGLL3) gene, which is known to be expressed in myofibroblasts in a stiff and fibrotic
environment and to upregulate collagen synthesis. Further, VGLL3 was confirmed to be upregu-
lated in SSc donor skin.
Conclusions: Our study identified novel fibroblast subsets in SSc, characterised by CD9 and/or
FHL1 upregulation. The data indicate a functional role of FHL1 in fibroblasts and its involve-
ment in the regulation of ECM production and provide a new mechanistic link to VGLL3 regula-
tion. Our findings suggest new avenues for therapeutic exploration targeting the perpetuating
fibroblast activation by the fibrotic environment.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

� Systemic sclerosis (scleroderma) is a chronic fibrosing disease that
has a major impact on the quality of life of the patients.

� Vascular damage and an inflammatory reaction lead to the activa-
tion of fibroblasts and the excessive deposition of connective tissue.

� Fibroblasts are now known to have many different functions;
they produce extracellular matrix material, but also play a key
role in the regulation of inflammation.

� Several populations of fibroblasts have already been described
in normal and fibrotic skin. These are thought to differ in their
function.

WHAT THIS STUDY ADDS

� In this study, we describe novel populations of fibroblast sub-
sets in scleroderma skin, and we characterise their gene and
protein expression profiles and demonstrate that these popula-
tions are also detected in the involved skin of the patients and
in fibrotic murine skin.

� The data support a functional role of these proteins in the ongo-
ing fibrosing reaction.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� We provide data for the characterisation of unique, activated
fibroblast populations.

� These populations can be identified in the skin of the patients
providing new biomarkers for activated fibroblasts.

� In addition, these described genes/proteins represent potential
targets for new therapeutic approaches to limit fibrosing pro-
cesses. Systemic sclerosis might represent a model for fibrotic
diseases in general.
INTRODUCTION

Scleroderma or systemic sclerosis (SSc) is a chronic autoim-
mune-driven fibrotic disease affecting the skin and many inter-
nal organs; it can occur in a diffuse cutaneous SSc (dcSSc) and a
limited cutaneous SSc (lcSSc) subset [1,2]. Although the early
pathophysiology involves initial vascular damage and a subse-
quent inflammatory reaction, the final activation of fibroblasts
leads to the characteristic excessive deposition of extracellular
matrix (ECM) and tissue damage.

Fibroblasts are a heterogeneous cell type, and several subsets
in normal and fibrotic skin can be differentiated [3−5]. They
play a fundamental role in the structural support of tissues by
producing ECM proteins, but also secrete cytokines and growth
factors that act in autocrine and paracrine fashions. They are
crucial for ensuring tissue homeostasis, modulate inflammatory
responses and are key players in all tissue repair processes [6,7].

Single-cell transcriptomic analyses (single-cell RNA sequencing
[scRNA-seq]) revealed details about heterogeneity of fibroblasts in
sclerodermatous skin [8−10]. However, many of these studies are
descriptive and it remains unclear whether these cells have a
causal relationship to the ongoing pathogenetic events. It should
also be emphasised that the heterogeneity of cells characterised by
transcriptome analysis at a given time point does not necessarily
define stable subsets of fibroblasts but may just reflect a particular
dynamic cellular state. In addition, many of these recently pub-
lished investigations were derived from cells released by enzy-
matic dissociation of rigid fibrotic tissue, a procedure that could
lead to damage and loss of certain sensitive or fragile cell popula-
tions and therefore result in subsequent bias.

To overcome some of these restrictions, we concentrated on an
alternative approach and used bulk fibroblast cultures obtained
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from skin biopsies of patients with SSc as described previously [11
−13]. Using scRNA-seq analysis, this strategy allowed us to iden-
tify fibroblast subsets with a stable phenotype after several cell
divisions. We then validated the gene expression by determining
protein levels in fibroblast cultures and directly in patient tissue.
We here describe new unique subsets, characterised by induced
expression of CD9 and the four and a half LIM domain protein
(FHL) 1, respectively [14,15]. We also identify these subsets in
patient skin and in a bleomycin-induced fibrosis model in mice
and propose a functional role of these proteins. Finally, we show
that induced expression of CD9 and FHL1 is associated with the
induction of vestigial-like family member 3 (VGLL3), a transcrip-
tional cofactor known to induce ECM production [16].

METHODS

Study design

Scleroderma is a rare, still incurable disease. Our study was con-
ducted to find possible new biomarkers that could aid in early diag-
nosis and open new treatment avenues. Examining the
transcriptome of patient-derived cultured fibroblasts compared to
healthy controls by scRNA-seq, we identified markers overexpressed
in specific fibroblast subsets, including CD9 and FHL1. We con-
firmed our results by western blot (WB) or Fluorescence-Activated
Cell Sorting as well as immunofluorescent (IF) staining using fibro-
blasts from the same patients/controls and skin sections from
patients with SSc and controls. For functional analysis, we per-
formed knockdown experiments using siRNAs for CD9 and FHL1 in
human fibroblasts, examining both the transcriptome and secre-
tome. In addition, we employed an experimentally induced fibrosis
model in mice to correlate CD9 and FHL1 expression with fibrotic
conditions. The number of independent experiments (biological rep-
licates, n) is indicated in each figure legend; no outliers were
removed for statistical analysis.

Study population

Patient and control samples used in this study were age- and
sex-matched (female or male) (Supplementary Table S1). All
patients included in the scRNA-seq analysis were diagnosed
with dcSSc.

Detailed descriptions of all materials and methods are pro-
vided in the Supplementary Materials [17−23].

Initiation of primary dermal fibroblast cultures

4mm skin biopsies were obtained from study patients after
informed consent. Primary dermal fibroblasts were obtained by
outgrowth from the skin explants and cultured in Dulbecco’s Modi-
fied Eagle Medium (Gibco Invitrogen, 41965-039) with 100 U/mL
penicillin, 100 μg/mL streptomycin (Sigma, P0781), 2 mM L-gluta-
mine (Biozym, 882027) 50 μg/mL Na-ascorbate (Sigma-Aldrich,
A4034), and 10% fetal calf serum (Gibco, 10270-106) in 5% CO2

at 37°C, harvested and analysed in passage 2-5.

Study approval

Skin biopsies were obtained from female and male healthy
individuals or patients with scleroderma (SSc) after written con-
sent and with approval of the local ethics committee (Ethics
committee of the medical faculty of University of Cologne, 21-
1072). The study was conducted in accordance with the criteria
set by the Declaration of Helsinki.
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Data and materials availability

All data generated during this study are included in this pub-
lished article (and its supplementary information files). The
RNA sequencing data were deposited in National Center for Bio-
technology Information/Gene Expression Omnibus under the
following accession numbers: scRNAseq—GSE294431, siRNA
HPF Bulk—GSE294430 and CD9 MEF Bulk—GSE294429. The
proteomics data have been deposited in PRoteomics IDEntifica-
tions Database (PRIDE) with the following accession numbers:
Secretome—PXD062591 and proteome—PXD062597. Addi-
tional detailed information is available from the corresponding
authors on request.

RESULTS

Fibroblasts were grown from dermal tissue explants,
obtained from 4 patients with early diffuse cutaneous SSc [24]
and 4 age-matched healthy controls (Supplementary Table S1).
After 4 passages, we investigated these confluent fibroblast cul-
tures by scRNA-seq analysis.

SSc dermal fibroblasts show altered transcriptional signatures
and increased heterogeneity

We performed scRNA-seq on 37,343 cultured dermal fibro-
blasts from biopsies of 4 healthy donors (19,083 cells) and 4
patients with SSc (18,260 cells) (Supplementary Table S2). Unsu-
pervised uniform manifold approximation and projection
Figure 1. ScRNA-seq analysis of human dermal fibroblasts from 4 healthy contr
fibroblasts processed from all 4 healthy controls and 4 samples obtained from pat
tation of all dermal fibroblasts processed from 4 healthy controls (left) and from
6, 7, and 10. (C) Percentage of each cluster of control fibroblasts (left) and SSc fi
correlate to the colours of the clusters 1−10, identified by marker genes. dcSSc,
tion and Projection; DCN, Decorin; TAGLN, Transgelin; IGFBP4, Insulin Like Grow
dase 3; SFRP1, Secreted Frizzled Related Protein 1; GDF15, Growth Differentia
RNA sequencing; SSc, systemic sclerosis.
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clustering (Louvain algorithm, resolution 0.28, see also Supple-
mentary Table S3) identified 10 distinct fibroblast clusters
(Fig 1A), with a clear separation between SSc and control fibro-
blasts (Fig 1B). Control fibroblasts primarily grouped into 2 major
clusters (Fig 1B,C, Supplementary Fig S1), whereas the transcrip-
tional signature of SSc fibroblasts displayed greater diversity
(Fig 1B,C) including clusters 3 (IGFBP4hi), 5 (POSTNhi), 6
(MMP3hi), 7 (SFRP1hi), and 10 (FHL1hi). Cluster 3, the largest of
the SSc-specific clusters (28%), expressed genes involved in
inflammation, fibroblast functions, and fibrosis (Fig 1B,C,
Supplementary Table S4). Over 17% of the SSc-associated fibro-
blasts were found in cluster 5, with upregulated genes associated
with fibrotic activity (Fig 1B,C, Supplementary Table S4). Cluster
6 (∼14% of SSc fibroblasts) showed enrichment for genes
involved in Bone Morphogenetic Protein signalling (BMP) signal-
ling (Fig 1B,C, Supplementary Fig S2A, Supplementary Table S4).
Genes in cluster 7 (12% of SSc fibroblasts) showed enrichment
for response to oestrogen, and negative regulation of kinase and
transferase activity (Fig 1B,C, Supplementary Fig S2B, Supple-
mentary Table S4). Cluster 10 (FHL1hi) was a small SSc-specific
cluster (0.87%) with genes involved in muscle organ develop-
ment, muscle cell differentiation, ECM, and extracellular structure
organisation (Fig 1B,C, Fig 2B,C, Supplementary Fig S2C, Supple-
mentary Table S4) indicating a special role of these fibroblasts for
ECM deposition and remodelling.

Next, we asked if we could identify published marker genes
of fibroblast clusters in our dataset. Papillary fibroblasts have
been shown to be DPP4+/ATXN1−, while reticular fibroblasts
mostly express PDPN and ATXN1 [3,4]. Our scRNA-seq data did
ol donors and 4 individuals with dcSSc. (A) UMAP representation of dermal
ients with dcSSc, identified bymarker genes. (B) Separated UMAP represen-
4 dcSSc fibroblast samples (right). dcSSc-specific clusters were clusters 3, 5,
broblasts (right). Colours of clusters in the UMAP (A, B) and the bar plot (C)
diffuse cutaneous systemic sclerosis; UMAP, Uniform Manifold Approxima-
th Factor Binding Protein 4; POSTN, Periostin;MMP3, Matrix Metallopepti-

tion Factor 15; FHL1, four and a half LIM domain 1; scRNA-seq, single-cell



Figure 2. ScRNA-seq analysis of DEGs in fibroblasts obtained from patients with dcSSc compared to controls. (A) Heat map of scaled gene expression
data for the top 5 DEGs for each cluster. (B) Feature plots of selected genes: FHL1, CD9, and ACTA2. Each dot represents a cell; the colour intensity of
the dots correlates with increased expression. (C) Dot plot of selected genes: FHL1, CD9, and ACTA2. The size of the dot indicates the percentage of
cells per cluster expressing the gene. The intensity of the colour shade of each dot correlates with the scaled average expression intensity in these cells.
(D) Volcano plot of the most upregulated and downregulated genes in the SSc dermal fibroblasts when compared to control fibroblasts. Red dots indi-
cate the significant genes that have an adjusted P value <.05 and that have a log2FC greater than .5. Significant genes are all labelled in the figure.
DEGs, differentially expressed gene(s); dcSSc, diffuse cutaneous systemic sclerosis; FHL1, four and a half LIM domain 1; ACTA2, Actin Alpha 2; scRNA-
seq, single-cell RNA sequencing; UMAP, Uniform Manifold Approximation and Projection.
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not identify a clear pattern of these typical papillary or reticular
markers (Supplementary Fig S3A,B). DPP4 and ATXN1 were
expressed to some extent in all clusters, while PDPN was mostly
expressed in control cluster 1 (DCNhi) and SSc cluster 3
(IGFBP4hi) (Supplementary Fig S3A,B). The same was found for
other papillary fibroblast marker genes, such as APCDD1,
HSPB3, and WIF1, as well as reticular fibroblast marker gene
CD36 [5]. We saw higher expression levels of APCDD1 and
HSPB3 in cluster 3 (IGFBP4hi), but again, no clear separation
between reticular and papillary fibroblasts was detected (Sup-
plementary Fig S3B).

However, in cluster 1, we identified expression of SFRP2
(Supplementary Fig S3B), which together with DPP4 marks a
major fibroblast population in human skin [8] (Supplementary
Fig S3A,B). In several of our clusters, we identified genes that
were reported to correlate with the severity of SSc, such as
683
COMP and THBS1, CTGF, TNC, THY1, CDH11, and CCL2 [9]
(Supplementary Fig S3C). These genes were found to some
extent in all our fibroblast cultures but no clear differences were
seen between SSc and controls.

Specific SSc fibroblast clusters reveal increased expression of
FHL1 and CD9

The most striking observation was significantly increased FHL1
expression in SSc fibroblasts, particularly in cluster 3 (IGFBP4hi)
and 10 (FHL1hi), and to a lesser extent in cluster 6 (MMP3hi)
(Fig 2A-D). FHL1 expression is highly abundant in muscle tissue
[25], but has been found at low levels in multiple other tissues,
such as heart, lung, and testis, but also in fibroblasts [14,26]. Its
function in fibroblasts, however, has remained unknown. In cluster
10 (FHL1hi), 100% and in clusters 3 (IGFBP4hi) and 6 (MMP3hi),



A.-H.S. Rosendahl et al. Ann Rheum Dis 85 (2026) 680−692
about 80% of the fibroblasts expressed FHL1 at a high level
(Fig 2C). These clusters were highly specific to SSc.

A second key observation was that we found an overall sig-
nificant upregulation of CD9 in our SSc-derived fibroblasts
(Fig 2B-D). In our data, ∼70% of the cells in cluster 3
(IGFBP4hi) and ∼60% of the fibroblasts in cluster 6 (MMP3hi)
expressed CD9 at a high level (Fig 2C).

In cluster 10 (FHL1hi), we further saw increased expression of
profibrotic and ECM-related genes, such as TAGLN, LUM, IGFBP5,
and MFAP5, but also muscle-related genes, such as SYNPO2 and
MYL9 (Fig 2A, Supplementary Table S4). In addition, ∼60% of the
fibroblasts in the small profibrotic cluster 10 expressed smooth
muscle α-2 actin (ACTA2; α-SMA). Even though ACTA2 expression
intensity was high in these cells, the fibroblasts did not cluster
together with the other ACTA2+ (myo)fibroblasts in clusters 2 and
5 (Fig 2B,C).

Cluster 3 (IGFBP4hi) and 6 (MMP3hi) expressed FHL1 and
CD9 but lacked ACTA2 expression (Fig 2B,C). CD9 expression
was also seen at a moderately high level in ∼50% of the fibro-
blasts in clusters 7 (SFRP1hi) and 4 (proliferative) with a discern-
ible FHL1 or ACTA2 expression (Fig 2B,C).
Figure 3. FHL1 protein amount is increased in specific subsets of SSc fibrob
fibroblasts obtained from controls and patients with dcSSc. (B) Correspondi
healthy control skin, dcSSc skin and lcSSc skin (N = 18/18/8 independent
one-way ANOVA). (C) Representative IF staining of DAPI (blue), phalloidin
(right) and (D) quantification of FHL1 positive fibroblasts (N = 11/12 meas
test, two-tailed). (E) IF staining of DAPI (blue) and FHL1 (red) in human he
intensity of FHL1 normalised to cell number (DAPI) in human healthy, dcSS
(N = 7 Ctrl/7 dcSSc /4 lcSSc donors, P values calculated with one-way ANO
SD. Scale bar = 100 µm. ANOVA, analysis of variance; Ctrl, control; FHL1,
dino-2-phenylindole; dcSSc, diffuse cutaneous systemic sclerosis; lcSSc, limite
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High expression of CD9 and FHL1 genes in SSc was character-
istic of SSc and prompted us to (i) validate these data at the pro-
tein level, (ii) search for expression of CD9 and FHL1 in vivo in
patient skin, and (iii) demonstrate the functional relevance of
these proteins.
Validation of increased FHL1 and CD9 protein in fibroblast
cultures and patients with SSc

Next, we analysed several fibroblast cultures from controls
and patients with SSc (6 independent biological replicates) by
WB. These data clearly demonstrate that FHL1 protein amount
was significantly increased in SSc fibroblasts in vitro (Fig 3A,B).
The relative FHL1 protein amount in SSc fibroblasts was more
than 4 times higher than in controls (Fig 3B). We also investi-
gated fibroblasts from lcSSc samples, in which the clinical
fibrosis was considerably less prominent. These samples only
showed a slight increase in FHL1 (Fig 3B). IF staining con-
firmed FHL1 expression in many more SSc-derived fibroblasts
in monolayer culture compared to controls (Fig 3C,D). Some
cells in the SSc cultures showed markedly higher expression
lasts. (A) Representative western blot staining of FHL1 and β-tubulin in
ng quantification from primary human dermal fibroblasts derived from
samples or 6 Ctrl/6 SSc/4 patients with lcSSc, P values calculated with
(green) and FHL1 (red) in human healthy (left) and dcSSc fibroblasts

ured images or 2 Ctrl/2 SSc patients; P values calculated with Welch’s t-
althy skin (left) and dcSSc skin (right). (F) Quantification of IF staining
c, and lcSSc dermis. Data shown as relative values compared to control
VA). **** P ≤ .0001, ** P = .0013, * P = .0166; data shown as mean ±
four and a half LIM domain 1; IF, immunofluorescent; DAPI, 4’,6-diami-
d cutaneous systemic sclerosis; SSc, systemic sclerosis.



Figure 4. CD9 protein amount is increased in fibroblasts
obtained from patients with dcSSc. (A) FACS analysis of
CD9 staining in fibroblasts obtained from patients with
dcSSc compared to control shown as violin plots.
MFI = mean fluorescence intensity, N = 4 Ctrl/4 SSc
donors; ** P = .0074, quantified with unpaired t-test, two-
tailed. (B) IF staining of DAPI (blue) and CD9 (red) in
human healthy (left) and dcSSc skin (right). (C) Quantifica-
tion of CD9 staining intensity normalised to DAPI in human
healthy, dcSSc, and lcSSc dermis. Data shown as relative
values compared to control. N = 7 Ctrl/ 7 SSc/4 lcSSc
donors; **** P ≤ .0001, P values calculated with one-way
ANOVA; data shown as mean ± SD. Scale bar = 100 µm.
ANOVA, analysis of variance; Ctrl, control; FACS, Fluores-
cence-Activated Cell Sorting; dcSSc, diffuse cutaneous sys-
temic sclerosis; IF, immunofluorescent; lcSSc, limited
cutaneous systemic sclerosis; DAPI, 4’,6-diamidino-2-phe-
nylindole; FITC , Fluorescein Isothiocyanate; IgG, Immuno-
globulin G.
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than others. Notably, IF staining of skin biopsies obtained from
patients with dcSSc also revealed significantly increased FHL1
expression, observed in many—but not all—fibroblasts (Fig 3E,
F). The relative levels of FHL1 protein in the dermis of SSc
skin, normalised to cell number, were up to 2.5 times higher
than in healthy donor skin (Fig 3F). In contrast, in our lcSSc
samples, we could only detect a slight increase in the intensity
of FHL1 staining (Fig 3F).

In addition, we determined CD9 protein levels in dermal
SSc fibroblasts. Flow cytometry of primary fibroblasts
revealed a significant increase in CD9hi fibroblasts in SSc vs
control cultures (Fig 4A). Strikingly, significantly increased
CD9 protein was also found in vivo in the dermis of skin
biopsies obtained from patients with dcSSc (Fig 4B,C). The
relative CD9 protein levels in SSc skin, quantified in the der-
mis only, were about 2.5 times higher than in healthy donor
skin (Fig 4C). In contrast, we could not detect clear differen-
ces in the CD9 staining between control and lcSSc samples
(Fig 4C). Of note, there was also increased CD9 staining of
keratinocytes in the SSc biopsies (Fig 4B). To demonstrate
the association of CD9 and FHL1 expressing fibroblast sub-
sets with the development of fibrosis, we employed an inde-
pendent system, the bleomycin-induced fibrosis in mice,
Figure 5. Increased amounts of FHL1 and CD9 protein in fibrotic skin of mic
Sections were evaluated by histology (haematoxylin and eosin [H&E]) and IF
staining of FHL1 (red); (B) H&E and IF staining of CD9 (red) of control (left) a
els show overviews and bottom panels show higher magnification. Scale bar
higher magnification images (bottom panels). FHL1, four and a half LIM dom
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which demonstrated that CD9- and FHL1-expressing fibro-
blasts are induced with the development of a fibrotic reac-
tion upon injection of bleomycin into the dermis (Fig 5).

Loss of FHL1 and CD9 from fibroblasts negatively impacts ECM
deposition

The striking upregulation of FHL1 and CD9 at both the tran-
script and protein levels in SSc fibroblast cultures obtained from
patients with dcSSc and skin biopsies prompted us to investigate
potential functional consequences. We therefore treated primary
dermal fibroblasts from healthy donors with siRNAs targeting
FHL1 using siRNA against Renilla reniformis luciferase (RLuc) as a
control. FHL1 siRNA treatment resulted in a significant downregu-
lation of FHL1 expression (log2FC of −4.86; Supplementary
Fig S4A,B) and fibroblasts also revealed a significant downregula-
tion of genes associated with ECM or in fibrosis such as transform-
ing growth factor beta-induced protein (TGFBI) (an ECM
component involved in ECM organisation and pulmonary fibrosis
[27]), Reticulocalbin 3 (RCN3) (involved in pulmonary fibrosis
and activating fibroblasts [28]), collagen V α1 chain (COL5A1)
(an ECM component required for correct assembly of fibril-form-
ing collagens [29]), VGLL3, nidogen 2 (NID2) and prolyl 4-
e. Skin fibrosis was induced by intradermal bleomycin injections in mice.
staining of control (Ctrl) and fibrotic (Bleo) skin lesions. (A) H&E and IF
nd fibrotic (right) skin. Nuclei are marked by DAPI (blue). Upper IF pan-
s: 100 μm in H&E, 300 μm in IF overviews (top panels), and 100 μm in
ain 1; IF, immunofluorescent; DAPI, 4’,6-diamidino-2-phenylindole.



Figure 6. Omics data of FHL1 siRNA (siFHL1) and RLuc siRNA (siRLuc) treated primary fibroblasts and their supernatants. (A) Volcano plot of bulk
RNA-seq data, depicting the most upregulated and downregulated genes in siFHL1-treated samples compared to siRLuc-treated. Grey dots: nonsignifi-
cant (NS) genes; green dots: genes with a significant Log2FC; red dots: genes with a significant P adjusted and Log2FC value. Log2FC smaller than
−0.5 or larger than 0.5 and P adjusted value <.05 were considered significant, cutoffs are displayed by a dotted line. (B) VGLL3, (C) COL5A1, (D)
TGFBI, (E) P4HA1, and (F) NID2 expression in siRLuc- and siFHL1-treated fibroblasts from the bulk RNA-seq data. Transcriptomics: N = 3/3 indepen-
dent samples. (G) Volcano plot showing the log2 fold change and -log10 P value of secreted proteins after treatment with siFHL1 compared to siRLuc
(RL). Significantly enriched proteins were determined by an unpaired 2-sided Student’s t-test. (H) Volcano plot depicting the log2 fold change and
−log10 P value of proteins in the cell lysate following downregulation of FHL1 compared to siRLuc-treated samples. Orange: significantly regulated
proteins. Significance determined by paired Welch’s t-test with permutation-based FDR <0.05 and S0 = 0.1. Secretomics and proteomics: N = 5/5
independent samples. COL5A1, collagen V α1 chain; FHL1, four and a half LIM domain 1; NID2, nidogen 2; P4HA1, prolyl 4-hydroxylase subunit alpha
1; SSc, systemic sclerosis; TGFBI, transforming growth factor beta-induced protein; VGLL3, vestigial-like family member 3; FDR, False Discovery Rate.
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hydroxylase subunit alpha 1 (P4HA1) (Fig 6A-F). Gene ontology
(GO) term analysis for downregulated genes included chaperone-
mediated protein folding and metabolic processes, yet a more sig-
nificant correlation was seen for the terms extracellular structure
organisation, ECM organisation, and external encapsulating struc-
ture organisation, while the upregulated GO terms were closely
linked to proliferation and mitosis (Supplementary Fig S4C).

Focusing on genes involved in ECM homeostasis or its regula-
tion, VGLL3 stood out. It acts as a transcription cofactor for TEA
(Transcriptional Enhancer Factor-1 DNA-binding domain)
domain-containing transcription factors and is known to pro-
mote collagen expression and production in myofibroblasts and
to be induced by matrix stiffness, creating a positive feedback
686
loop for collagen production by myofibroblasts [16]. Our data
revealed that knockdown of FHL1 significantly reduced VGLL3
expression (Fig 6B).

Secretomics analysis of supernatants from FHL1 siRNA-
treated cells supported the gene expression pattern examined in
the transcriptome analysis following FHL1 downregulation
(Fig 6G). Notably, extracellular proteins COL5A1, NID2, and
elastin (ELN) were significantly less abundant in the culture
supernatants (Fig 6G).

Also, proteomics analysis of the cell layer from FHL1 siRNA-
treated fibroblasts not only demonstrated a ∼50% downregula-
tion of FHL1 protein, but further corroborated the significant
downregulation of TGFBI and COL5A1 as well as the significant



Figure 7. Omics data from CD9 siRNA (siCD9) and siRLuc-treated primary dermal fibroblasts. (A) Volcano plot from bulk transcriptomics data show-
ing the most upregulated and downregulated genes in siCD9-treated samples compared to siRLuc-treated. Grey dots: nonsignificant (NS) genes; green
dots: genes with a significant Log2FC; red dots: genes with a significant P adjusted and Log2FC value. Log2FC less than −0.5 or larger than 0.5 and P
adjusted value <.05 were considered significant, cutoffs depicted with a dotted line. Transcriptomics data of (B) COL5A2, (C) COL6A3, (D) COL12A1,
(E) COL14A1, (F) DPT, and (G) FHL1 expression in siRLuc- and siCD9-treated fibroblasts. Transcriptomics: N = 3/3 independent samples. (H) Volcano
plot showing the log2 fold change and −log10 P value of secreted proteins after treatment with siCD9 compared to siRLuc. Significantly enriched pro-
teins were determined by a 2-sided Student’s t-test. (I) Volcano plot depicting proteomic changes upon downregulation of CD9 compared to siRLuc-
treated samples. Orange: significantly regulated proteins. Significance determined by Welch’s t-test with permutation-based FDR <0.05 and S0 = 0.1.
Secretomics and proteomics: N = 5/5 independent samples. COL5A2, collagen V α2 chain; COL6A3, Collagen 6 α3 chain; COL12A1, Collagen 12 α1
chain; COL14A1, Collagen 14 α1 chain; DPT, dermatopontin; FHL1, four and a half LIM domain 1; SSc, systemic sclerosis; FDR, False Discovery Rate.
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upregulation of SH3 And PX Domains 2A (SH3PXD2A) and
NIMA-Related Kinase 7 (NEK7). Notably, FHL1 siRNA treatment
significantly downregulated VGLL3, SMAD2, and SMAD3,
which are both key to TGF-beta signalling [30], as well as
SMAD9 (Fig 6H), linked to BMP signalling [31].

Similarly, we saw significant differences in the gene expres-
sion profiles when comparing CD9 siRNA and RLuc siRNA-
treated samples (Supplementary Fig S5A), showing significant
CD9 downregulation (−4.32 log2FC; Supplementary Fig S5B).
Fibroblasts treated with CD9 siRNA revealed a significant down-
regulation of genes such as neuronal regeneration related pro-
tein (NREP), aquaporin 1 (AQP1), ARL6IP5 (Adenosine
diphosphate (ADP)−ribosylation factor−like GTPase 6
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−interacting protein 5), dermatopontin (DPT), and microfibril
associated protein 4 (MFAP4); and a significant upregulation of
genes such as membrane metalloendopeptidase (MME), matrix
metallopeptidase 1 (MMP1), ADAM metallopeptidase domain
12 (ADAM12), and thrombospondin type 1 domain containing 4
(THSD4) (Fig 7A). In addition, GO-term enrichment analysis
identified that upregulated genes were mainly involved in DNA
replication and mitosis checkpoint signalling (Supplementary
Fig S5C). In contrast, the downregulated genes were associated
with cytoplasmic translation, negative regulation of endothelial
cell migration and phospholipase C-activating G protein-coupled
receptor signalling (Supplementary Fig S5C). Notably, we also
identified a number of genes involved in ECM production or its
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regulation, including a significant downregulation of collagens
COL5A2, COL6A3, COL12A1, COL14A1, and COL21A1 (Fig 7B-
E, Supplementary Fig S5D). In addition, IGFBP5 (Supplementary
Fig S5E), DPT, and most interestingly FHL1 were downregulated
(Fig 7F,G).

To functionally link CD9 expression with regulation of ECM
deposition, fibroblasts from CD9−/− mouse embryonic fibro-
blasts (CD9 KO MEFs) and control MEFs were analysed by bulk
RNA sequencing (Supplementary Fig S6A-C). Several major
collagens and Acta2 (α-SMA) were significantly downregulated
in the CD9 KO MEFs, also at the protein level (Supplementary
Fig S6C-I, Supplementary Fig S7A-E).

Findings based on CD9 knockout MEFs were further corrobo-
rated by CD9 gene silencing in human skin fibroblasts. Secre-
tomic analysis of supernatants from CD9 siRNA and RLuc siRNA-
treated human primary fibroblasts revealed similar changes at
the protein level. Secreted extracellular proteins COL5A2,
COL12A1, and DPT were significantly reduced in the CD9
siRNA-treated samples (Fig 7H). In addition, MFAP4, an ECM
protein regulating elastic fibre assembly [32], Lysyl oxidase like
1 (LOXL1), which crosslinks elastin and collagens and has been
associated with fibrosis [33], and osteoglycin (OGN), which is
involved in the organisation and maintenance of ECM and was
described as a key regulator of fibrosis, were all significantly
decreased following CD9 knockdown (Fig 7H).

In addition, proteomics analysis of cell lysates from CD9 siRNA-
treated fibroblasts supports the transcriptomics analysis and the
biological relevance of CD9. This was further underscored by a
decrease of TGF-beta signalling associated SMAD2 and SMAD3 as
well as SMAD9 in response to CD9 knockdown (Fig 7I).
VGLL3 is significantly upregulated in subsets of SSc dermal
fibroblasts and SSc skin

Downregulation of FHL1 by siRNA demonstrated that VGLL3
expression was markedly reduced. Because VGLL3 is known to
play an important role in promoting ECM expression, we also
analysed its expression in the different clusters representing
fibroblast subpopulations. Although our scRNA-seq data indi-
cated no significant difference in the overall VGLL3 expression
between SSc and healthy control fibroblasts, we observed the
highest expression levels of VGLL3 overall in cluster 3
(IGFBP4hi), which also had high expression levels of both FHL1
and CD9 (Fig 8A,B; Fig 2B,C). In addition, clusters 1 (DCNhi) and
10 (FHL1hi) also displayed increased expression levels of VGLL3,
yet to a lesser extent than cluster 3 (IGFBP4hi) (Fig 8A,B).

Of note, the number of FHL1+/VGLL3+ double-positive
fibroblasts in our scRNA-seq data was significantly increased in
SSc when compared to healthy control fibroblasts: 243 control
compared to 2197 SSc fibroblasts with high expression of both,
FHL1 and VGLL3 (expression level >1.2), equivalent to 1.27% of
control and 12.01% of SSc fibroblasts (Supplementary Fig S8A,
B). Cells coexpressing VGLL3 and FHL1 mainly localised to clus-
ter 1 (DCNhi) in control fibroblasts and to an even higher extent
to cluster 3 (IGFBP4hi) in SSc fibroblasts (Fig 8C).

Likewise, the abundance of CD9+/VGLL3+ double-positive
fibroblasts was also significantly augmented in SSc compared to
healthy control fibroblasts: 225 control vs 787 SSc fibroblasts
with high expression of both, CD9 and VGLL3 (expression level
>1.2), equating to 1.17% of control and 4.30% of SSc fibroblasts
(Supplementary Fig S8C,D). CD9+/VGLL3+ fibroblasts mainly
localised to cluster 3 (IGFBP4hi) in SSc fibroblasts, as did the
FHL1+/VGLL3+ fibroblasts (Supplementary Fig S8E).
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Strikingly, we also identified fibroblasts that coexpressed all
3 genes (CD9, FHL1, and VGLL3) with high intensity (expression
level >1.2). Their abundance was significantly increased in SSc
compared to controls: we identified 393 CD9+/FHL1+/VGLL3+

fibroblasts in SSc, but only 4 such fibroblasts in controls, which
was equivalent to 2.14% of the SSc vs 0.02% of the control fibro-
blast population (Supplementary Fig S8F,G). Given that CD9+/
FHL1+/VGLL3+ fibroblasts were predominantly found in SSc
samples, they may represent a specific subtype of fibroblasts
present in SSc. Importantly, IF staining confirmed increased
VGLL3 expression in SSc fibroblast cultures and in addition in
patient biopsies (Fig 8D-F) indicating potential diagnostic and
therapeutic implications.

DISCUSSION

SSc (scleroderma; SSc) is an autoimmune-driven disease,
where an initial inflammatory reaction leads to activation of
fibroblasts and excessive deposition of ECM [1,2,34]. Fibro-
blasts cultured from skin biopsies obtained from patients with
SSc show induced collagen synthesis even after several passages
[11−13]. We here provide evidence by scRNA-seq that fibro-
blast cultures obtained by outgrowth from skin biopsies from
fibrotic skin of patients with dcSSc are composed of a heteroge-
nous group of fibroblasts and represent an important source to
identify altered fibroblast subsets with a stable phenotype inde-
pendent of the environment. In these, we demonstrate upregula-
tion of novel genes characteristic of SSc fibroblast clusters and
propose that they have a functional role in ECM deposition.

Extensive scRNA-seq data from fibroblasts isolated directly
from the skin of patient with SSc also characterised distinct
fibroblast subsets [9,35−38]. This experimental approach has
the advantage of better reflecting the state of activity of cells in
their biological environment. On the other hand, the sensitivity
of certain fibroblasts to enzymatic digestion may result in the
selection of more resistant populations. Comparison of this kind
of scRNA-seq data with our fibroblast populations revealed only
limited similarities and did not detect several clusters reported
previously [8,9]. This can be due to the culture conditions modi-
fying the gene expression profile to a certain extent. Another
contributing difference may be that the heterogeneity of fibro-
blasts detected directly after isolation from the tissue might only
reflect a transient dynamic state of the cells at a distinct point in
time and not the presence of stable fibroblast populations. In
contrast, our cultured fibroblasts were analysed after 4 passages
and revealed a relatively stable phenotype.

Our data indicate that the fibroblasts obtained from the
patients with SSc did not reveal a clear papillary or reticular
gene signature. We identified the papillary marker gene, DPP4,
in all fibroblasts, but simultaneously also the expression of the
reticular marker gene, ATXN1. However, in cluster 1 (DCNhi)
and interestingly in cluster 3 (IGFBP5hi), we saw PDPN expres-
sion, characteristic for reticular fibroblasts that are derived from
deep dermal tissue, where most of the fibrotic activity in SSc
takes place. Furthermore, several of the subsets in our sclero-
derma cultures did exhibit markers of activation that were previ-
ously identified by several other groups [3,39].

FHL1 and CD9 overexpressing fibroblasts in SSc and in fibrotic
murine skin

Of note, we report the detection of unique populations charac-
terised by high overexpression of CD9 and FHL1. This raised the
question whether these populations represent activated



Figure 8. VGLL3 expression is increased in specific subsets of fibroblasts obtained from patients with dcSSc. (A) scRNA-seq dot plot of VGLL3. The size
of the dot is proportional to the percentage of cells per cluster expressing the gene. The colour intensity correlates with the scaled average expression
intensity in these cells. (B) scRNA-seq feature plots of VGLL3 for control (left) and dcSSc (right) fibroblasts. Each dot represents a cell; the darker the
colour intensity of the dots, the more increased the gene expression. (C) Coexpression feature plot of VGLL3 and FHL1 comparing healthy control (top
row) and dcSSc (bottom row) fibroblasts. Red dots represent the expression of VGLL3, green dots the expression of FHL1; high coexpression of VGLL3
and FHL1 can be seen as yellow. Each dot represents a cell, and the increased intensity of the colour of the dots represents increased expression. The
colour scale (on the left) depicts increased coexpression in a cell with a yellow to orange colour scale. (D) Representative IF staining of DAPI (blue),
phalloidin (green), and VGLL3 (red) in human healthy (top row) and dcSSc fibroblasts (bottom row). Scale bar = 100 µm. (E) IF staining of DAPI
(blue) and VGLL3 (red) in human healthy skin (top) and skin from patients with dcSSc (bottom). Scale bar = 300 µm. (F) Quantification of IF staining
intensity of VGLL3 normalised to DAPI in human healthy and SSc dermis. Data are shown as relative values compared to control (N = 4 Ctrl/7 SSc
donors; **** P ≤ .0001). P values calculated with Welch’s t-test, two-tailed; data shown as mean ± SD. Ctrl, control; dcSSc, diffuse cutaneous systemic
sclerosis; FHL1, four and a half LIM domain 1; IF, immunofluorescent; scRNA-seq, single-cell RNA sequencing; SSc, systemic sclerosis; VGLL3, vesti-
gial-like family member 3; UMAP, Uniform Manifold Approximation and Projection; DAPI, 4’,6-diamidino-2-phenylindole.
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fibroblasts. Given the expression of several markers for activated
fibroblasts in these subpopulations, such as the profibrotic
markers THY1 (CD90), CTGF, TNC, IGFBP5, ACTA2, among
others, we think they do. Expression of ACTA2, in particular, has
been described as a characteristic marker of myofibroblasts
[40,41], which play a key role in tissue repair and fibrotic dis-
eases [42].

However, we also identified clusters characterised by FHL1
and CD9 overexpression, where ACTA2 was not overexpressed.
Also, CD9 overexpression was found to be associated only par-
tially with FHL1 co-overexpression. This indicates further hetero-
geneity within the still insufficiently characterised myofibroblasts
[9] and suggests the presence of at least 3 related but distinct sub-
populations of CD9+, CD9+/FHL1+, and FHL1+ cells, with pre-
sumably specific functions.
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FHL1 has been shown to play an essential role in muscle
development and related diseases. It is also reported to be down-
regulated in cancer. There are studies indicating that the isoform
FHL1A is expressed in skeletal muscle, myocardium and in fibro-
blasts [14,26]. To date, its role in the biology of fibroblasts is
unknown and it has not previously been described in the context
of fibrotic diseases.

CD9 is a tetraspanin transmembrane protein and is thought to
mark exosomes. It is associated with many cellular functions in
various cell types and interacts with integrins and other cell sur-
face molecules that are involved in cell−matrix interactions. It
has been linked to multiple diseases associated with dysregulated
inflammatory responses and various types of cancer [15]. Mice
lacking CD9 have severe fertility issues [43], and exhibit delayed
wound healing [44]. In addition, CD9 levels were reported to be
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increased in SSc dermal fibroblasts [39]. However, due to the
broad cellular distribution of CD9, a causal relationship with the
fibrotic process and its role in fibroblasts is still speculative.

Our western blots and proteomics analysis comparing
patients with SSc-derived cultured fibroblasts with healthy con-
trols further corroborated the increased levels for CD9 and FHL1
that we detected by scRNA-seq and confirmed previous findings
by Nakamura et al [39] for CD9. Moreover, we also detected the
FHL1 and CD9 overexpressing subpopulations in vivo in biopsies
from patients with SSc by immunofluorescence. Together, these
findings argue strongly against a culture condition-dependent
artefact and indicate that these subpopulations represent a sta-
ble subset of activated fibroblasts in SSc.

Immunostaining of biopsies obtained from severe fibrotic skin
from patients with dcSSc revealed that FHL1 staining was most
prominent in spindle-shaped cells with the histological appear-
ance of fibroblasts in the reticular layer of the dermis. Interest-
ingly, CD9 was also overexpressed in keratinocytes in these
biopsies compared to controls. Keratinocyte involvement in the
pathophysiology of scleroderma has recently been discussed, but
it remains to be clarified, whether this is directly related to the
disease or represents a secondary phenomenon [45−47].

We also found that fibroblasts obtained from patients with
lcSSc did not overexpress FHL1 to the same extent as fibroblasts
from patients with dcSSc. Also, FHL1 and CD9 staining in biop-
sies from patients with lcSSc were similar to controls or showed
only a slight increase. Since the development of fibrosis was
much more intense in the patients with dcSSc, this indicates that
induced FHL1 and CD9 expression are characteristic of heavily
involved fibrotic skin and reflects the intensity of fibrosis. This
might indicate that the expression of these markers in distinct
fibroblast subsets can be used as biomarkers for following the
severity of fibrosis.

The association of CD9 and FHL1 overexpressing fibroblasts
with the initiation of a fibrotic reaction is further supported by
the demonstration of increased numbers of CD9 and FHL1
strongly positive fibroblasts in the bleomycin-induced fibrotic
skin in mice.

FHL1 and CD9 have a functional role in activated fibroblast
subpopulations

Evidently, the elevated expression levels and also the induced
protein levels in culture and in vivo represent a descriptive analy-
sis and do not allow a causal connection between CD9/FHL1 and
the activation of fibroblast subsets. Knockdown experiments were
therefore conducted to reveal if FHL1 and CD9 have functional
roles in the activation of these fibroblast subsets. The functional
analysis of CD9 downregulation in human fibroblasts revealed
reduced expression of genes involved in cytoplasmic protein
translation, but also of MFAP4, dermatopontin, several collagens,
and other ECM-related genes. In addition, we obtained indepen-
dent evidence for a functional role of CD9 from another system.
Analysis of murine CD9 KOMEFs by RNA-seq revealed a very sig-
nificant downregulation of both Col1a1 and Col1a2 along with
other collagens. Interestingly, Acta2 was also significantly down-
regulated in these murine fibroblasts. Notably, collagen I, fibrillin
1, and fibronectin were also downregulated in the CD9 KO MEFs
at the protein level. We were able to confirm that a lack of CD9
has a negative impact on ECM-related genes and proteins in sev-
eral different cross-species assays.

Similarly, downregulation of FHL1 resulted in reduced
expression of TGFBI, known to be involved in the organisation
of the ECM [48], as well as of several genes encoding ECM or
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ECM-modifying enzymes. Moreover, both FHL1 and CD9 down-
regulation by siRNA treatment resulted in downregulation of
SMAD2 and SMAD3 proteins, as targets in the TGF-β signalling
pathways, indicating a direct impact on ECM gene transcription.

Interestingly, also the transcription cofactor VGLL3 was
downregulated after FHL1 knockdown. VGLL3 was previously
reported to be involved in regulating the induction of collagen
synthesis in myofibroblasts in response to mechanical stress
[16], and it is also involved in myogenesis, cell proliferation
[49], and autoimmune diseases [50]. Altered interaction of
fibroblasts with the surrounding ECM in a very stiff tissue is
thought to play a key role in the persistent activation of fibro-
blasts during fibrosis. VGLL3 was recently reported to be translo-
cated to the nucleus in response to substrate stiffness and to
induce collagen production by suppressing miR-29b, which is
known to target collagen mRNA [16]. Our data demonstrated an
upregulation of VGLL3 in SSc-derived dermal fibroblasts in cul-
ture and also in SSc skin sections of the fibrotic tissue. This
strongly supports a role of VGLL3 in fibrosis and provides a
molecular explanation for the perpetuation of an activated phe-
notype of the myofibroblast subsets in SSc due to the increased
mechanical stiffness of the tissue, which is mediated through
the integrin-cytoskeleton axis [51−53].

Downregulation of FHL1 resulted in the regulation of several
other ECM genes, eg, collagen V (COL5A1), NID2, P4HA1, and
ELN. The decrease in COL5A1 and NID2 was confirmed by
proteomic analysis of secreted proteins. This altered expression
of distinct molecules that are involved in the collagen supra-
structure and macromolecular association is in accordance with
the disturbed structure of collagen bundles seen in biopsies from
patients with SSc by electron microscopy [54]. The subsequently
altered macromolecular ECM organisation is thought to contrib-
ute to the increased stiffness of the tissue, which again leads to
activation of certain fibroblast subsets and contributes to the
perpetuation of the activation.

Strikingly, CD9 downmodulation by siRNA resulted in reduced
FHL1 transcript levels, as well as other ECM-related genes, such as
collagen V (COL5A2), DPT, and MFAP4. Other ECM-related pro-
teins were also impacted, including LOXL1 and collagen XII
(COL12A1). The downregulation of FHL1 after CD9 knockdown
indicates a close link between these proteins in the differently
activated subsets of (myo)fibroblasts. It still remains unclear if a
hierarchical process exists placing CD9 upstream of FHL1 that
results in VGLL3 induction, whether shared upstream pathways
exist or whether these players act independently. Nevertheless,
the induction of VGLL3 is in line with the activation of collagen
synthesis in the fibroblast populations reported here and demon-
strated in a recent report on its role in cardiac fibrosis [16].
Conclusion

We identify a novel subset of fibroblasts characterised by
high expression of CD9 and FHL1 in fibrotic lesions of patients
with dcSSc and present evidence in different experimental sys-
tems supporting a functional role of these proteins for ECM pro-
duction and fibrosis development. The data provide the basis for
new biomarker development and the identification of novel
therapeutic targets.
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