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ARTICLE INFO ABSTRACT

Keywords: Fibrillin-1, an extracellular matrix (ECM) protein encoded by the FBN1 gene, serves as a microfibril scaffold

Fi_briuiﬂ’_l crucial for elastic fiber formation and homeostasis in pliable tissue such as the skin. Aside from causing Marfan

:'ltg)htbslkln syndrome, some mutations in FBN1 result in scleroderma, marked by hardened and thicker skin which limits
ibroblasts

joint mobility. Here, we describe a tight skin phenotype in the Fbn1%234/6234D mjce carrying a corresponding
Collagen cross-linking variant of FBN1 in the hybridl domain that was identified in a patient with familial éazc;atéc dissection. Unlike
Elastic fibers scleroderma, skin thickness and collagen fiber abundance do not change in the Fbnl /G234D mutant skin.
Fascia Instead, increased collagen cross-links were observed. In addition, short elastic fibers were sparsely located
underneath the panniculus muscle layer, and an abundance of thin, aberrant elastic fibers was increased within
the subcutaneous fascia, which may have tightened skin attachment to the underlying skeletal muscle. Struc-
turally, Fbn16234P/G234D microfibrils have a disrupted shoulder region that shares similarities with hybridl
deletion mutant microfibrils. We then demonstrate the consequence of fibrillin-1 G234D mutation on dermal
fibroblast functions. Mutant primary fibroblasts produce fewer elastic fibers, exhibit slower migration and
increased cell stiffness. Moreover, secretome from mutant fibroblasts are marked by enhanced secretion of ECM,
ECM-modifying enzymes, proteoglycans and cytokines, which are pro-tissue repair/fibrogenic. The tran-
scriptome of mutant fibroblasts displays an increased expression of myogenic developmental and immune-
related genes. Our study proposes that imbalanced ECM homeostasis due to a fibrillin-1 G234D mutation im-
pacts fibroblast properties with potential ramifications on skin function.

Extracellular matrix
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Introduction

Fibrillin-1 is a glycoprotein encoded by the FBN1 gene. It plays a
pivotal role in the architecture of connective tissues such as blood ves-
sels, lungs, and skin, and acts as a scaffold for elastic fibers that provide
elasticity and structural integrity crucial for various organs and systems
[1-4]. Among fibrillin protein isoforms, fibrillin-1 is most abundant in
adult tissue, while fibrillins-2 and —3 are prominent during develop-
ment [1,5-7]. Beyond their structural roles, fibrillin microfibrils regu-
late extracellular matrix (ECM) function by interacting with cells via
integrins [8], participating in mechanosensation, and sequestering
growth factors such as latent transforming growth factor-p (TGFp)
through interactions with latent TGFp-binding proteins (LTBPs) [9,10]
and the prodomains of several bone morphogenetic proteins (BMPs)
[11].

The diverse functionality of fibrillin-1 is regulated by its distinct
domains such as 43 calcium-binding epidermal growth factor (cbEGF)-
like domains, 4 EGF-like domains, 2 hybrid domains and 7 TGFp-binding
protein-like (TB) domains, which underscores its ability to modulate
protein-protein interactions, ECM assembly, and the regulation of TGFp
signaling pathways [9]. Of particular interest is the hybridl (H1)
domain, located in the N-terminus of fibrillin-1 [12]. The H1 domain
plays a crucial role in establishing intermolecular disulfide bonds that
stabilize assembled fibrillin microfibrils [13]. Furthermore, H1 func-
tions as a protein interaction site, which requires its adjacent domains
(cbEGF-like and TB) to allow binding with proteins such as fibulins-2,
—4 and -5, LTBP1, among others [2,12,14,15].

FBN1 mutations predominantly cause Marfan syndrome (MFS), a
connective tissue disorder of the cardiovascular, musculoskeletal, and
pulmonary systems, with clinical presentations that include aortic root
aneurysm and dissection, tall stature, arachnodactyly, and ectopia lentis
[16]. Aside from MFS, FBN1 mutations, including W1572C and D1545E
mutations [17], underlie stiff skin syndrome (SSS), typified by rigid,
thickened skin distributed across the body, culminating in restricted
joint mobility and flexion contractures [18]. SSS pathology is associated
with collagen accumulation indicative of fibrosis. In addition, a spon-
taneous tandem duplication in the Fbnl gene leads to the tight skin
(Tsk/+) mouse phenotype, which exhibits myocardial, skeletal, and
pulmonary abnormalities that resemble MFS and some fibrotic features
similar to SSS [19,20].

In the skin, fibrillin-1 is localized at the dermal-epidermal junction,
the dermis, around the hair follicles [21] and in the subcutaneous fascia
region where the wound-healing and scar-promoting fibroblasts reside
[22,23]. This wide distribution of fibrillin-1 in the skin allows molecular
contact with multiple cell types. Thus, FBN1 mutations are likely to
influence many cellular processes, whether through altering ECM me-
chanical properties or via the modulation of growth factors
bioavailability.

Skin fibroblasts reside in the dermis and subcutaneous fascia, which
tethers the skin to the underlying muscle tissue [24]. Fibroblast func-
tions are pivotal in ECM synthesis and remodeling [25] pertinent in the
connective tissue, especially in skin physiology and pathology. Evidence
suggests that Fbnl mutations in fibroblasts lead to loss of
integrin-mediated cell adhesion, aberrant elastogenesis, collagen pro-
duction, and signaling pathway activation [9,17,18,26-28]. Fibrillin-1
interactions with fibroblasts regulate intracellular signaling kinase ac-
tivities and gene expression, which is translated into cellular functions
[29-31]. However, there remains a limited understanding of how
disease-associated fibrillin-1 mutations affect fibroblast function and
response.

In this study, we investigated the mouse skin phenotype containing a
missense variant (c.701 G > A, p.234 Gly>Asp, G234D) in the H1 of
fibrillin-1, initially found in a Japanese patient with familial aortic
dissection carrying a heterozygous mutation. Although the patient did
not exhibit tight skin, the corresponding homozygous mutation in mice
resulted in altered elastic fibers in the dermis and subcutaneous fascia,
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with a concomitant increase in collagen cross-linking but without the
characteristic fibrosis or collagen accumulation. Screening analysis of
mutant dermal fibroblasts indicates changes in secreted proteins and the
upregulation of immune-related and skeletal and muscle
developmental-related genes.

Results

Fbn16234P/6234D myation results in mouse skin tightness

Fbn16234P/G234D (from here on referred to as ‘mutant’) mice exhibi-
ted tight skin phenotype (Fig. 1A-D) in addition to developing aortic
dissection [32]. While sharing some resemblance to previously reported
mouse models of scleroderma [33], the mutant skin exhibited a decrease
in the stretchable dorsal skin area (SSA) as a ratio to the total body
surface area (TSA) (Fig. 1B). However, body weight did not significantly
differ between the wild-type (WT) or the mutant mice (Fig. S1A, [32]).
With a blinded examiner, this phenotype was observed in half of the
mutant mice as early as postnatal day (PD)3 with subsequent 100%
penetrance in all the mutant mice from PD7 onwards (Fig. 1C). A
quantification of the SSA/TSA ratio confirmed the tight skin phenotype
in all mutant mice at 3-4 weeks of age (Fig. 1D)

To evaluate whether the mutation affected the skin’s biomechanical
properties, we measured its elasticity at 3 weeks of age by rheometry
and tensile testing (Fig. S1B). There was no significant increase in the
complex modulus of the mutant skin compared to WT skin, indicating
unaltered ex-vivo skin viscoelasticity (Fig. 1E). However, when tensile
testing was performed at 0-10% of the deforming strain, the mutant skin
showed lower tensile strength compared to WT (Fig. 1F), indicating
compromised elastic fibers [34]. Hematoxylin/eosin staining demon-
strated that mutant skin histological features and thickness were unaf-
fected in the epidermis, dermis, dermal adipose, panniculus carnosus
(PC) muscle, and the subcutaneous fascia layer at 3 or 4 weeks of age
(Fig. 1G-H). Hence, Fbnl G234D/G234D i vivo skin tightness is not asso-
ciated with augmented thickness in any skin compartments or increases
in ex vivo skin mechanical stiffness.

Alterations in elastic fiber abundance and patterns in the dermis and
subcutaneous fascia of Fbni®234P/6234D mijce

To investigate whether ECM modifications were the underlying
cause of skin tightness, we first examined the deposition of fibrillin-1 in
young mice at PD28 (Fig. 2A-B) and at PD3 (S2A-B). Although previ-
ously reported Fbnl mutations with tight skin are associated with more
pronounced fibrillin-1 microfibrils in the dermis [18,35,36], at PD3 and
PD28, the G234D mutation consistently lowered fibrillin-1 protein
abundance in the dermis while the levels in the subcutaneous fascia
appeared comparable to WT (Fig. S2A-B, 2A-B). Similarly, elastin im-
munostaining illustrated its reduced presence in the mutant dermis at
PD28 (Fig. 2C-D), but no significant change was detected at PD3
(Fig. S2C-D). In contrast to the dermis, elastin immunostaining in the
fascia indicated an increased abundance at PD28 with fibrillin-1 G234D
mutation (Fig. 2E). A similar trend was observed at PD3 although it was
not statistically significant (Fig. S2C- D).

In line with decreased levels of fibrillin-1 and elastin in the mutant
dermis, elastic fibers were shorter, thinner, and sparser in the mutant
dermis compared to WT (Fig. 2F upper panels, red arrowheads, 2H; S2E-
F upper panel). Similar elastic fiber impairment at the PC muscle-fascia
interface of the mutant skin was also detected, which exhibited short,
thin, and sparse fiber morphology (Fig. 2F lower panels, red arrowheads,
2I; S2E-F, fascia-lower panels, black arrows). Moreover, elastic fibers
were scarcely present within the fascia compartment in WT skin, in
contrast to an increased amount of thin elastic fibers scattered
throughout the mutant fascia region (Fig. 2G, red dotted boxes, 2J; S2E-
F, fascia-lower panels, black arrowheads), where the G234D mutant
fibrillin-1 protein was maintained (Fig. 2A; S2A, fascia, lower panels).
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Fig. 1. The tight skin phenotype in Fbn1234P/6234D pice. A, Diagram of fibrillin-1 structure and the location of G234D mutation within the hybrid1 domain. Hyb,
hybrid domain; TB, TGF-p-binding protein-like domain; EGF-like, epidermal growth factor-like domain; cbEGF, calcium-binding EGF-like domain. B, Representative
mouse photographs showing dorsal skin extensibility and the method used to measure the ratio of stretched skin area to total surface area (SSA/TSA). Scale bar, 1 cm.
Yellow dotted line shows the total surface area of the mouse skin image. Red dotted line describes the stretchable back skin area. C, Table summarizes mice of
different age groups and genotypes with the observed tight skin phenotype by grabbing the dorsal skin by hand. Half of the population exhibited the tight skin
phenotype on postnatal day 3 (P3), and by P7 onwards the manifestation showed 100 % penetrance. D, Bar graph shows the ratio of SSA/TSA at 3-4 weeks of age
(wild type; WT, n = 7; Mutant, n = 7; ***P < 0.001; student t-test; mean + S.D.). E, Viscoelasticity measurement of WT and mutant skin by rheometer at 3 weeks of
age (WT, n = 5; Mutant, n = 4; ns, not significant; student t-test; mean + S.D). F, Skin tensile measurement at low strain (0-10 %), mutant compared to WT skin at 3
weeks of age (WT, n = 5; Mutant, n = 6; *P < 0.05; student t-test; mean + S.D). G, Representative images from Haematoxylin & Eosin (H&E) staining of WT and
mutant mice at 3 and 4 weeks of age. n = 5 per genotype per age group. Scale bar,100 um. PC, panniculus carnosus. H, Thickness measurements of skin compartments
in WT and mutant mice using images from H&E staining at 3 weeks of age (n = 5 per genotype, ns, not significant; student t-test; mean + S.D).

We further investigated other elastic fiber-forming components, such as
fibulin 5 (Fig. S2G) and fibronectin (Fig. S2H-J), and found no obvious
changes in their abundance between WT and mutant mice.

To test whether the deposition of elastic fibers in the mutant fascia is
partly due to increased fibroblast secretion of mutant fibrillin-1 within
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this compartment, we compared fibrillin-1 abundance in the cell lysate
and the conditioned media (CM) of WT and mutant fibroblasts from
dermis and fascia, respectively (Fig. S3A-H). Our analysis revealed that
CM from both mutant dermal and fascia fibroblasts contained signifi-
cantly less fibrillin-1 compared to their WT counterparts (Fig. S3C, D, G,
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Fig. 2. Skin elastic fiber abnormalities due to G234D mutant fibrillin-1. A, Fluorescence microscopy images from fibrillin-1 immunostaining and B, quantifi-
cation of fibrillin-1 dermal signal intensity from immunostaining in (A). C, Fluorescence microscopy images from elastin immunostaining, and D, quantification of
dermal elastin signal intensity using immunofluorescence in (C). d, dermis; pc, panniculus carnosus muscle; f, fascia. A black arrow indicates elastin expression at the
PC muscle-fascia interface. Scale bar, 50 um. Hoechst nuclear stain (blue fluorescence). WT, n = 4; Fbn16234D/6234D (Mytant), n = 4-5; ***P < 0.001; **P < 0.01;
student t-test; mean + S.D. A.U.; arbitrary unit. E, Elastin immunostaining in the subcutaneous fascia region (red boxed regions). sk, skeletal muscle. Scale bar, 50
um. Hoechst nuclear stain (blue fluorescence). F, Representative images of Weigert’s iron resorcin fuchsin staining of elastic fibers in the dermis and at the interface
between the PC muscle and fascia in WT (left panels) and mutant (right panels). Elastic fibers are stained black with metanil yellow connective tissue counterstain.
Areas of disrupted elastic fibers in both the dermis and at the PC muscle-fascia interface are highlighted with red boxes and are enlarged. Red arrowheads indicate the
elastic fibers. G, Micrographs of elastic fiber staining in the fascia region. Mutant fascia shows elastic fibers as fine grey fragments (red-dotted boxed area). Number of
mice observed in E, F, and G; n = 5 per group, scale bar, 20 pm. H, I, J, Quantification of elastic fiber intensity in the dermis, PC muscle-fascia interface, and fascia,
respectively. n = 5 per genotype, **P < 0.01; student t-test; mean + S.D. A.U.; arbitrary unit. In Fig. 2 all comparisons were made between WT and mutant mice at 4
weeks of age.

H), suggesting that the unique tissue microenvironment in the mutant + dorsal skin tightness is already discernible from the WT counterparts
dermis vs fascia may influence the stability of secreted mutant fibrillin-1 at an early age of PD 5-7 [37,38]—before the occurrence of fibrosis and
(Fig. 2A, S2A-B). hypodermal thickening [33]. This was linked to the absence of elastic

Nonetheless, the deposition of thin elastic fibers within the fascia and fibers in the PC muscle-fascia interface and the presence of short fibers
impaired elastic fibers at the PC muscle-fascia interface may modify the within the fascia, which may modify skin tethering [37]. Therefore, skin
mechanical properties of the connective tissue layer. Indeed, young Tsk/ tightness due to the Fbnl G234D mutation may, in part, be attributed to
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accrued and distorted elastic fibers in the connective tissue fascia,
resulting in a tighter attachment of the mutant skin to the underlying
skeletal muscle.

Structural abnormality in Fbn1%?3#P/6234D microfibrils

Fibrillin microfibril repeating units consist of several regions
including the bead, arm, interbead, and shoulder that, overall, measure
about 57 nm in length (Fig. 3A). Visualisation of WT and G234D mutant
fibrillin microfibrils from 22-day-old mouse skin by negative stain
transmission electron microscopy (TEM) showed no obvious differences
in microfibril organization or periodicity (Fig. 3B). Periodicity mea-
surements of 332 WT and G234D mutant microfibrils from 3 biological
repeats revealed that WT and mutant microfibrils have an average
repeat length of 57.30 + 0.22 nm and 57.63 + 0.32 nm, respectively,
which was not significantly different (Fig. 3C). This aligns with a pre-
viously reported typical fibrillin microfibril period length [39].
Two-dimensional class averaging of WT and mutant microfibril
repeating units was then performed and analyzed for changes in
microfibril structure. Although class averages were similar between WT
and mutant microfibrils, there appeared to be structural variability
present around the shoulder region of the mutant microfibrils, repre-
sented by a blurred density to the left of the bead, as shown by the stain
exclusion profile of the mutant compared to WT microfibrils (Fig. 3D, E,
red arrows). These structural changes appear to be similar but less se-
vere than those previously observed in H1 domain deleted microfibrils
and Weill-Marchesani syndrome (WMS) mutant microfibrils, of which
the latter exhibits tight skin as well [39,40]. Taken together, these data
suggest structural rearrangement in the same region of the microfibril
with the G234D mutant.

Shoulder

Interbead

~18
nm
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Enhanced collagen cross-linking without collagen accumulation in
Fbn16234D/G234D

Collagen-mediated tissue stiffening is a crucial factor in multiple
pathological tissue fibrosis. To investigate whether collagen homeostasis
was affected by the fibrillin-1 G234D mutation, Masson trichrome
staining (Fig. 4A, S4A) and immunostaining of type I collagen (Fig. 4B,
S4B) and its quantitation (Fig. 4C) were performed. Both results indi-
cated that collagen expression level and localization were unaffected by
the fibrillin-1 G234D mutation. This remained true in the adult mutant
mouse skin at PD49, which consistently showed a lack of dermal
thickening (Fig. S4C).

Collagen orientation is another important determinant of tissue
stiffness. In homeostasis, collagen bundles are oriented in a basket
weave-like structure, whereas in fibrosis, they exhibit an increasingly
parallel alignment [41]. Picrosirius red staining with polarized light
microscopy has been used to analyze collagen and its microarchitecture
[42]. We used this method to evaluate the collagen arrangement be-
tween WT and mutant dermis. We found that the basket weave-like
structure of collagen fibrils was maintained in both genotypes, sug-
gesting unaltered collagen orientation and alignment (Fig. 4D, white
arrows, 4E-F). TEM was further employed to scrutinize the structural
arrangement of collagen fibrils; however, no obvious difference between
WT or mutant skin was observed (Fig. S4D).

We last assessed collagen cross-linking, which also influences tissue
stiffness by regulating fiber stability, movement, and its ability to
withstand deformations [43,44]. Using liquid chromatography-mass
spectrometry, we measured the amounts of collagen cross-linking,
including pyridinoline (Pyr), lysinonorleucine (LNL), hydrox-
ylysinonorleucine (HLNL) and dihydroxylysinonorleucine (DHLNL)
[45] in the full-thickness dorsal skin of WT and mutant mice (Fig. 4G).
The mutant skin contained a significantly higher amount of mature
collagen cross-link Pyr and immature cross-links such as LNL and
DHLNL per collagen, suggesting that the fibrillin-1 G234D mutation
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Fig. 3. Structural rearrangement in WT vs G234D mutant fibrillin microfibrils. A, Fibrillin microfibril diagram, illustrating the bead, arm, interbead and
shoulder regions. B, Representative negative stain images of WT control (left panel) and G234D mutant microfibrils (right panel) from 22-day-old mouse skin. C,
Scatter plot showing periodicities of the WT and G234D mutant extracted microfibrils. Graph represents mean + SEM. 332 microfibrils were measured per group and
no significant difference (P = 0.145) was found. Unpaired student t-test. D, 2D class averages of 50 microfibril periods and associated stain exclusion profiles for WT
control and E, G234D mutant. Red arrow highlights a region at one side of the bead which is disrupted.
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promotes a stiffer ECM microenvironment (Fig. 4H, I, K) independent of
collagen quantity modulation (Fig. 4L).

Transcriptomics of neonatal Fbn1 234D/ 02340 fibroblasts denote a tendency
for stiffer cells expressing muscle-related developmental genes

Although the ECM microenvironment is perturbed in mutant skin,
the underlying mechanism for this is unknown. Fibroblasts are the pri-
mary cell type for ECM secretion in the skin [25]. To examine whether
Fbn10234D/G234D dermal fibroblasts undergo intrinsic changes that lead
to deviations in ECM-regulating gene expression, RNA-sequencing
(RNA-seq) was performed on primary cultures of new-born dermal fi-
broblasts (PD 0-2) (Fig. 5A). A volcano plot and heat map from 2-fold
differentially expressed genes (DEG) show the transcriptomic differ-
ences between WT and mutant fibroblasts (Fig. 5B-C), albeit more pro-
nounced differences were detected in 2 out of 7 mutant fibroblasts
(designated as M1 and M2 in Fig. 5C). This could be due to the beginning
of the tight skin development, as indicated by the lower frequency or a
milder tight skin phenotype detected at the neonatal stage (Fig. 1C).

We confirmed the positive expression of fibroblast marker genes [46,
47] in our RNA-seq results, but ECM genes and some ECM-modifying
genes, such as the lysyl oxidase (LOX) family, were relatively unaf-
fected by the mutation, including Fbn1 expression itself (Table S1). Fbnl
mutations or loss of function that lead to decreased fibrillin-1 protein
abundance have been linked to the misregulation of TGF(/BMP
signaling [10,48]. Although the Fbnl G234D mutation resulted in less
fibrillin-1 in the dermal area (Fig. 2A, S2A), our RNA-seq data indicates
that TGFB/BMP signaling-related genes (ligands, receptors and target
genes) remained comparable to WT in the mutant fibroblasts (Table S2).
We further examined TGFf/BMP receptor signaling by measuring the
phosphorylation of Smad2 and Smad1/5 [10] in the dermal fibroblasts.
As shown in Fig. S5A-C, both TGFp/BMP Smads signaling were unaf-
fected by mutant fibrillin-1.

Intriguingly, the 224 upregulated genes in the mutant fibroblasts
included muscle developmental-related genes, immune response genes,
and some cell-cell adhesion/cytoskeletal genes (Fig. 5B-E, S5D,
Table S3). The muscle-related genes enriched in mutant fibroblasts
included transcription factors (TFs) such as MyodI and Myog and con-
tractile genes such as myosin heavy chains (Myh family), tropomodulin
(Lmod3), and troponins (Tnn family) (Fig. 5E). Given the enhanced
expression of myogenic and contractile-related genes in mutant fibro-
blasts (Fig. 5E) and that myoblasts are stiffer than fibroblasts [49], we
tested the cell stiffness of fibroblasts by atomic force microscopy to
evaluate whether muscle-related gene expression was associated with
changes in cell mechanical properties. Our results indicate that mutant
fibroblasts were modestly stiffer than WT (Fig. 5F). In the down-
regulated gene list (48 genes, Table S3), there was an enrichment of
histone genes and developmental TFs with some of the gene examples
shown in a heatmap (Fig. 5G-H), suggesting a possible modification of
the chromatin/transcriptional state.

Fbn1C234P/G234D fiproblasts secrete pro-fibrogenic proteins in ECM-
inducing conditions and are defective in elastogenesis

To assess the changes in dermal fibroblasts-secreted proteins, we
performed a secretome analysis between WT and mutant fibroblasts
cultured in an ECM-inducing medium. Mass-spectrometry results
demonstrated that 73 proteins were more abundant, and 13 proteins
were less abundant in the mutant fibroblasts compared to WT (Fig. 6A,
Table S4). Among the significantly upregulated proteins in the mutant
fibroblasts were those involved in elastic fiber formation and collagen
fibril organization, including cross-linking, modifying enzymes such as
lysyl oxidase-like 1 (Loxl1) [50], which may participate in the collagen
cross-linking observed in Fig. 4H-L (Fig. 6B-C, S6A). Immunoblotting of
Loxl1 using mouse dorsal skin lysate further confirmed the significantly
increased Loxll abundance in the mutant skin compared to WT (the
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uncleaved form, 63kDa) (Fig. 6D-E), while immunostaining of Loxl1
uncovered its augmented presence in the mutant dermis (Fig. 6F). A
higher secretion of proteoglycans such as lumican was also detected
within factors regulating collagen fibrils organization (Fig. 6C). This was
confirmed by immunostaining that showed enhanced intensity in the
mutant dermis (areas highlighted by white rectangles, Fig. 6G). Indeed,
a previous report described fragile and loose skin in mice lacking
lumican expression [51].

Although fibrillin-1 secretion was compromised in the mutant fi-
broblasts in agreement with the reduced fibrillin-1 deposition in the
mutant dermis (Fig. 2A, S2A, S3C-D), the secretion of multiple elastic
fiber components was augmented in mutant cells (Fig. 6A, B, S6A).
Therefore, we examined elastic fiber formation in vitro by performing an
elastogenesis assay and immunostaining of elastin, fibrillin-1, and
fibronectin (Fig. 6H). Mutant dermal fibroblasts deposited less fibrillin-
1, and fewer elastic fibers were produced as a net result (Fig. 6H). This
correlated to a slower fibroblast migration in a scratch assay (Fig. 6I),
which could be associated with the reduced level of fibrillin-1 [31,52] or
secretion of ECM such as collagen type VI that is known to downregulate
cell motility (Fig. 6B, C) [53]. In line with the RNAseq data (Fig. 5E,
S5D), the secretome data revealed the enrichment of extracellular pro-
teins involved in skeletal system development and immune responses
categorized as leukocyte chemotaxis and tumor necrosis factor (TNF)
production (Fig. 6B, S6B-C). Interestingly, insulin-like growth factor-1
(IGF1) and insulin growth factor binding proteins (IGFBP3, 4, 6) were
significantly augmented in mutant fibroblasts, suggesting that G234D
fibrillin-1 may play further roles in regulating skin growth and regen-
eration (Fig. S6D). Furthermore, among the top 3 categories of secreted
proteins (ECM, collagen fibril organization, and skeletal system devel-
opment), 6 proteins were shared between them, including those encoded
by Coll1al and Col6al, Fbnl, Fbn2, Ltbp3, and Adamts7 (Fig. S6E). This
suggests that changes in the ECM due to the Fbnl G234D mutation are,
in part, related to collagen reorganization (in line with the collagen
cross-linking shown in Fig. 4H-L) and skeletal-related development (as
indicated by RNA-seq data shown in Fig. 5C-E).

Discussion

Our study describes a new category of tight skin found in Fbn1 234D/
G234D mice that highlights molecular, cellular, and phenotypic tissue
changes due to a single amino acid substitution in the H1 domain. We
have presented evidence indicating an altered structure and distribution
of elastic fibers with sub-regional differences in mutant fibrillin-1
abundance in the skin (particularly the dermis versus fascia), possibly
caused by a distinct microenvironment. The Fbnl G234D mutation
promoted collagen cross-linking without fibrotic changes typified by
collagen accumulation and deviations in fibroblast characteristics
(Fig. 7).

Tight skin develops without collagen accumulation

The tight skin phenotype in Fbn16234P/G234D mice is physically
characterized by a decrease in the SSA (Fig. 1), similar to other mouse
models such as TSK, SSS, and WMS, implicating a common dysfunction
of fibrillin-1 [18,19,40]. However, unlike the previous mouse models
that exhibit excessive collagen accumulation and thicker skin [17,40,
54], Fbn1%234P/6234D mice develop tight skin independent of increases in
skin thickness or collagen amount. Instead, the deposition of collagen
cross-links and abnormal elastic fibers in the fascia may cause the
mutant skin to be more firmly attached to the underlying skeletal
muscle, thus increasing skin tightness. This is consistent with the
abundance of mutant fibrillin-1 in the fascia, which coincides with the
observation of accrued aberrant elastic fibers within this region (Fig. 2).

However, fibrillin-1 is diminished in the mutant dermis, and elastic
fiber quality is compromised (Fig. 2), which is in line with fibrillin-1's
role in maintaining elastic fiber organization and integrity—crucial for
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Fig. 5. Comparison of transcriptome between wild-type and Fbn1¢234P/6234D qermal fibroblasts. A, Phase contrast micrographs of primary neonatal dermal
fibroblasts. Scale bar, 400 um. B, Volcano plot shows differentially expressed genes (DEGs) up- or down-regulated in mutant fibroblasts compared to WT. C, Heatmap
displays DEGs that are up- and down-regulated by a two-fold difference in mutant fibroblasts compared to WT. D, Gene ontology (GO) analysis obtained from two-
fold differentially upregulated genes in mutant fibroblasts compared to WT in (C). E, Heatmap highlights muscle developmental genes identified from the GO of
upregulated genes, including transcription factors (Foxd3, Foxgl, Myodl, Myog, Sox2, Sox6, Sox10) while others are cytoskeleton-contractile genes. F, Cell stiffness
measured by atomic force microscopy (AFM) on 70-80 cells per group (primary fibroblasts from 3 mice per group, *P < 0.05, Mann-Whitney test; mean + S.D.). G,
GO analysis conducted on two-fold downregulated genes in mutant neonatal fibroblast compared to WT. H, Heatmap representing downregulated genes categorized
as histones and developmental transcription factors (TFs) from GO analysis in (G).

31



A.S. Hossain et al.

@ emecmcccemeem————————
3 2
T
a
=]

Pix3
iEmiint ®  @Nid2

R e
|. Loxl1 ®@Pcsk9
®Ccn3

®Lum

-log+o (P-Value)
:
°
__f-_°_°.:_0.c_.§ :

0 T T T T

Log,(Fold Change)
C D

2597 Collagen fibril organization

Hoechst / LoxI1 m

o

skin elasticity [1]. Compromised dermal elastic fibers in the mutant
mice may have mitigated dermal ECM pliability (becoming more loose
skin-like [55]). This correlates with the decrease in skin tensile strength,
which is dependent on elastic fibers, at a low deformation strain (Fig. 1)

Loxl1 —*‘ - g e =« (D EDem - — 75

63kD

Matrix Biology 135 (2025) 24-38

GO: secretome

ECM organization

elastic fibre formation
collagen fibril organization
ECM degradation

skeletal system development
downregulation of cell motilit
regeneration

cell adhesion

IGFR signaling pathway
Integrin cell interactions
focal adhesion

leukocyte chemotaxis
vasculature development
upregulation of MAPK cascade
basement membrane organization
ECM Rroteoglycans

TNF production

epithelial cell proliferation
detection of mechanical stimulus

0 5 10 15 20 25

-lo P-Value
MW d1o( )

Mutant (kD)

WT

L
*

— 50

[ —— — — > —— 37

GAPDH (A.U)

LoxI1 intensity/ m
© = N W A A

WT Mutant

@

Mutant

4_

Hoechst / Lumican

* k%

ol [ AT‘
b

204 A A

Rate of migration
(um/hour)

0 r
WT

Mutant

(caption on next page)

[56].

The finding that a G234D mutation, H1 deletion, or WMS deletion
produces fibrillin microfibrils with a shared disruption at the shoulder
region points to their similar localization within the microfibril structure
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Fig. 6. The secretome of Fbn1%234P/4234D qermal fibroblasts. A, Volcano plot depicts secreted proteins significantly up-regulated or down-regulated in mutants
compared to WT fibroblasts cultured in an ECM-inducing medium for 24 h (CnT-Prime ECM). Data obtained from mass spectrometry-based protein identification
(primary fibroblasts from 3 mice were analyzed per group, x axis FC, fold change cut off 0.5 and P-value < 0.05. B, GO enrichment analysis of differentially secreted
proteins in mutant fibroblasts vs WT. Bar graph depicts the top biological processes in up- and down-regulated proteins, sorted by P-value. Red box indicates top 6
gene categories affected by Fbn123*P mutation. C, Bar graph shows the fold change expression level of some candidate proteins known to modulate collagen fibril
organization. (in their gene names: Pxdn, Coll1al, Dpt, Col6a2, Col6al, Coll6a3, Adamts7, Loxl1, Lum, Dcn). D, Immunoblotting of Loxl1 protein abundance in dorsal
skin tissue lysates from WT and mutant mice. E, Band intensities of Loxl1 were quantified and normalized to GAPDH. WT, n = 5; mutant, n = 4; *P < 0.05; Student t-
test; mean =+ S.D. F, Loxl1 immunostaining comparing WT and mutant skin. Yellow dotted area indicates Loxl1 expression in the dermis. G, Micrographs of lumican
immunostaining in mutant skin compared to WT. Epidermal signals (white arrow) are non-specific. White boxes show dermal expression of lumican. (D — G) Mouse
samples were collected at 3 weeks of age (n = 5 per group, scale bar, 50 um). Hoechst, nuclear staining. H, Fluorescence microscopy images from fibroblast elas-
togenesis assay, staining for fibronectin, fibrillin-1, and elastin secreted by mutant fibroblasts compared to WT (representative images from 3 independent exper-
iments). Scale bar, 20 um. Hoechst, nuclear staining). I, In vitro scratch assay of mutant fibroblasts migration compared to WT. 10 fields of view per genotype were
zissessed. #%% P < 0.001. Student t-test; mean + S.D. From 2 independent experiments using fibroblasts from 2 different mice per group.
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Fig. 7. Molecular and cellular changes in tight skin phenotype due to Fbn1234P/6234D mytation. Left panel depicts structural alterations in the mutant skin.

These changes include collagen crosslinking (black arrow), more sparsely distributed thin and short elastic fibers in the dermis and the interface between the
panniculus carnosus (PC muscle) and fascia (dark red arrows), while elastin and thin elastic fibers are accumulated in the fascia compartment (blue arrow) compared
to WT skin. Right panel illustrates dermal fibroblast changes in the altered ECM due to the Fbnl G234D mutation. Genes related to muscle development and
contraction are upregulated. Proteins secreted by mutant fibroblasts are enriched for collagen-regulating factors, elastic fiber components, and ECM proteins related
to skeletal system development. Mutant fibroblasts display increased stiffness compared to WT fibroblasts.

(Fig. 3, [39]1). However, it remains unknown whether these 3 mutant disorders. The transcriptomic analysis of Fbn1G234D/G234D fipyroblasts
forms of fibrillin-1 share a common molecular mechanism as they cause revealed cellular and molecular alterations. The overall preservation of
distinct biological outcomes in the skin, with the WMS deletion mutant ECM and TGFp/BMP signaling-related gene expression differed from
causing tight skin with collagen deposition and skin thickening, whereas previous observations of Fbnl mutations with perturbed TGFf3/BMP
the H1 deletion mutant appears to have normal skin with a largely signaling and ECM dysregulation [9,11,17]. Nevertheless, we found the
preserved microfibril assembly [40,57]. Indeed, the homozygous dele- upregulation of genes related to muscle development and immune
tion of the H1 domain leads to a mild phenotype in the aorta, resulting in response in mutant fibroblasts, necessitating further investigation.
a normal life span, as opposed to the G234D homozygous mutation in Additionally, Fbn1%234P/G234D fihroblasts demonstrated an increase in
the H1 domain [32,57,58]. This raises the question of whether the H1 cell stiffness, which could result from an altered ECM on mutant fibro-
domain contains site(s) that both positively and negatively regulate blasts [59]. The downregulation of histone genes and developmental
fibrillin-1 function. transcription factors in mutant fibroblasts hints at epigenetic alterations,
potentially influencing cellular functions/phenotypes [60]. Although it
The effect of the fibrillin-1 G234D mutation on dermal fibroblast remains unexplored whether the acquisition of altered properties is
transcriptomic characteristics intrinsic to the mutation or is a response to a modified ECM microen-
vironment, our data supports the idea that a change in the ECM has an
Investigating the effect of Fbn1 mutations on fibroblasts may serve as effect on fibroblast characteristics, which may contribute to the tight

a model to further unravel the molecular basis of connective tissue skin phenotype.
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The effect of fibrillin-1 G234D mutation on dermal fibroblast secretome

Although the transcriptomics analysis did not find altered ECM gene
transcription, aberrant protein secretion in Fbn1234P/6234D gibroblasts
was detected. Despite an increased secretion of elastic fiber components
(possibly as a compensatory response to reduced mutant fibrillin-1
secretion), elastogenesis was compromised in vitro. This disruption
aligns with prior evidence demonstrating that FBN1 mutations impede
elastic fiber assembly [1]. Importantly, the decrease in elastogenesis
correlated with slower fibroblast migration, suggesting a functional as-
sociation between elastic fibers, ECM structural integrity and dynamics
with fibroblast motility [31,61], which may be crucial for tissue ho-
meostasis and repair.

The augmented secretion of various ECM components, including the
cross-linking enzymes Loxl1 and Pxdn, suggests another compensatory
response aimed at preserving ECM homeostasis in the presence of
mutant fibrillin-1 [62-65]. Moreover, mutant fibroblasts displayed a
predisposition towards activated fibroblasts, as demonstrated by the
heightened secretion of proteins associated with tissue repair. The
overall promotion of ECM secretion, cross-linking related enzymes,
proteoglycans such as lumican and decorin, matricellular proteins such
as CCN3 and periostin, chemotactic factors, and pentraxin are reminis-
cence of a tissue injury response and fibrosis [21,34,50,66-72]. This
suggests that although no skin fibrosis was detected due to the G234D
mutation at homeostasis, mutant fibroblasts/skin may be more suscep-
tible to fibrogenesis upon wounding or other skin insults.

The enrichment of proteins involved in skeletal system development
and the immune response emphasizes the effect of the fibrillin-1 G234D
mutation on cellular functions beyond ECM regulation. Given the inti-
mate link between the skeletal system and connective tissue homeostasis
[73], alterations in skeletal development proteins may reflect pertur-
bations in tissue architecture and mechanical properties. Additionally,
the presence of immune-related proteins suggests potential interactions
between mutant fibroblasts and the immune system, further modulating
tissue remodeling processes and potentially contributing to disease
pathogenesis.

The upregulation of IGF1 and IGFBPs in mutant fibroblasts suggests
further roles for fibrillin-1 in regulating skin growth and repair. IGF1
plays a critical role in tissue growth, wound healing, and regeneration
by promoting cell proliferation, survival, and ECM synthesis [74,75].
IGF1 is also one of the early cytokines identified that promote myo-
genesis [76,77], and it may be associated with the enhanced expression
of muscle developmental genes in mutant fibroblasts transcriptome
(Fig. 5). In addition, changes in secreted proteins such as CCN2, CCN3,
VEGF and CCL2 (Fig. 6 and S6) have been reported to regulate myo-
genesis as well [77]. Although fibroblasts have some plasticity,
including conversion into myogenic progenitor cells [78,79], in our
context, due to the limitation of bulk-RNAseq, we could not distinguish
whether muscle-related genes were expressed by mutant fibroblasts or
by PC muscle satellite cells [80] that remained in skin fibroblast culture
and were responding to the altered fibroblast secretome.

Unexpectedly we observed enhanced secretion of some fibroblast
senescent-related markers such as IGFBP3 and IGFBP6 [81,82] and
along with it some chemokines such as CCL2, CXCL12, and CX3CL1.
Cellular senescence has been implicated in the secretion of the
senescence-associated secretory phenotype (SASP), such as those
involved in chemotaxis as indicated in our mutant fibroblasts secretome
(Fig. S6C), and concomitant to increased immune-response genes
(Fig. S5D). A pro-inflammatory state in some of these mutant fibroblasts
may account for the tendency towards the promotion of a tissue
repair/fibrogenesis-related secretome [83,84] without an actual fibrosis
or skin thickening, raising the possibility for a modified wound healing
response.
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Conclusion and future directions

Although we have not provided direct evidence of the mechanistic
link between a novel hybridl domain FBNI mutation and cellular
changes, our study describes the interplay and correlations between
mutant fibrillin-1, ECM dynamics, fibroblast behavior, and skin physi-
ology. While the fibrillin-1 G234D mutant tight skin phenotype re-
sembles scleroderma-like mouse models, the absence of characteristic
fibrosis suggests a distinct mechanism involving compromised elastic
fiber integrity and an altered ECM that affects fibroblast secretomes, and
transcriptomic characters. Future studies should elucidate the effects of
the fibrillin-1 mutation on the skin wound-healing response and its
molecular mechanism. In conclusion, the characterization of the
fibrillin-1 G234D mutation in a mouse model expands our understand-
ing of diverse phenotypic consequences due to fibrillin-1 mutation and
provides some insights into the underlying mechanisms that lead to skin
tightness.

Experimental procedures
Mice

The C57BL/6 wild-type mice were obtained from Jackson Labora-
tory, and Fbn16234P/6234D mjce were developed on a pure C57BL/6
background by the Laboratory Animal Resource Centre at the University
of Tsukuba [32]. Genotyping was conducted using GoTaq green master
mix (Promega, M7123) and specific primers (Forward:
5'-GACACACGGGTAGCTTCCAT-3, Reverse: 5-ACCTTCCGGACTC
CAAGAAT-3). To detect the Fbnl G234D/G234D 1y ytant allele, the restric-
tion enzyme Sac II (Takara,1079A) was used. Homozygous alleles are
detected at 829 bp (uncleaved) and WT alleles at 617 bp and 212 bp (Sac
II cleaved). Both male and female mice were included in the experi-
ments. All mice were housed in a pathogen-free environment on a
12-hour light/12-hour dark cycle. All animal procedures were con-
ducted following animal experimentation guidelines approved by the
Institutional Animal Experiment Committee at the University of Tsu-
kuba (20-262).

Skin sample collection and processing for histology

Mice were anesthetized with a combination of three compounds
(Medetomidine hydrochloride, butorphanol tartrate, and midazolam)
then euthanized by cervical dislocation. The tissue from the back skin
was collected from both WT and Fbn1®234P/G234D njce for various
immunohistological analyses. Briefly, the back skin, including skeletal
muscle, was excised, washed with phosphate-buffered saline (PBS), and
fixed with 4 % paraformaldehyde (PFA; (FUJIFILM Wako,162-16065))
overnight at 4 °C. The following day, the tissue was washed with PBS for
3 h on a shaker and incubated with 20 % sucrose (FUJIFILM Wako,
190-00013) overnight at 4 °C before being embedded in an optimal
cutting temperature compound (Tissue-Tek® OCT Compound, 4583)
and snap-frozen by dry ice. Finally, 10 um thin sections were prepared
by cryo-sectioning (CryoStar NX70).

Tissue staining

Hematoxylin and Eosin (H&E) staining: Frozen sections were
stained with Hematoxylin (FUJIFILM Wako, 131-09665) for 20 min and
Eosin (FUJIFILM Wako, 058-00062) for 30 s at room temperature (RT).
Hart’s staining: To visualize elastic fibers, tissue sections were pre-
treated with (100 ml 70 % Ethanol+1ml HCI) for 5 min before being
incubated in Maeda’s Resorcin-Fuchsin (Muto Pure Chemical, 4032)
solution for 2 h, and Metanil Yellow (FUJIFILM Wako, 137-01502) so-
lution for 1 min. All incubations at RT. Masson trichrome Staining
(MTS): Tissue sections were fixed in Bouin’s fluid (Poly-
sciences,16045-1) for 1 hour at 60 °C and rinsed in distilled water.
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Slides were then treated with Weigert’s Hematoxylin (FUJIFILM Wako,
298-21741) for 10 min, Ponceau-Xylidine-Acid Fuchsin-Azophloxine
(FUJIFILM Wako, 166-19765) for 5 min, Phosphomolybdic-
Phosphotungstic acid solution (Sigma-Aldrich, 221856 and P6395,
respectively) for 25 min, Aniline Blue (FUJIFILM Wako, 015-18045) for
30 seconds at RT. Picrosirius Red Staining (PRS): Tissue sections were
stained with Picrosirius Red Stain Kit and protocol (ScyTek Laboratories,
PSR-1). After xylene washes, all stained tissue sections were mounted
using Entellan (Merck Millipore, HX73846161). H&E, Harts, and MTS
images were captured using a Zeiss Axio Imager Z2 microscope and Zen
2.3 Pro software. For PRS, images were captured with polarized light
microscopy (Olympus BX53). To quantify collagen fiber orientation and
alignment, ImageJ converted PRS images into 8-bit images with
enhanced contrast. The output images were then imported into the
CurveAlign for ROI analysis [85,86]. For each image, two to five regions
were selected as region of interest (ROI: 256 H x 256 W). The fiber
analysis method and boundary method chosen were “CT” and “No
Boundary”, respectively, with a fraction of coefficient set as 0.06.

Immunofluorescence staining: Skin section staining procedures
were performed as previously described [87,88]. Briefly, frozen sections
were fixed with 4 % PFA for 10 min at RT. Afterward, the sections were
incubated with 0.1 %Triton X-100 in PBS and subjected to blocking in
normal goat and donkey serum solution containing bovine serum al-
bumin (BSA; Sigma-Aldrich, A3059). Sections were incubated overnight
at 4 °C with primary antibodies listed below: rabbit anti-fibrillin-1
(1:400, pAb 9543, a kind gift from Lynn Sakai), goat anti-elastin
(1:200, Elastin Products Company, RA75), rabbit anti-fibulin 5 (1:200,
BSYN 1923), rabbit anti-fibronectin (1:200, Sigma-Aldrich, F3648),
rabbit anti-collagen I (1:500, EMD Millipore, AB756), rabbit anti-LoxI1
(1:200, Abcam, ab313585), rabbit anti-lumican (1:200, Abcam,
ab168348). The following day, sections were washed and incubated for
1 h with secondary antibodies (1:200, Alexa 488, 546, Invitrogen) and
hoechst nuclear stain (1:1000, Sigma-Aldrich, B2261) at RT before
mounting. Images were captured using a Zeiss Axio Imager Z2 micro-
scope and Zen 2.3 Pro software. Image analysis was performed using
ImageJ fiji (http://imagej.nih.gov/ij/). ROI was drawn, and fluores-
cence intensity was measured.

Mechanical testing of dorsal skin

The dorsal skin of 3-week-old mutant or WT mice was harvested after
hair removal by shaving and hair removal cream treatment. For tensile
testing, dorsal skin was cut into dog bone-shaped specimens. After
thickness measurement, uniaxial tensile tests were performed using a
tensile tester (DMA 850, TA Instruments, New Castle, DE, USA) at RT
with a strain rate of 5 mm min-1. The slope of the stress-strain curve at
0-10 % was used to obtain the Young’s Modulus [34]. For the rheo-
logical measurement, the dorsal skin was cut into 1 cm? specimens and
tested using an MCR 301 rheometer (Anton Paar GmbH, Austria) with a
parallel PP10/P2 plate. The samples were placed with the epidermis in
contact with the plate and a specimen-dependent gap distance. Fre-
quency sweep mode was used to obtain the viscoelastic spectra (storage
modulus, G’ and loss modulus, G”) by applying 1 % strain from 0.1 to
100 rad/s at 25 °C. To calculate the complex modulus (G*), the

following formula was used: G+ = /(G)? + (G)* [89].

Collagen biochemical analysis

A full-thickness skin of 0.5 cm? was excised from the back skin of 3-
week-old mice and frozen pulverized with mortar and pestle (Spectrum
Bessmann, 189470). The skin samples were hydrolyzed with 6 N HCl
after reduction with NaBH4 as described [45]. An aliquot of the acid
hydrolysate was subjected to amino acid analysis using an 1-8900 amino
acid analyzer (Hitachi). The amount of total protein and collagen was
calculated from the total of amino acids and hydroxyproline (Hyp) with
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collagen conversion factor 7.46 [90], respectively. Collagen cross-links
were quantitated by LC-MS on a QTRAP 5500+ hybrid triple quad-
rupole/linear ion trap mass spectrometer (AB Sciex) coupled to an
ExionLC AD HPLC system (AB Sciex) with 180.labeled internal standards
as described previously [91]. For analysis of Pyr, derivatization with
propionic anhydride was further done to sensitively detect the cross-link
by LC-MS as reported previously [92]. Contents of the cross-links in a
collagen molecule were calculated based on the value of 300 residues of
Hyp per collagen molecule.

Skin microfibril structural analysis

Fibrillin microfibril extraction from WT and G234D mice: Mouse
back skin samples from 22-day-old WT and mutant mice were thawed
and resuspended in buffer (20 mM Tris-HCI, 400 mM NacCl, 2.5 mM
CaCly, pH 7.4). Skin was minced using scissors, then supplemented with
protease inhibitors (NEM (5 mM), PMSF (3 mM)) and collagenase type
1A (0.1mg/ml). Samples were incubated overnight at room temperature
with rotation. Subsequently, samples were centrifuged at 800 g for 10
min at 4 °C. Supernatant was then collected and centrifuged at 5,000 g
for 10 min at 4 °C. Size exclusion chromatography (SEC) was performed
using a Sepharose CL-2B column and the void volume collected. Nega-
tive stain electron microscopy: Microfibrils eluted from the SEC col-
umn were adsorbed onto glow-discharged carbon-coated copper grids
and stained with 2 % uranyl acetate. Grids were imaged on a Talos
L120C TEM operating at an accelerating voltage of 120kV and equipped
with a Ceta cMOS camera. Images were recorded at a magnification of
57,000x and 2.45 A pixel !, The microfibril repeat was manually picked
in RELION-5.0 and subjected to 2D class averaging. To determine the
period length of the WT and mutant microfibrils, the periodicities of 332
microfibril repeats were measured using ImageJ. Microfibrils were
extracted from images and straightened using the straighten tool before
measuring the bead-to-bead repeat length.

Transmission electron microscopy

Mice were euthanized at 3 weeks of age and back skin was cut into
Ilmm x Imm x 2mm dimensions which were then fixed with 3 %
glutaraldehyde (Sigma-Aldrich, 1.12179.0025) in phosphate buffered
solution (pH7.4) prior to processing as previously described [93]
(without tannic-acid staining). Ultra-thin sections (80 nm) were viewed
and captured using a JEM1400 transmission electron microscopy
(JEOL).

Isolation of fibroblast from mouse neonatal skin and primary cell culture

The isolation and culture of primary dermal fibroblasts from post-
natal day 0-2 (PD 0-2) mouse pups are as follows. 70 % ethanol solution
was used for surface sterilization of the pups before limb and tail
dissection, followed by careful removal of the skin without disturbing
the skeletal muscle or internal organs [94]. Tissue specimens were then
subjected to overnight incubation at 4 °C with agitation in CnT-Prime
(CnT-PR) medium supplemented with antibiotics (CnT-GAB-10) and
dispase solution (CnT-DNP-10, all reagents from CELLnTEC) followed by
a 30-min incubation at RT. Epidermal and dermal layers were separated,
and the dermal tissue was finely minced and subjected to enzymatic
digestion using 1 mg/ml collagenase A (Sigma-Aldrich, 10103578001)
in DMEM medium (Gibco, 11965092) for 1.5 h at RT. Post-digestion,
cells were resuspended in 20 % FBS/DMEM, centrifuged, and filtered
through a 70 pm mesh. Cell count and viability were determined before
seeding on collagen I-coated plates (Corning Biocoat, 356450) for pas-
sage 0 (PO) cell culture, after which passages were conducted on
non-coated plates.

For isolation of primary fascia fibroblasts from PD 0-2 skin, mice
were dissected as above and the skin lay flat on a culture dish with the
fascia side facing up [95]. Fragments of fascia layers were collected with
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forceps then digested with 1 mg/ml collagenase A (Sigma-Aldrich,
10103578001) containing antibiotics (CnT-GAB-10) in DMEM/F12
(Gibco, 11320033) for 1 h at RT followed by incubation at 37 °C for 15
min. Cells suspension were then filtered (70 pm mesh), centrifuged and
cultured as above. PO cells were cultured in DMEM/F12 with 10 % FBS.

Bulk RNA-sequencing

Total RNA was extracted using the RNeasy Plus Mini Kit (Qiagen,
74,136) from WT and mutant primary dermal fibroblasts at P2 culture
(WT N = 6, mutant N = 7). RNA quality was analyzed with Agilent 2100
bioanalyzer and subsequently submitted to (Azenta, Project
60-808522843 and 60-1074343755) for sequencing. The FASTAQ data
were converted and analyzed with CLC Genomics 22 software (Qiagen)
for gene expression analysis. Then hierarchical clustering/heatmaps,
Venn diagram and GO analysis were performed using the R packages (R
version 4.4.1 with DESeq2, ggplot2, pheatmap, ggfortify, plotly and
htmlwidgets packages), online tools Venny 2.1 (https://bioinfogp.cnb.
csic.es/tools/venny/) and Metascape (http://metascape.org) [96],
respectively. Raw data is stored at Gene Expression Omnibus
(GSE268383).

Cell stiffness measurement by AFM

WT and mutant Fibroblasts (30,000 cells) from P3—-4 cultures were
seeded on 40mm culture plates (TPP, 93040) and individual cell stiffness
was measured using AFM (Nanowizard II, JPK Instruments, Berlin,
Germany) by a cantilever attached with a 10 um-diameter glass bead
with a spring constant of 0.02 Nm~! (CP-CONT-BSG, NanoAndMore,
Watsonville, CA, USA). Force spectroscopy was performed by probing on
the cytoplasmic cell area immediately outside the nucleus under phase
contrast imaging guidance. The end-point of force measurement was set
at 10 nN, and the cantilever was driven at a velocity of 10 pms ™. Results
were analysed by JPKSPM data processing software using Hertz model
for spherical indenter

74 E 3
F—§(1702)\/RI2

where F, R, E, I, and v represent force, radius of indenter (5 pm), Young’s
modulus, indentation depth, and Poisson’s ratio (0.5 in this study),
respectively.

Western blot analysis

Dorsal skin tissue was collected from 3-week-old mice. Neonatal
dermal fibroblasts were cultured, and cells were collected between
passages 2-4. Both tissue and cells lysate were prepared in RIPA lysis
buffer (Sigma Aldrich, R0278) containing 1 % protease inhibitor
(Thermo Scientific, 78430) and 1 % phosphatase inhibitor (FUJIFILM
Wako, 160-24371). The lysates were mixed with 3 x SDS sample buffer
with 2-mercaptoethanol (Wako, 133-14371) and boiled at 95 °C for 5
min, and then were subjected to SDS-PAGE. Proteins were transferred to
a PVDF membrane (Millipore, IPVH00010) and immunoblotted with
primary antibodies as follows: mouse anti-fibronectin (1:1000, BD
Transduction Laboratories, 610078), rabbit anti-Loxl1 (1:1000, Abcam,
ab313585), rabbit anti-pSmad2 (1:500, Cell Signaling, 31084S), rabbit
anti-Smad2/3 (1:3000, Cell Signaling, 8685S), rabbit anti-pSmadl/5
(1:1000, Cell Signaling, 95168S), rabbit anti-fibrillin-1 (1:1000, rf18, a
kind gift from Tomoyuki Nakamura), mouse anti-collagen-1 (1:1000,
Millipore, AB765P) and rabbit anti-GAPDH (1:1000, Cell Signaling,
2118). Membranes were then incubated with respective anti-rabbit or
-mouse HRP-conjugated secondary antibody (1:1000, Bio-Rad) and
visualized with a chemoluminescence kit (Ez WestLumiplus, Atto Cor-
poration, WSE 7120S HRP).
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Secretome analysis

250,000 of primary skin fibroblasts of P2-3 culture were seeded on a
6-well plate and cultured with 10 % FBS/DMEM (N = 3 per group). Next
day, medium was replaced by fibroblast ECM production medium
(CELLnTEC, CnT-PR-ECM) for 1-day incubation. Because of proprietary
reasons, we could not obtain the information for the exact components
in the CNT-PR-ECM medium. Conditioned medium from each sample
was collected and column centrifugation with Sartorius Vivaspin 2
(Membrane: 3000 MWCO PES, VS0291) was performed at 8000 g to
wash and finally concentrate the samples in PBS prior to proteomics
analysis as previously described [97]. Raw data is accessible from
(iPOST ID: JPST003131/PXD052580). GO analysis was performed using
Metascape (http://metascape.org).

Elastogenesis assay

To visualize elastic fiber development, primary fibroblasts (P3-4)
were grown to confluence on an 8-well culture plate (Ibidi, 80806),
seeded at 100,000 cells per well and cultured with 10 % FBS/DMEM
medium. On the 4th day of culture, the cells were fixed with —20 °C
methanol for 20 min. After several washes with PBS, fixed cells were
incubated with a blocking solution (5 % BSA/PBS) for 1 h. Subsequently,
the cells were treated with the following primary antibodies: rabbit anti-
fibrillin-1 (1:400, rfl18 from Tomoyuki Nakamura), goat anti-elastin
(1:400, Elastin Products Company, RA75), and mouse anti-fibronectin
(1:400, BD Transduction Laboratories, 610078), and incubated over-
night at 4 °C. The next day, the cells were washed with PBS and incu-
bated for 1 hour with secondary antibodies (1:200, Alexa 488, 546, 647,
Invitrogen). Mounting solution containing DAPI (Ibidi, 50011) was used
for nuclear staining. The stained elastin fiber components were observed
under a confocal microscope (Zeiss LSM 700) and images were captured
and analysed using ZEN 2010 software.

Scratch assay

Primary fibroblast of P3-4 (200,000 cells) were seeded on a 6-well
plate with 10 % FBS/DMEM. The next day a scratch was made on the
confluent culture using a 1 ml pipette tip. Time-interval phase contrast
images were obtained using ZEISS Cell Discoverer 7. The 12-hour in-
terval images were analysed by ZEN 2010 software and quantitated
using Image J.

Statistics

Graphs and statistical tests were constructed and analyzed using
GraphPad Prism ver. 8.4.2. All data are described as mean+S.D. Data
normality was assessed with Saphiro-Wilk test. Statistics were deter-
mined by unpaired t-tests. Mann-Whitney tests (non-parametric) were
conducted where data did not conform with normality assumption.
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