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Abstract: Aberrant sialylation with overexpression of the homopolymeric glycan polysialic acid
(polySia) was recently reported in fibroblasts from fibrotic skin lesions. Yet, whether such a rise in
polySia levels or sialylation in general may be functionally implicated in profibrotic activation of
fibroblasts and their transition to myofibroblasts remains unknown. Therefore, we herein explored
whether inhibition of sialylation could interfere with the process of skin fibroblast-to-myofibroblast
transition induced by the master profibrotic mediator transforming growth factor g1 (TGFp1).
Adult human skin fibroblasts were pretreated with the competitive pan-sialyltransferase inhibitor
3-Fax-peracetyl-Neu5Ac (3-Fax) before stimulation with recombinant human TGF{1, and then
analyzed for polySia expression, cell viability, proliferation, migratory ability, and acquisition of
myofibroblast-like morphofunctional features. Skin fibroblast stimulation with TGF1 resulted in
overexpression of polySia, which was effectively blunted by 3-Fax pre-administration. Pretreatment
with 3-Fax efficiently lessened TGFf1-induced skin fibroblast proliferation, migration, changes in
cell morphology, and phenotypic and functional differentiation into myofibroblasts, as testified by
a significant reduction in FAP, ACTA2, COL1A1, COL1A2, and FN1 gene expression, and a-smooth
muscle actin, N-cadherin, COL1A1, and FN-EDA protein levels, as well as a reduced contractile
capability. Moreover, skin fibroblasts pre-administered with 3-Fax displayed a significant decrease
in Smad3-dependent canonical TGF{1 signaling. Collectively, our in vitro findings demonstrate for
the first time that aberrant sialylation with increased polySia levels has a functional role in skin
fibroblast-to-myofibroblast transition and suggest that competitive sialyltransferase inhibition
might offer new therapeutic opportunities against skin fibrosis.

Keywords: skin fibroblasts; myofibroblasts; skin fibrosis; fibroblast-to-myofibroblast transition;
TGEFp1; sialylation; polysialic acid; sialyltransferase inhibitor
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1. Introduction

Skin fibrosis is a consequence of an exaggerated and prolonged wound healing
response clinically manifesting as thickened, tightened, and hardened cutaneous areas
that become firmly adherent to the underlying soft tissues and, ultimately, may cause
considerable morbidity with loss of flexibility, joint contractures, and disfigurement [1,2].
The wide and heterogeneous spectrum of fibrotic skin conditions includes disorders as
various as hypertrophic and keloid scars, morphea (localized scleroderma), systemic
sclerosis (scleroderma), chronic graft-versus-host disease, nephrogenic fibrosing
dermopathy, Dupuytren’s contracture, eosinophilic fasciitis, and chemical- and radiation-
induced and post-burn trauma skin fibrosis [1-10]. These diseases are characterized by
exceptionally high medical needs and, very frequently, poor treatment effects [11,12].

Despite different etiologies and disease-specific pathophysiologic processes,
especially immune, autoimmune, and inflammatory mechanisms, that lead to cutaneous
fibrosis, the abnormal and excessive accumulation of extracellular matrix (ECM)
constituents in the skin is universally governed by proliferation, chronic activation, and
transition of fibroblasts toward a myofibroblast phenotype [13-15]. Indeed, at variance
with physiologic wound healing in which a-smooth muscle actin (a-SMA)-expressing
myofibroblasts undergo apoptosis after wound contraction, the aberrant persistence of
myofibroblasts results in the formation of a scar tissue consisting in a hyperplastic,
disorganized, and stiff ECM particularly rich in collagens, hyaluronan, and fibronectin
[11,13-18]. In such a scenario, ECM stiffness and myofibroblast-ECM interactions have
emerged as prominent mechanical cues that drive skin fibrosis progression by
perpetuating myofibroblast differentiation and evasion of apoptosis in a kind of vicious
circle [13,18,19]. Infiltrating immune cells also play a key role not only in initiating but
also in amplifying the fibrotic response through the secretion of several soluble mediators
such as transforming growth factor 3 (TGFf), accountable for fibroblast-to-myofibroblast
transition, promotion of ECM synthesis and deposition, and further recruitment of
inflammatory/immune cells [2,11,16,18,20,21].

Sialic acids, primarily found as terminal components of glycans in the structure of
glycoproteins and glycolipids of the cellular glycocalyx, are important mediators of cell
function, particularly with regard to cell signaling interactions with the surrounding
microenvironment [22,23]. The most abundant glycocalyx sialic acid is N-
acetylneuraminic acid (Neu5Ac), which often terminates the glycan structures and whose
active form, i.e., cytidine monophosphate (CMP)-Neu5Ac, is used as donor substrate in
enzymatic reactions catalyzed by sialyltransferases that transfer NeuSAc to the growing
glycan chains of glycoproteins and glycolipids [22,23]. Among glycans, polysialic acid
(polySia) is a linear homopolymer of a2,8-linked Neu5Ac up to 400 residues long
conferring important properties to the cells on which it is found [24]. In healthy adult
tissues, the expression of polySia, referred to as polysialylation, is mainly limited to the
cells of the nervous, immune, and reproductive systems, while many aggressive cancers
display high levels of this unique glycan [24-29]. Increased polySia in cancer cells
promotes resistance to apoptosis under hypoxic conditions, and immune evasion, cell
migration, and invasiveness [30-33]. Moreover, aberrant sialylation is increasingly
recognized as a hallmark of numerous challenging chronic diseases other than cancers,
such as autoimmune diseases [34,35]. Of note, potential therapeutic effects of modulating
sialyltransferase activity with different compounds were demonstrated both in vitro and
in vivo [31,36-38]. As far as the implication of sialylation in skin fibrosis is concerned, a
recent study reported that polySia is dysregulated in systemic sclerosis, a multisystem
autoimmune disease characterized by fibrosis not only of the skin but also of various
internal organs [39]. In particular, overexpression of polySia was mostly present in dermal
fibroblasts of fibrotic skin, and both dermal and circulating polySia correlated with the
degree of skin fibrosis, with the highest levels in systemic sclerosis patients with rapidly
progressive diffuse skin fibrosis [39]. Nevertheless, whether aberrantly high levels of
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polySia or sialylation in general may be functionally implicated in fibroblast dysfunction
and transition to myofibroblasts remains to be determined.

On these premises, we herein investigated whether inhibition of sialylation could
interfere with the transition from skin fibroblasts to myofibroblasts induced by the master
profibrotic mediator TGFf31. To this aim, we employed the 3-Fax-peracetyl-Neu5Ac (3-
Fax) compound that results in production of CMP-3-Fax-Neu5Ac, which is a competitive
inhibitor of virtually all sialyltransferases and also causes negative feedback inhibition for
the synthesis of CMP-Neu5Ac, thus resulting in the global blockade of sialylation
[37,40,41].

2. Materials and Methods
2.1. In Vitro Culture of Human Skin Fibroblasts

Three primary cell lines of adult human skin fibroblasts were obtained, as previously
reported [42]. Briefly, skin samples obtained as waste material from plastic surgery were
subjected to a two-step immunomagnetic microbead-based cell separation that allowed
the separation of three dermal cell types: CD31-/CD34+ telocytes, CD31+/CD34* endothelial
cells, and CD31-/CD34- fibroblasts [42]. The CD31-/CD34- fibroblasts were used in the
present study. Cells were maintained at 37 °C and 5% CO: under sterile conditions, and
the culture medium, consisting of 4.5 g/L glucose Dulbecco’s modified eEagle medium
(DMEM; 11-965-092; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; ECS1104L; Euroclone, Milan, Italy), 1% L-glutamine
(ECB3000D; Euroclone), and 1% penicillin/streptomycin (ECB3001D; Euroclone), was
changed every 72 h. After reaching confluence, fibroblasts were pelleted or collected and
subsequently seeded on different supports, depending on the specific experiment.
Fibroblasts were used between the third and seventh passages in culture.

2.2. Cell Stimulation

Before each experiment, cells were starved for 2 h in basal medium containing 2%
FBS, preincubated for an additional 2 h with 100 uM of the competitive pan-
sialyltransferase inhibitor 3-Fax (566224; Sigma-Aldrich, St. Louis, MO, USA), and then
challenged with 10 ng/mL recombinant human TGFp1 (PeproTech, Rocky Hill, NJ, USA)
for 48 h or 72 h to induce fibroblast-to-myofibroblast transition. Cells were also stimulated
with TGFf1 alone, without pretreatment with 3-Fax. The 3-Fax compound was dissolved
in dimethyl sulfoxide to a final concentration of less than 0.1%. After 48 h stimulation, skin
fibroblasts were examined for cell viability, proliferation, and mRNA expression, while
protein expression and contractile capabilities were evaluated after 72 h. Confluence
assessment was also performed after 48 h stimulation. Migration activity was tested after
24 h stimulation by in vitro scratch assay.

2.3. Annexin V/Propidium lodide Flow Cytometer Assay

Human skin fibroblasts, seeded into 6-well plates until 90% confluence and
stimulated for 48 h as described above, were harvested with Accutase (ECB3056D;
Euroclone), transferred in flow cytometer tubes, and subsequently subjected to the
annexin V/propidium iodide (PI) flow cytometer assay, as detailed elsewhere [43].
Samples were analyzed with a BD FACS Canto II flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA), and the percentage of viable, early apoptotic, late apoptotic, and necrotic
cells was calculated depending on annexin V and/or PI positivity. At least 10,000 events
were collected for each sample, which were tested in triplicate.

2.4. Cell Proliferation Assay

Cell proliferation, assessed on cells seeded onto 96-well plates (9 x 103 cells per well)
and stimulated for 48 h as previously described, was determined by means of the WST-1
assay (5015944001; Roche, Basilea, Switzerland), according to the instructions of the
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manufacturer. The experiment was performed with six technical replicates for each exper-
imental condition, and data were expressed as the percentage of the increase or decrease
in cell proliferation over the proliferative effect of 2% FBS-DMEM.

2.5. Cell Morphology and Confluency Assessment

Cell morphology and confluency were both assessed under a Mateo TL RUO inverted
microscope (Leica Microsystems, Mannheim, Germany). For cell confluency assessment,
5 x 105 cells were seeded in T75 culture flasks. The percentage of the surface area covered
by cells was evaluated with the Mateo TL RUO microscope confluency module after 48 h
stimulation. Cell morphology was further determined by staining the F-actin cytoskeleton
with Alexa 488-conjugated phalloidin (1:40 dilution; Invitrogen, Carlsbad, CA, USA) and
counterstaining nuclei with 4',6-diamidino-2-phenylindole (DAPI), followed by imaging
with a Leica Stellaris 5 confocal laser scanning microscope equipped with the LAS X soft-
ware (version 5.2.2; Leica Microsystems) using a Plan-Apo x63/1.4NA oil immersion ob-
jective.

2.6. In Vitro Scratch Assay

Scratch assay was performed on confluent human skin fibroblasts seeded onto 6-well
plates and cultured in complete DMEM. After 24 h of starvation, the medium was re-
moved and the cell monolayer was scratched with a 200-uL pipette tip in order to obtain
a ~1 mm wide area without cells. Once all detached cells were removed, the monolayers
were incubated as described above. The cell migratory capacity was evaluated by captur-
ing phase-contrast images of the scratched area under a Mateo TL RUO microscope (Leica
Microsystems), with a x4 objective. The pictures, acquired immediately after scratching
and 24 h later, were compared to quantify the scratched area closure rate. For each cell
line, all experimental conditions were performed in triplicate.

2.7. Quantitative PCR

Human skin fibroblast RNA content, purified after 48 h stimulation with the RNeasy
Micro Kit (74004; Qiagen, Milan, Italy), was quantified by means of a NanoDrop 8000
Spectrophotometer (Thermo Fisher Scientific). RNA was then reverse transcribed to
cDNA followed by gene expression assessment with SYBR Green real-time PCR, as pre-
viously described [44,45]. The list of oligonucleotide primer pairs (QuantiTect primer as-
says; Qiagen) is provided in Table 1. The 18S ribosomal RNA (Hs_RRN185_1_SG;
QT00199367; Qiagen) was used as the housekeeping gene for normalization. Differences
in gene expression were calculated with the threshold cycle (Ct) and comparative Ct meth-
odology for relative quantification. All experimental points were analyzed in triplicate for
each of the three human skin fibroblast lines.

Table 1. Oligonucleotide primer pairs used for quantitative PCR.

Gene Assay ID Catalog Number

FAP Hs_FAP_1_SG QT00074963
ACTA2 Hs_ACTA2_1_SG QT00088102
COL1A1 Hs_COL1A1_1_SG QT00037793
COL1A2 Hs_COL1A2_1_SG QT00072058

FN1 Hs_FN1 1 SG QT00038024

2.8. Western Blotting

After 72 h stimulation, cellular pellets were collected, and proteins were extracted by
lysing cells in a solution containing Ripa buffer (89,901; Thermo Fisher Scientific), a com-
plete protease inhibitor cocktail (11,697,498,001; Roche), 1 mM sodium orthovanadate, and
1 mM NaF. Once sonicated, proteins were quantified with the Bradford’s method and
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subsequently boiled at 90 °C for 5 min after the addition of Laemmli sample buffer (Bio-
Rad, Hercules, CA, USA) and -mercaptoethanol. Thirty pg of proteins was then loaded
into a precast gel and, after the electrophoretic run, blotted onto a nitrocellulose mem-
brane by using the Trans-Blot Turbo Mini 0.2 um nitrocellulose transfer packs (#1704158;
Bio-Rad) and the Trans-Blot Turbo transfer system instrument (Bio-Rad). The Western
blotting analysis was performed according to previously published procedures [44,45],
and the list of the primary antibodies used is shown in Table 2. Protein bands were de-
tected with the ChemiDoc Touch Imaging System (Bio-Rad), and the densitometry of each
band was calculated using Image] software 64-bit Java 1.8.0_172 Windows version (NIH,
Bethesda, MD, USA; online at http://imagej.net/ij/, accessed on 15 January 2024).

Table 2. Primary antibodies used for Western blotting.

Catalog

Primary Antibody Host Species Number Producer Dilution
anti-polySia rabbit RABO00125 Abnova 1:1000
anti-a-SMA mouse ab7817 Abcam 1:300

anti-N-cadherin rabbit #13116S Cell Signaling 1:1000
Technology

. . Cell Signaling

anti-COL1A1 rabbit #39952 1:1000
Technology

anti-fibronectin mouse SAB4200880 Sigma-Aldrich 1:1000

11 Signali

anti-p-Smad3 rabbit #95205 Cell Signaling 1:1000
Technology

anti-a-actinin rabbit #3134 Cell Signaling 1:1000
Technology

anti-GAPDH mouse ab8245 Abcam 1:5000

anti-a-tubulin rabbit #2144 Cell Signaling 1:1000
Technology

a-SMA —a-smooth muscle actin; polySia—polysialic acid; p-Smad3—phosphorylated-Smad3;
GAPDH —glyceraldehyde 3-phosphate dehydrogenase.

2.9. Fluorescence Immunocytochemistry

To perform fluorescence immunocytochemistry, fibroblasts were seeded onto 20 x 20
mm glass coverslips, treated as previously described for 72 h, and finally fixed with 3.7%
buffered paraformaldehyde. After permeabilizing cell membranes with 0.1% Triton X-100
in PBS for 10 min at room temperature, cells were washed with PBS, blocked with 1%
bovine serum albumin in PBS for 1 h at room temperature, and subsequently incubated
at 4 °C overnight with the following primary antibodies: rabbit monoclonal anti-polySia
(1:100; RAB00125; Abnova, Taipei, Taiwan), mouse monoclonal anti-a-SMA (1:100;
ab7817; Abcam, Cambridge, UK), and rabbit monoclonal anti-COL1A1 (1:300; #39952; Cell
Signaling Technology, Danvers, MA, USA). Irrelevant isotype- and concentration-
matched IgGs (Sigma-Aldrich) were used as negative controls. On the following day, the
secondary antibodies Alexa Fluor-488-conjugated and Rhodamine Red-X-conjugated IgG
(1:200; Invitrogen) were applied on coverslips for 45 min at room temperature in the dark,
while nuclei were counterstained blue for 10 min at room temperature in the dark with
DAPI. Coverslips were finally mounted onto glass slides and immunolabeled fibroblasts
were observed and photographed with a Leica DM4000-B microscope furnished with a
Leica DFC310 FX 1.4-megapixel digital color camera and the Leica software application
suite LAS V3.8 (Leica Microsystems).
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2.10. Collagen Gel Matrix Contraction Assay

The collagen gel matrix contraction assay was performed using a commercial kit
(Floating Matrix Model; CBA-5020; Cell Biolabs, San Diego, CA, USA). Cells, treated for
72 h as described above, were firstly detached and resuspended in DMEM containing 2%
FBS (2 x 106 cells/mL). Then, 500 pL of a solution obtained by mixing 100 pL of cell sus-
pension and 400 pL of collagen gel matrix solution were added to each well of an adhe-
sion-resistant matrix coated 24-well plate. Cell-free gels were used as negative controls.
After 1 h at 37 °C and 5% COz, basal medium or medium containing different stimuli was
added on top of each polymerized collagen gel matrix. The test was performed in triplicate
for each experimental point. After 24 h, the plate was photographed and the area of each
gel was measured with Image] software 64-bit Java 1.8.0_172 Windows version (NIH;
online at http://imagej.net/ij/, accessed on 19 December 2023).

2.11. Statistical Analysis

Statistical analysis was performed with GraphPad Prism 5 software. After verification
of data normality with the Kolmogorov-Smirnov test and further confirmation with the
Shapiro-Wilk test, one-way analysis of variance (ANOVA) followed by post hoc Tukey’s
test were carried out to compare three experimental groups. All data were expressed as
mean * standard deviation. Values of p < 0.05 were considered statistically significant.

3. Results

3.1. The Pan-Sialyltransferase Inhibitor 3-Fax Attenuates TGFB1-Induced PolySia Expression in
Human Skin Fibroblasts

Preliminary immunofluorescence and Western blotting analyses of polySia content
were performed on human skin fibroblasts at basal condition and stimulated with TGF{31
alone or added 2 h after pre-incubation with the competitive pan-sialyltransferase inhibi-
tor 3-Fax. As shown in Figure 1A,B, skin fibroblasts at basal condition showed negligible
expression of polySia. Stimulation with profibrotic TGFP1 had the capability to induce
polySia expression, and such an effect could be significantly attenuated by pretreating
skin fibroblasts with 3-Fax (Figure 1A,B).
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Figure 1. TGF[31 stimulation of human skin fibroblasts induces a significant upregulation of polySia
expression, an effect that is strongly reduced by inhibition of sialyltransferases with 3-Fax. (A)
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Representative fluorescence photomicrographs of skin fibroblasts immunostained for polySia and
counterstained for nuclei with DAPI. Scale bar: 50 um. (B) Demonstrative immunoblots for polySia,
using a-actinin as a loading control for normalization. The two TGFB1 points shown are technical
replicates. Molecular weights (kDa) are shown. Optical density of the bands is expressed in arbitrary
units (a.u.). Bars represent the mean + standard deviation of three independent experiments (n =3
technical replicates each) from three cell lines. ### p <0.001 vs. basal, ** p <0.01 vs. TGFB1 (Tukey’s
test). DAPI—4',6-diamidino-2-phenylindole; 3-Fax—3-Fax-peracetyl-Neu5Ac; PolySia—polysialic
acid; TGFB1—transforming growth factor $1.

3.2. The Pan-Sialyltransferase Inhibitor 3-Fax Inhibits TGFB1-Induced Proliferation of Human
Skin Fibroblasts

In order to exclude any potential side effect of the pan-sialyltransferase inhibitor 3-
Fax, we evaluated human skin fibroblast viability by using the annexin V/PI flow cytom-
etry assay. As proven by the absence of significant differences in the number of viable,
early apoptotic, late apoptotic, and necrotic cells amongst the different experimental
points, cell viability was not affected neither by TGF{31 alone or in combination with 3-
Fax (Figure 2A,B). Regarding cell proliferation, evaluated by WST-1 assay, stimulation
with TGF{31 alone determined a significant, though not impressive, increase in the fibro-
blast proliferative rate, as reported in previous studies [45-47], while pretreatment with
3-Fax was able to reduce TGF{31-induced skin fibroblast proliferation (Figure 2C).
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Figure 2. The pan-sialyltransferase inhibitor 3-Fax does not affect the viability of human skin fibro-
blasts and reduces TGFp1-induced cell proliferation. (A) Demonstrative annexin V/PI flow cytome-
try assay plots of skin fibroblasts at basal condition and challenged with TGFf31 alone or added 2 h
after pre-incubation with 3-Fax. Q1 quadrant shows annexin V-/PI* necrotic cells, Q2 quadrant an-
nexin V*/PI* late apoptotic cells, Q3 quadrant annexin V-/PI" viable cells, and Q4 quadrant annexin
V*/PI" early apoptotic cells. (B) Percentage of viable cells (Q3 quadrant) for each experimental point.
(C) Cell proliferation evaluated with WST-1 colorimetric assay. The proliferative rate at basal con-
dition is set to 100%, and the other results are normalized consequently. Bars represent the mean *
standard deviation of three independent experiments (1 = 3 technical replicates each for cell viability
assay, 1 = 6 technical replicates each for WST-1 assay) from three cell lines. ## p < 0.01 vs. basal, * p
< 0.05 vs. TGFp1 (Tukey’s test). 3-Fax—3-Fax-peracetyl-Neu5Ac; PI—propidium iodide; TGF31—
transforming growth factor 31.
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3.3. Cell Confluency and Cell Migratory Capability Determination

The ability of TGF{31 to foster cell proliferation was confirmed by the high confluency
percentage of TGFf1-treated fibroblasts (Figure 3A). On the contrary, skin fibroblasts pre-
incubated with 3-Fax before being challenged with TGF[31 showed a significantly reduced
confluency percentage, demonstrating the ability of 3-Fax to inhibit TGFf1-induced pro-
liferative effect (Figure 3A).

Stimulation of human skin fibroblasts with TGF[31 significantly augmented their mi-
gratory ability, with ~85% scratched area closure after 24 h (Figure 3B). Pre-administration
of 3-Fax resulted in a reduction of the TGFp1-mediated effect, significantly lowering the
scratched area closure percentage up to ~60% (Figure 3B).

TGFB1 3-Fax + TGFB1

3-Fax + TGFp1
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5 40-
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Figure 3. The pan-sialyltransferase inhibitor 3-Fax significantly lessens TGFp1-induced capability
of human skin fibroblasts to proliferate and regenerate the integrity of the cellular monolayer after
scratching. Cell confluency and migration are assessed on skin fibroblasts cultured at basal condi-
tion and challenged with TGF{31 alone or added 2 h after preincubation with 3-Fax. (A) Representa-
tive phase-contrast photomicrographs of the fibroblast monolayer and quantification of cell conflu-
ency after 48 h stimulation. (B) Demonstrative phase-contrast images of the scratched area at 0 and
24 h. Scale bar: 400 um. The borders of the scratched area are drawn in black. Bars represent the
mean =+ standard deviation of three independent experiments (1 = 3 technical replicates each) from
three cell lines. ### p <0.001, #4 p <0.01, and # p <0.05 vs. basal, *** p <0.001 and * p < 0.05 vs. TGF{31
(Tukey’s test). 3-Fax—3-Fax-peracetyl-Neu5Ac; TGFp1—transforming growth factor 1.

3.4. Cell Morphology and Myofibroblast-Like Phenotype Assessment

TGEFf1 treatment induced significant morphological changes in human skin fibro-
blasts, making them acquire a myofibroblast-like morphology characterized by a larger
size and a flattened and polygonal-shaped body (Figure 4A,B). In addition, upon stimu-
lation with TGFf31, cells went through a substantial reorganization of the F-actin cytoskel-
eton, showing more abundant stress fibers (Figure 4A,B). Of note, pretreatment with 3-
Fax was able to reduce all the TGFf1-induced morphological and cytoskeletal changes
(Figure 4A,B). As far as the assessment of myofibroblast-like features was concerned,
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fluorescence immunocytochemistry revealed that TGF1 treatment induced a significant
upregulation of both intracellular a-SMA and COL1A1, with a-SMA being highly assem-
bled into stress fibers (Figure 4C,D). Such an effect was strongly attenuated by the pre-
administration of the pan-sialyltransferase inhibitor 3-Fax (Figure 4C,D).

Basal TGFp1 3-Fax + TGFp1

25m
—

Figure 4. The pan-sialyltransferase inhibitor 3-Fax significantly inhibits the TGFf1-induced acqui-
sition of a profibrotic myofibroblast-like phenotype of human skin fibroblasts. (A) Demonstrative
phase-contrast images of cells cultured at basal condition and challenged with TGF{31 alone or
added 2 h after preincubation with 3-Fax. (B) Representative fluorescence photomicrographs of skin
fibroblasts stained for F-actin with Alexa 488-conjugated phalloidin. Nuclei are counterstained with
DAPIL (C,D) Illustrative fluorescence images of skin fibroblasts immunostained for a-SMA and
COL1A1 and counterstained for nuclei with DAPL. Scale bars: 200 um (A), 25 um (B), 50 um (C,D).
a-SMA —a-smooth muscle actin; COL1A1—a-1 chain of type I collagen; DAPI—4',6-diamidino-2-
phenylindole; F-actin—filamentous actin; 3-Fax—3-Fax-peracetyl-Neu5Ac; TGFp1—transforming
growth factor {31.

3.5. TGFp1-Induced Acquisition of Myofibroblast Markers and Contractile Ability by Human
Skin Fibroblasts Is Reduced by Preadministration of 3-Fax

Quantitative PCR executed on human skin fibroblasts stimulated with TGFf31 alone
indicated a significant increase in the expression of FAP, ACTA2, COL1A1, COL1A2, and
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FNT1 genes (Figure 5). Of note, the pre-administration of 3-Fax to cells was effective to sig-
nificantly lower the mRNA levels of all the aforementioned genes (Figure 5).
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Figure 5. The pan-sialyltransferase inhibitor 3-Fax significantly reduces TGFf1-induced expression
of genes encoding myofibroblast markers in human skin fibroblasts. The expression of FAP (fibro-
blast activation protein), ACTA2 (a-smooth muscle actin), COL1A1 (a-1 chain of type I collagen),
COL1A2 (a-2 chain of type I collagen), and FN1 (fibronectin 1) genes is quantified by quantitative
real-time PCR. Basal expression is set to 1 for each gene and the other results are normalized accord-
ingly. 18S ribosomal RNA is employed as housekeeping gene. Histograms represent the mean +
standard deviation of three independent experiments (1 =3 technical replicates each) from three cell
lines. ### p < 0.001, ## p < 0.01, and # p < 0.05 vs. basal, *** p < 0.001, ** p < 0.01, and * p < 0.05 vs.
TGEFp1 (Tukey’s test). 3-Fax—3-Fax-peracetyl-Neu5Ac; TGFp1—transforming growth factor 1.

These findings were subsequently confirmed by Western blotting analysis, which in-
deed showed a significant increase in the expression not only of a-SMA and COL1A1 but
also of myofibroblast-associated N-cadherin and fibronectin containing the alternatively
spliced extra domain A, commonly referred to as FN-EDA, in TGF[31-treated skin fibro-
blasts (Figure 6). The TGFB1-induced upregulation of all these protein markers was sig-
nificantly inhibited in skin fibroblasts pretreated with 3-Fax (Figure 6).

Since Smad3 phosphorylation represents an important step in the profibrotic canon-
ical TGF{31 pathway, we also evaluated the protein levels of phosphorylated-Smad3/total
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Smad3 in each experimental condition. As shown in Figure 6, skin fibroblast stimulation
with TGFf1 alone strongly increased Smad3 phosphorylation, an effect that was signifi-
cantly lessened by pretreatment with 3-Fax.
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Figure 6. The pan-sialyltransferase inhibitor 3-Fax significantly decreases TGFp1-induced protein
expression of myofibroblast markers and Smad3-dependent canonical TGF{31 signaling in human
skin fibroblasts. Representative immunoblots for a-SMA, N-cadherin, COL1A1, FN-EDA, p-Smad3,
and total Smad3. GAPDH and «a-tubulin are measured as loading controls for normalization. The
molecular weight (kDa) of each protein is shown. Optical density of the bands is expressed in arbi-
trary units (a.u.). Bars represent the mean + standard deviation of three independent experiments
(n =3 technical replicates each) from three cell lines. ### p <0.001 vs. basal, *** p <0.001 and * p <0.05
vs. TGFP1 (Tukey’s test). a-SMA —a-smooth muscle actin; COL1A1—a-1 chain of type I collagen;
3-Fax—3-Fax-peracetyl-Neu5Ac; FN-EDA —fibronectin containing the alternatively spliced extra
domain A; GAPDH—glyceraldehyde 3-phosphate dehydrogenase; p-Smad3—phosphorylated-
Smad3; TGFp1—transforming growth factor 1.
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Finally, the pre-administration of 3-Fax to skin fibroblasts also led to a significant
decrease in the TGFf31-induced myofibroblast-like cell capability to contract collagen gel
matrices (Figure 7).

Negative control
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Figure 7. The pan-sialyltransferase inhibitor 3-Fax significantly dampens TGF{1-induced myofibro-
blast-like contractile ability of human skin fibroblasts. Representative wells of the collagen gel con-
traction assay plate are shown in the upper panel. Gel area is expressed as the percentage of that
detected for cells at basal condition. Bars represent the mean + standard deviation of three inde-
pendent experiments (n = 3 technical replicates each) from three cell lines. ### p < 0.001 vs. basal, **
p < 0.01 vs. TGFP1 (Tukey’s test). 3-Fax—3-Fax-peracetyl-Neu5Ac; TGF1—transforming growth
factor 1.

4. Discussion

Fibrotic skin conditions such as pathological scarring and systemic sclerosis mainly
manifest with fibroblast proliferation and differentiation into a profibrotic myofibroblast
phenotype, causing an exaggerated and prolonged wound healing response that leads to
dermal ECM hyperplasia [1,2,11,13,15,16,18]. Currently, the pathogenesis of these dis-
eases has not been fully elucidated, and remarkably high medical needs and poor treat-
ment possibilities still represent major burdens [1,12]. Therefore, an in-depth understand-
ing of the mechanisms that regulate myofibroblast differentiation and, hence, potentially
represent novel therapeutic targets is crucial to prevent the progression of the cutaneous
fibrogenic process, or even revert established skin fibrosis [4,11,18]. In this regard, alt-
hough increased levels of polySia were recently found in dermal fibroblasts of systemic
sclerosis patients and correlated with the severity of skin fibrosis, any pathogenic impli-
cation of polySia or sialylation in general via possible effects on fibroblasts remains un-
known [39]. By taking advantage of the in vitro model of adult human skin fibroblast-to-
myofibroblast transition induced by recombinant human TGEFf1, our results demonstrate
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that an increase in polySia is a functional piece in the profibrotic differentiation of skin
fibroblasts. Indeed, pretreatment of skin fibroblasts with the competitive global sialyl-
transferase inhibitor 3-Fax significantly dampened both the TGFf31-induced raise in pol-
ySia levels and TGFB1-induced proliferation, migration, changes in cell morphology, and
phenotypic and functional differentiation into myofibroblasts, as testified by a significant
reduction in FAP, ACTA2, COL1A1, COL1A2, and FN1 gene expression; a-SMA, N-cad-
herin, COL1A1, and FN-EDA protein levels; and reduced stress fiber formation and con-
tractile capability. Since activation of the Smad3-dependent pathway by TGF@1 stimula-
tion is known to be required for myofibroblastic differentiation of quiescent fibroblasts
[18,48], we further examined whether the reduction of sialylation with the pan-sialyltrans-
ferase inhibitor 3-Fax had an effect on Smad3 phosphorylation. Western blot analysis dis-
closed that activation of the Smad3-dependent canonical TGF{1 signaling was signifi-
cantly reduced in skin fibroblasts pre-administered with 3-Fax. However, we cannot ex-
clude that the blockade of sialylation could also interfere with non-canonical (non-Smad)
TGEFp pathways in skin fibroblasts [18], which deserves further investigation. Moreover,
whether canonical or non-canonical TGFf signaling might regulate sialyltransferases in
fibroblasts will merit in-depth analyses from a mechanistic point of view. In addition, it is
important to consider that sialylation of the integrin ligand vitronectin was found to reg-
ulate stress fiber formation and cell spreading of dermal fibroblasts via a heparin-binding
site [49], and that reciprocal TGFB-integrin signaling is deeply implicated in ECM remod-
eling and fibrosis [50]. For instance, it was demonstrated that TGFf receptor signaling can
modulate 31- and 34-integrin sialylation [51,52]. Therefore, future research should dissect
the putative contribution of sialylation in the fibroblast-to-myofibroblast transition via the
modulation of the integrin-TGF{ crosstalk.

Of note, our results are consistent with a previous report showing that TGF{31-in-
duced expression of a-SMA in skin fibroblasts during the process to senescence is inhib-
ited by the depletion of sialic acids with GaINAc-a-O-benzyl or sialidase treatment [53].
Furthermore, it is interesting to underline that profibrotic myofibroblasts are regarded as
cancer-like cells in terms of increased invasiveness, resistance to apoptosis, proliferation,
and genomic instability [4,18,39]. Hence, in agreement with our findings on fibroblasts
differentiated into myofibroblasts via TGFP1 treatment, both the proliferation and migra-
tion capacity of tumor cells were significantly inhibited by administration of the 3-Fax
compound [54]. In addition, a recent study employing 3-Fax has shown increased sialyla-
tion in cancer-associated fibroblasts, which express a-SMA and have a myofibroblast-like
phenotype [55]. Notably, it was demonstrated that cancer-associated fibroblasts can drive
the differentiation of monocytes to immunosuppressive tumor-associated macrophages
in vitro via sialic acid interactions with Siglecs, which are expressed on innate and adap-
tive immune cells [55]. Considering the importance of fibroblast-immune cell interactions
in the initiation and progression of the fibrotic process [2,11,16,18,20,21], the occurrence
of similar mechanisms should be explored in the context of skin fibrosis.

These results are important as they suggest that sialylation is worthy of further ex-
ploration as a possible target for therapies against fibrosing skin disorders. We restricted
our investigation to primary human skin fibroblasts as the first in vitro model essential
for testing our working hypothesis because of their ease of acquisition, culture, and tran-
sition toward profibrotic myofibroblasts. Since in the present study we used a preventive
approach (i.e., the blockade of sialylation prior to the induction of fibroblast-to-myofibro-
blast transition by TGFf31), it would be interesting to analyze whether the blocking of si-
alylation might even reverse or stop myofibroblast differentiation and matrix synthesis in
a curative setting in vitro. Whether the inhibition of sialylation would show the same an-
tifibrotic ability in preclinical in vivo models of skin fibrosis remains to be determined.
For example, we foresee that this could be achieved using the well-established mouse
model induced by repeated subcutaneous injections of bleomycin, which features skin
immune reactions and inflammation followed by development of fibrosis [20,56-58]. Even
considering the important biological roles played by polySia and other sialosides in the
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regulation of the immune response [28,35,59], such an experimental system will allow to
dissect the role of sialylation in cell signaling interactions of skin fibroblasts with the sur-
rounding microenvironment bearing inflammatory/immune cells that release TGFf1
along with multiple other profibrotic stimuli. Although in our in vitro study we employed
the 3-Fax sialic acid analog that inhibits virtually all sialyltransferases [37,41], we should
consider that the use of this compound in vivo may have some limitations, at least if sys-
temically administered, because of deleterious effects on liver and kidney function [40].
Therefore, exploiting more selective sialyltransferase inhibitors such as 8-keto-Neu5Ac,
which was found to be nontoxic at effective concentrations and to block polySia synthesis
in cancer cell lines with minimal effects on other sialyl glycoforms [37,60], is advisable for
future in vivo experimentation. Finally, we acknowledge that, following the herein
demonstration of the ability of sialylation blockade to prevent fibroblast-to-myofibroblast
transition, further work is necessary to demonstrate whether the same approach might
also be effective in inducing myofibroblast dedifferentiation and skin fibrosis regression.

As far as the experimental design of our study is concerned, it is necessary to point
out that we did not incorporate a treatment with the sialyltransferase inhibitor 3-Fax alone
based on the following rationale. First, since we used the in vitro model of TGFp1-induced
fibroblast-to-myofibroblast transition to test our hypothesis that polySia expression could
be induced by TGFf1 stimulation and have a functional implication in the transition pro-
cess, the basal condition (i.e., untreated cells) was considered the experimental control.
This was essential to verify that the in vitro model was working properly (i.e., stimulation
with recombinant human TGFp1 effectively induced the fibroblast-to-myofibroblast tran-
sition). Moreover, as known from much of the literature [24-29], we considered that the
expression of polySia is restricted to a few anatomical districts and cell types in healthy
conditions. Indeed, we found negligible expression of polySia in skin fibroblasts at basal
condition (Figure 1A,B). In addition, sialyltransferase inhibitors are compounds that spe-
cifically block sialylation with no other expected cellular effects [36]. Of note, similarly to
our experimental design, the study of Sasaki et al. [53] did not include a treatment with
the sialyltransferase inhibitor alone for experiments on fibroblasts treated with TGFf1.
Nevertheless, we considered essential an inclusion of cell viability assessment in our ex-
perimental design in order to exclude that results of gene and protein expression levels of
the myofibroblast markers could be biased by an increase in cell death in the presence of
the sialyltransferase inhibitor. As clearly shown in Figure 2A,B, we verified that the sialyl-
transferase inhibitor did not alter the viability of skin fibroblasts.

5. Conclusions

In summary, the present in vitro study demonstrates for the first time that (i) aberrant
polysialylation occurs during profibrotic activation of adult human skin fibroblasts by
TGEFp1 and (ii) blockade of sialylation with competitive inhibition of sialyltransferases can
effectively interfere with the TGF{31-driven fibroblast-to-myofibroblast transition process.
In perspective, we are confident that these findings provide the necessary groundwork for
further preclinical in vitro and in vivo studies to untangle how sialylation could contribute
to making the difference between normal wound healing and pathological scarring, and
whether its modulation could afford new antifibrotic therapeutic opportunities.

Author Contributions: Conceptualization, M.M.; methodology, B.SF., LR, AT, EA,, ER. and
M.M,; validation, B.S.F., LR,, E.S. and M.M.; formal analysis, B.S.F., LR., E.R,, E.S. and M.M.; inves-
tigation, B.S.F., LR, A.T,, E.A,, ER,, E.S. and M.M,; resources, E.S. and M.M.; data curation, B.S.F.,
LR, E.R. and M.M.; writing —original draft preparation, B.S.F., LR., E.R. and M.M.; writing —review
and editing, B.S.F., I.R., A.T, E.A,, ER,, E.S. and M.M.; supervision, M.M.; funding acquisition, M.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Italian Ministry of University and Research (MIRKO-
MANETTIRICATEN23 funds granted to Mirko Manetti).



Cells 2024, 13, 1067 15 of 17

Institutional Review Board Statement: The use of adult human skin waste material from plastic
surgery for research purpose was approved by the Comitato Etico Regionale per la Sperimentazione
Clinica della Toscana—sezione AREA VASTA CENTRO, Florence, Italy (approval number:
16687_bio; approval date: 14 April 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lin, X;; Lai, Y. Scarring Skin: Mechanisms and Therapies. Int. ]. Mol. Sci. 2024, 25, 1458. https://doi.org/10.3390/ijms25031458.

2. Canady, J.; Karrer, S.; Fleck, M.; Bosserhoff, A.K. Fibrosing Connective Tissue Disorders of the Skin: Molecular Similarities and
Distinctions. J. Dermatol. Sci. 2013, 70, 151-158. https://doi.org/10.1016/j.jdermsci.2013.03.005.

3. Nangole, FW.; Agak, G.W. Keloid Pathophysiology: Fibroblast or Inflammatory Disorders? JPRAS Open 2019, 22, 44-54.
https://doi.org/10.1016/j.jpra.2019.09.004.

4.  Bhattacharyya, S.; Wei, ].; Varga, J. Understanding Fibrosis in Systemic Sclerosis: Shifting Paradigms, Emerging Opportunities.
Nat. Rev. Rheumatol. 2012, 8, 42-54. https://doi.org/10.1038/nrrheum.2011.149.

5. Wang, Y.; Chen, S; Bao, S.; Yao, L.; Wen, Z; Xu, L.; Chen, X.; Guo, S.; Pang, H.; Zhou, Y; et al. Deciphering the Fibrotic Process:
Mechanism  of  Chronic  Radiation  Skin  Injury  Fibrosis. = Front.  Immunol. 2024, 15,  1338922.
https://doi.org/10.3389/fimmu.2024.1338922.

6.  Berman, B.; Maderal, A.; Raphael, B. Keloids and Hypertrophic Scars: Pathophysiology, Classification, and Treatment. Dermatol.
Surg. 2017, 43, S3. https://doi.org/10.1097/DSS.0000000000000819.

7.  Faour, S,; Farahat, M.; Aijaz, A.; Jeschke, M.G. Fibrosis in Burns: An Overview of Mechanisms and Therapies. Am. . Physiol. Cell
Physiol. 2023, 325, C1545-C1557. https://doi.org/10.1152/ajpcell.00254.2023.

8.  Ferreli, C.; Gasparini, G.; Parodi, A.; Cozzani, E.; Rongioletti, F.; Atzori, L. Cutaneous Manifestations of Scleroderma and Scle-
roderma-Like Disorders: A  Comprehensive Review. Clin. Rev. Allergy Immunol. 2017, 53, 306-336.
https://doi.org/10.1007/s12016-017-8625-4.

9.  Musumeci, M.; Vadala, G.; Russo, F.; Pelacchi, F.; Lanotte, A.; Denaro, V. Dupuytren’s Disease Therapy: Targeting the Vicious
Cycle of Myofibroblasts? Expert Opin. Ther. Targets 2015, 19, 1677-1687. https://doi.org/10.1517/14728222.2015.1068758.

10. Goussetis, E.; Spiropoulos, A.; Theodosaki, M.; Stefanaki, K.; Petrakou, E.; Graphakos, S. Myofibroblasts Generated in Culture
from Sclerotic Skin Lesions of a Patient with Extensive Chronic Graft-Versus-Host Disease After Allogeneic Hematopoietic Stem
Cell Transplantation Are of Recipient Origin. Stem Cells Dev. 2010, 19, 1285-1287. https://doi.org/10.1089/scd.2009.0401.

11. Tai, Y.; Woods, E.L.; Dally, J.; Kong, D.; Steadman, R.; Moseley, R.; Midgley, A.C. Myofibroblasts: Function, Formation, and
Scope of Molecular Therapies for Skin Fibrosis. Biomolecules 2021, 11, 1095. https://doi.org/10.3390/biom11081095.

12.  Coentro, J.Q.; Pugliese, E.; Hanley, G.; Raghunath, M.; Zeugolis, D.I. Current and Upcoming Therapies to Modulate Skin Scar-
ring and Fibrosis. Adv. Drug Deliv. Rev. 2019, 146, 37-59. https://doi.org/10.1016/j.addr.2018.08.009.

13.  Bochaton-Piallat, M.-L.; Gabbiani, G.; Hinz, B. The Myofibroblast in Wound Healing and Fibrosis: Answered and Unanswered
Questions. F1000Research 2016, 5, F1000 Faculty Rev-752. https://doi.org/10.12688/f1000research.8190.1.

14. Desmouliere, A.; Hinz, B. The Myofibroblast and Giulio Gabbiani: An Inseparable Couple Celebrates Their 50 Years Golden
Wedding Anniversary. Wound Repair Regen. 2021, 29, 511-514. https://doi.org/10.1111/wrr.12942.

15.  Younesi, F.S.; Miller, A.E.; Barker, T.H.; Rossi, F.M.V.; Hinz, B. Fibroblast and Myofibroblast Activation in Normal Tissue Repair
and Fibrosis. Nat. Rev. Mol. Cell Biol. 2024, Online ahead of print. https://doi.org/10.1038/s41580-024-00716-0.

16. Talbott, H.E.; Mascharak, S.; Griffin, M.; Wan, D.C.; Longaker, M.T. Wound Healing, Fibroblast Heterogeneity, and Fibrosis. Cell
Stem Cell 2022, 29, 1161-1180. https://doi.org/10.1016/j.stem.2022.07.006.

17. Hinz, B.; Lagares, D. Evasion of Apoptosis by Myofibroblasts: A Hallmark of Fibrotic Diseases. Nat. Rev. Rheumatol. 2020, 16,
11-31. https://doi.org/10.1038/s41584-019-0324-5.

18.  Romano, E.; Rosa, I; Fioretto, B.S.; Matucci-Cerinic, M.; Manetti, M. The Role of Pro-Fibrotic Myofibroblasts in Systemic Sclero-
sis: From Origin to Therapeutic Targeting. Curr. Mol. Med. 2022, 22, 209-239.
https://doi.org/10.2174/0929867328666210325102749.

19. Wang, K.; Wen, D.; Xu, X.; Zhao, R;; Jiang, F.; Yuan, S.; Zhang, Y.; Gao, Y.; Li, Q. Extracellular Matrix Stiffness—The Central Cue
for Skin Fibrosis. Front. Mol. Biosci. 2023, 10, 1132353. https://doi.org/10.3389/fmolb.2023.1132353.

20. Do, N.N.; Eming, S.A. Skin Fibrosis: Models and Mechanisms. Curr. Res. Transl. Med. 2016, 64, 185-193.
https://doi.org/10.1016/j.retram.2016.06.003.

21. Lodyga, M.; Hinz, B. TGF-B1—A Truly Transforming Growth Factor in Fibrosis and Immunity. Semin. Cell Dev. Biol. 2020, 101,
123-139. https://doi.org/10.1016/j.semcdb.2019.12.010.

22.  Varki, A,; Cummings, R.D.; Esko, ].D.; Stanley, P.; Hart, G.W.; Aebi, M.; Darvill, A.G.; Kinoshita, T.; Packer, N.H.; Prestegard,

J.H.; et al. Essentials of Glycobiology; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2017.



Cells 2024, 13, 1067 16 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Varki, A. Glycan-Based Interactions Involving Vertebrate Sialic-Acid-Recognizing Proteins. Nature 2007, 446, 1023-1029.
https://doi.org/10.1038/nature05816.

Colley, K.J.; Kitajima, K.; Sato, C. Polysialic Acid: Biosynthesis, Novel Functions and Applications. Crit. Rev. Biochem. Mol. Biol.
2014, 49, 498-532. https://doi.org/10.3109/10409238.2014.976606.

Drake, P.M.; Nathan, ].K; Stock, C.M.; Chang, P.V.; Muench, M.O.; Nakata, D.; Reader, J.R.; Gip, P.; Golden, K.P.K.; Weinhold,
B.; et al. Polysialic Acid, a Glycan with Highly Restricted Expression, Is Found on Human and Murine Leukocytes and Modu-
lates Immune Responses. J. Immunol. 2008, 181, 6850-6858. https://doi.org/10.4049/jimmunol.181.10.6850.

Manetti, M.; Marini, M.; Perna, A.; Tani, A.; Sgambati, E. Sialylation Status and Its Relationship with Morphofunctional Changes
in Human Adult Testis during Sexually Mature Life and Aging: A Narrative Review. Acta Histochem. 2024, 126, 152143.
https://doi.org/10.1016/j.acthis.2024.152143.

Marini, M.; Tani, A.; Manetti, M.; Sgambati, E. Overview of Sialylation Status in Human Nervous and Skeletal Muscle Tissues
during Aging. Acta Histochem. 2021, 123, 151813. https://doi.org/10.1016/j.acthis.2021.151813.

Villanueva-Cabello, T.M.; Gutiérrez-Valenzuela, L.D.; Salinas-Marin, R.; Lépez-Guerrero, D.V.; Martinez-Duncker, I. Polysialic
Acid in the Immune System. Front. Immunol. 2022, 12, 823637. https://doi.org/10.3389/fimmu.2021.823637.

Troy, F.A. Polysialic Acid in Molecular Medicine. In Encyclopedia of Biological Chemistry; Elsevier: Amsterdam, The Netherlands,
2004; pp. 407-414, ISBN 978-0-12-443710-4.

Elkashef, S.M.; Allison, S.J.; Sadiq, M.; Basheer, H.A.; Ribeiro Morais, G.; Loadman, P.M.; Pors, K.; Falconer, R.A. Polysialic Acid
Sustains Cancer Cell Survival and Migratory Capacity in a Hypoxic Environment. Sci. Rep. 2016, 6, 33026.
https://doi.org/10.1038/srep33026.

Falconer, R.A.; Errington, R.J.; Shnyder, S.D.; Smith, P.J.; Patterson, L.H. Polysialyltransferase: A New Target in Metastatic Can-
cer. Curr. Cancer Drug Targets 2012, 12, 925-939. https://doi.org/10.2174/156800912803251225.

Suzuki, M.; Suzuki, M.; Nakayama, J.; Suzuki, A.; Angata, K.; Chen, S.; Sakai, K.; Hagihara, K.; Yamaguchi, Y.; Fukuda, M.
Polysialic Acid Facilitates Tumor Invasion by Glioma Cells. Glycobiology 2005, 15, 887-894. https://doi.org/10.1093/gly-
cob/cwi071.

Thiesler, H.; Kiiciikerden, M.; Gretenkort, L.; Rockle, I.; Hildebrandt, H. News and Views on Polysialic Acid: From Tumor Pro-
gression and Brain Development to Psychiatric Disorders, Neurodegeneration, Myelin Repair and Immunomodulation. Front.
Cell Dev. Biol. 2022, 10, 871757. https://doi.org/10.3389/fcell.2022.871757.

Sato, C.; Kitajima, K. Polysialylation and Disease. Mol. Asp. Med. 2021, 79, 100892. https://doi.org/10.1016/j.mam.2020.100892.
Pearce, O.M.T.; Laubli, H. Sialic Acids in Cancer Biology and Immunity. Glycobiology 2016, 26, 111-128.
https://doi.org/10.1093/glycob/cwv097.

Al Saoud, R.; Hamrouni, A.; Idris, A.; Mousa, W.K.; Abu Izneid, T. Recent Advances in the Development of Sialyltransferase
Inhibitors to Control Cancer Metastasis: A Comprehensive Review. Biomed. Pharmacother. 2023, 165, 115091.
https://doi.org/10.1016/j.biopha.2023.115091.

Zhang, S.-Z.; Lobo, A.; Li, P.-F.; Zhang, Y.-F. Sialylated Glycoproteins and Sialyltransferases in Digestive Cancers: Mechanisms,
Diagnostic Biomarkers, and Therapeutic Targets. Crit. Rev. Oncol. Hematol. 2024, 197, 104330. https://doi.org/10.1016/j.critre-
vonc.2024.104330.

Perez, S.J.L.P.; Fu, C.-W.; Li, W.-S. Sialyltransferase Inhibitors for the Treatment of Cancer Metastasis: Current Challenges and
Future Perspectives. Molecules 2021, 26, 5673. https://doi.org/10.3390/molecules26185673.

Khan, L.; Derksen, T.; Redmond, D.; Storek, J.; Durand, C.; Gniadecki, R.; Korman, B.; Cohen Tervaert, ] W.; D’ Aubeterre, A.;
Osman, M.S,; et al. The Cancer-Associated Glycan Polysialic Acid Is Dysregulated in Systemic Sclerosis and Is Associated with
Fibrosis. J. Autoimmun. 2023, 140, 103110. https://doi.org/10.1016/j.jaut.2023.103110.

Macauley, M.S.; Arlian, B.M.; Rillahan, C.D.; Pang, P.-C.; Bortell, N.; Marcondes, M.C.G.; Haslam, S.M.; Dell, A.; Paulson, J.C.
Systemic Blockade of Sialylation in Mice with a Global Inhibitor of Sialyltransferases. J. Biol. Chem. 2014, 289, 35149-35158.
https://doi.org/10.1074/jbc.M114.606517.

Rillahan, C.D.; Antonopoulos, A.; Lefort, C.T.; Sonon, R.; Azadi, P.; Ley, K.; Dell, A.; Haslam, S.M.; Paulson, ].C. Global Meta-
bolic Inhibitors of Sialyl- and Fucosyltransferases Remodel the Glycome. Nat. Chem. Biol. 2012, 8, 661-668.
https://doi.org/10.1038/nchembio.999.

Romano, E.; Rosa, I.; Fioretto, B.S.; Lucattelli, E.; Innocenti, M.; Ibba-Manneschi, L.; Matucci-Cerinic, M.; Manetti, M. A Two-
Step Immunomagnetic Microbead-Based Method for the Isolation of Human Primary Skin Telocytes/CD34+ Stromal Cells. Int.
J. Mol. Sci. 2020, 21, 5877. https://doi.org/10.3390/ijms21165877.

Andreucdi, E.; Fioretto, B.S.; Rosa, I.; Matucci-Cerinic, M.; Biagioni, A.; Romano, E.; Calorini, L.; Manetti, M. Extracellular Lactic
Acidosis of the Tumor Microenvironment Drives Adipocyte-to-Myofibroblast Transition Fueling the Generation of Cancer-As-
sociated Fibroblasts. Cells 2023, 12, 939. https://doi.org/10.3390/cells12060939.

Rosa, I.; Fioretto, B.S.; Romano, E.; Buzzi, M.; Mencucci, R.; Marini, M.; Manetti, M. The Soluble Guanylate Cyclase Stimulator
BAY 41-2272 Attenuates Transforming Growth Factor B1-Induced Myofibroblast Differentiation of Human Corneal Keratocytes.
Int. ]. Mol. Sci. 2022, 23, 15325. https://doi.org/10.3390/ijms232315325.

Fioretto, B.S.; Rosa, I.; Andreucci, E.; Mencucci, R.; Marini, M.; Romano, E.; Manetti, M. Pharmacological Stimulation of Soluble
Guanylate Cyclase Counteracts the Profibrotic Activation of Human Conjunctival Fibroblasts. Cells 2024, 13, 360.
https://doi.org/10.3390/cells13040360.



Cells 2024, 13, 1067 17 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Khalil, N.; Xu, Y.D.; O’Connor, R.; Duronio, V. Proliferation of Pulmonary Interstitial Fibroblasts Is Mediated by Transforming
Growth Factor-Betal-Induced Release of Extracellular Fibroblast Growth Factor-2 and Phosphorylation of P38 MAPK and JNK.
J. Biol. Chem. 2005, 280, 43000-43009. https://doi.org/10.1074/jbc.M510441200.

Meran, S.; Thomas, D.W.; Stephens, P.; Enoch, S.; Martin, J.; Steadman, R.; Phillips, A.O. Hyaluronan Facilitates Transforming
Growth Factor-Betal-Mediated Fibroblast Proliferation. J. Biol. Chem. 2008, 283, 6530-6545.
https://doi.org/10.1074/jbc.M704819200.

Hata, A.; Chen, Y.-G. TGF-f Signaling from Receptors to Smads. Cold Spring Harb. Perspect. Biol. 2016, 8, a022061.
https://doi.org/10.1101/cshperspect.a022061.

Miyamoto, Y.; Tanabe, M.; Date, K.; Sakuda, K.; Sano, K.; Ogawa, H. Sialylation of Vitronectin Regulates Stress Fiber Formation
and Cell Spreading of Dermal Fibroblasts via a Heparin-Binding Site. Glycoconj. J. 2016, 33, 227-236.
https://doi.org/10.1007/s10719-016-9660-8.

Margadant, C.; Sonnenberg, A. Integrin—-TGF-f3 Crosstalk in Fibrosis, Cancer and Wound Healing. EMBO Rep. 2010, 11, 97-105.
https://doi.org/10.1038/embor.2009.276.

Du,J.;Hong, S.; Dong, L.; Cheng, B.; Lin, L.; Zhao, B.; Chen, Y.-G.; Chen, X. Dynamic Sialylation in Transforming Growth Factor-
B (TGF-p)-Induced Epithelial to Mesenchymal Transition. ]. Biol. Chem. 2015, 290, 12000-12013.
https://doi.org/10.1074/jbc.M115.636969.

Lee, J.; Ballikaya, S.; Schonig, K.; Ball, C.R.; Glimm, H.; Kopitz, J.; Gebert, J. Transforming Growth Factor Beta Receptor 2
(TGFBR2) Changes Sialylation in the Microsatellite Unstable (MSI) Colorectal Cancer Cell Line HCT116. PLoS ONE 2013, 8,
€57074. https://doi.org/10.1371/journal.pone.0057074.

Sasaki, N.; Itakura, Y.; Toyoda, M. Sialylation Regulates Myofibroblast Differentiation of Human Skin Fibroblasts. Stem Cell Res.
Ther. 2017, 8, 81. https://doi.org/10.1186/s13287-017-0534-1.

Biill, C.; Boltje, T.].; Wassink, M.; De Graaf, A.M.A.; Van Delft, F.L.; Den Brok, M.H.; Adema, G.J. Targeting Aberrant Sialylation
in Cancer Cells Using a Fluorinated Sialic Acid Analog Impairs Adhesion, Migration, and in Vivo Tumor Growth. Mol. Cancer
Ther. 2013, 12, 1935-1946. https://doi.org/10.1158/1535-7163.MCT-13-0279.

Boelaars, K.; Rodriguez, E.; Huinen, Z.R.; Liu, C.; Wang, D.; Springer, B.O.; Olesek, K.; Goossens-Kruijssen, L.; van Ee, T.; Lindi-
jer, D.; et al. Pancreatic Cancer-Associated Fibroblasts Modulate Macrophage Differentiation via Sialic Acid-Siglec Interactions.
Commun. Biol. 2024, 7, 430. https://doi.org/10.1038/s42003-024-06087-8.

Lagares, D.; Hinz, B. Animal and Human Models of Tissue Repair and Fibrosis: An Introduction. Methods Mol. Biol. 2021, 2299,
277-290. https://doi.org/10.1007/978-1-0716-1382-5_20.

Rosa, I.; Romano, E.; Fioretto, B.S.; Guasti, D.; Ibba-Manneschi, L.; Matucci-Cerinic, M.; Manetti, M. Scleroderma-like Impair-
ment in the Network of Telocytes/CD34+ Stromal Cells in the Experimental Mouse Model of Bleomycin-Induced Dermal Fibro-
sis. Int. J. Mol. Sci. 2021, 22, 12407. https://doi.org/10.3390/ijms222212407.

Yamamoto, T.; Nishioka, K. Cellular and Molecular Mechanisms of Bleomycin-Induced Murine Scleroderma: Current Update
and Future Perspective. Exp. Dermatol. 2005, 14, 81-95. https://doi.org/10.1111/j.0906-6705.2005.00280.x.

Mockl, L. The Emerging Role of the Mammalian Glycocalyx in Functional Membrane Organization and Immune System Reg-
ulation. Front. Cell Dev. Biol. 2020, 8, 253. https://doi.org/10.3389/fcell.2020.00253.

Hunter, C.; Gao, Z.; Chen, H.-M.; Thompson, N.; Wakarchuk, W.; Nitz, M.; Withers, S.G.; Willis, L.M. Attenuation of Polysialic
Acid Biosynthesis in Cells by the Small Molecule Inhibitor 8-Keto-Sialic Acid. ACS Chem. Biol. 2023, 18, 41-48.
https://doi.org/10.1021/acschembio.2c00638.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



