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ARTICLE INFO ABSTRACT

Keywords: Fibrosis, characterized by excessive deposition of scar tissue, leads to the dysfunction of various organs. An

FibrO_SiS urethral stricture, or pathological narrowing of the urethra, is an example of such scarring. The use of human

ISVI}"’ﬁtbmblaSt adipose stem cell conditioned medium (HASC-CM) has shown promise as an anti-fibrotic treatment in vivo, as
ecretome

molecules produced by HASCs exhibit anti-inflammatory and fibrosis-modulating properties. However, HASC-
CM has also been demonstrated to activate epithelial-to-mesenchymal transition (EMT) in cancer-associated
cells. To elucidate whether HASC-CM promotes EMT or myofibroblast activation, we investigated its effects
on primary human urethral fibroblasts (HUFs) and prostatic fibroblasts of the WPMY-1 line. We showed that
HASC-CM promotes migration speed in HUFs but not in WPMY-1 cells while also increasing vimentin levels in
the cells, both markers of EMT. Moreover, HASC-CM suppressed SMAD5 signalling in HUFs without altering
SMADS3 signalling in either cell type. In addition, HASC-CM treatment induced myocardin-related transcription
factor A (MRTF-A) nuclear translocation and increased amount of alpha smooth muscle actin (¢<SMA) in HUFs,
indicating a shift towards the myofibroblast phenotype. We conclude that the effect of HASC-CM on WPMY-1
cells is negligible, however, this type of treatment has a pro-fibrotic and EMT-stimulating effect on HUFs.

Adipose stem cell
Conditioned medium

1. Introduction

Tissue scarring remains a serious and still unsolved problem in
modern medicine. Traumas, surgeries and other internal or external
factors affecting tissues initiate the scarring process, which alters the
architecture of organs and disrupts their function (Distler et al., 2019).
The excessive deposition of scar tissue, rich in type I collagen and alpha
smooth muscle actin (aSMA)-positive myofibroblasts defines the pro-
gression of fibrosis (Darby et al., 2014). This process is observed in the
heart muscle after myocardial infarction, in the lungs after COVID-19
(Bari et al., 2021; Francis Stuart et al., 2016), or in the damaged ure-
thra after trauma, surgery, or improper catheterization (Hirano et al.,
2023). Due to fibrosis, the lumen of the urethra narrows, what causes
serious urination difficulties and even urine retention with all its
possible consequences. Urethral strictures are treated by incision of the
scar, known as internal urethrotomy, dilation of the strictured site, or
complete scar excision and primary anastomosis (Mangera and Chapple,
2010). Unfortunately, none of these methods are ideal because of
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frequent stricture recurrence. Internal urethrotomy can offer an overall
stricture free rate of approximately 55% in short, soft strictures (Hillary
et al., 2014). It has been noted that suppression of the fibrosis process
could improve stricture treatment outcomes.

The main drivers of fibrosis are the proinflammatory activity of IL-1
cytokines (Borthwick, 2016) and the transforming growth factor beta
(TGF-p)-dependent transformation of various cell types within the
affected  tissues  (Hingz, 2015a). Normal cells undergo
epithelial-to-mesenchymal transition (EMT) and subsequently acquire
the myofibroblast phenotype (Feng et al., 2020). TGF-f is present in a
latent form in the extracellular matrix (ECM) and is first released during
tissue injury (Hinz, 2015b), and later during scar tissue formation, as a
result of changes in ECM stiffness (Pang et al., 2017). As the scar tissue
grows, this leads to a positive feedback loop of myofibroblast activation,
which do not revert to their previous state. The persistent activation of
myofibroblasts has been linked to prolonged stimulation through the
TGF-B-SMAD signalling pathways (Finnson et al., 2020), and current
treatment with TGF-p signalling inhibitors, such as pirfenidone, prevents
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the activation of new myofibroblasts and the deposition of new collagen
fibrils (Lehtonen et al., 2016; Knuppel et al., 2017). In addition, inhi-
bition of MRTF-A signalling in mechanosensitive fibroblasts has also
been suggested as a treatment for fibrosis (Ma et al., 2023).

Human adipose stem cell conditioned medium (HASC-CM), rich in
cytokines, chemokines and extracellular matrix molecules (Niada et al.,
2021), has been demonstrated to have anti-inflammatory properties
(Yano et al., 2022). Based on these findings, the application of HASC-CM
or its components has also been proposed as a treatment of fibrosis, as
they could modulate the activity of TGF-p and IL-1B-secreting macro-
phages at the site of injury (Bhattacharya and Ramachandran, 2023;
Kruger et al., 2018). Importantly, it has shown anti-fibrotic effects in in
vitro models of muscle and skin fibrosis (Yuan et al., 2017; Oki et al.,
2021). However, HASC-CM has also shown epithelial-to-mesenchymal
transition (EMT) promoting effects, which could have harmful conse-
quences — such as stimulating the migration and tumorigenicity of the
affected cells, as well as serving as a gateway to myofibroblast activation
— if used as a treatment for humans (Iser et al., 2016; El-Hattab et al.,
2020; Fabregat et al., 2016). Whether and how these effects are linked
intracellularly has so far been unknown.

In this study, we aimed to investigate the potential link between the
pro-EMT and fibrosis modulating properties of HASC-CM by analysing
SMAD and MRTF-A signalling pathways in affected cells. To elucidate
the effect of HASC-CM on different types of fibroblasts, we treated
freshly isolated primary human urethral fibroblasts (HUFs) and prostatic
fibroblasts of the WPMY-1 line with HASC-CM and analysed the
expression of EMT and fibrosis markers, as well as the activation of the
key intracellular signal transducers SMAD3, SMAD5 and MRTF-A.

2. Methods
2.1. Cell isolation

Human tissue samples for cell isolation were collected with the
authorisation of the Lithuanian Bioethics Committee after the patients
had signed an informed consent form. The urethral tissue samples were
collected from male donors between 18 and 65 years of age. The pro-
cedures were approved by the Vilnius Regional Biomedical Research
Ethics Committee: No. 2021/01-1297-775 and No. 158200-18/
6-1044-544.

2.1.1. From adipose tissue

The adipose tissue samples for the isolation of human adipose tissue-
derived stem cells (HASC) were taken from male perineal adipose tissue
during urethral reconstructive surgery. For transportation, the samples
were placed in Dulbecco’s Modified Eagle Medium (DMEM; Gibco) with
a 3-fold concentration of antibiotics (300 U/mL penicillin and 300 pg/
mL streptomycin (Gibco)). The tissue was processed as follows: first it
was washed in Hanks’ Buffered Saline Solution (HBSS; Gibco) (without
calcium or magnesium) for 10 min, then it was transferred to a tube
containing trypsin-EDTA (Gibco) solution and mechanically dissociated;
the tube was incubated for 60 min at 37°C in a thermomixer (Thermo-
mixer Comfort, Eppendorf) with shaking at 300 rpm; the dissociating
sample was pipetted thoroughly and then incubated for a further 30 min
at 37°C before being centrifuged at 300 g for 10 min. The tissue pellet
was resuspended in culture medium (see Section 2.3) and seeded into a
12-well plate.

2.1.2. From urethral tissue

Urethral tissue samples were taken from the bulbar part of the male
urethra when reconstructive urethral surgery was performed. After
dissection of the strictured urethra, fibrotic tissue was harvested for
isolation of human urethral fibroblasts (HUF). The sample sites were
examined histologically to confirm the quality of the fibrotic urethral
biopsies. The samples were transported in parallel to the adipose tissue
samples. The tissue was first washed with HBSS (with calcium and
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magnesium, Gibco) for 10 min, then transferred to a tube containing
type I collagenase (Gibco) and mechanically dissociated. The tube was
incubated for 2 h at 37°C with shaking at 300 rpm. After dissociation,
the sample was centrifuged at 300 g for 10 min. The resulting pellet was
resuspended in a culture medium (see Section 2.3) and seeded in a 12-
well plate.

2.2. Coating of the culture surface for fibroblast and myofibroblast cells

The surfaces used for the cultivation of HUF and WPMY-1 cells and
the experiments were coated as follows: first, a solution of Sylgard 184
(Dow) was prepared by thoroughly mixing Sylgard base with Sylgard
crosslinker at a ratio of 40:1; the solution was deaerated by keeping it
under vacuum for about 10 min until all bubbles had disappeared. The
solution was then poured into plates, chamber slides or flasks and
incubated at 37°C for 24 h. The surfaces were then washed with
phosphate-buffered saline (PBS; Gibco) and coated with fibronectin at
2 pg/ em?.

2.3. Cell cultivation

All cells were maintained in a humidified 37°C incubator with 5%
CO5 (Thermo Fisher Scientific). HASC were maintained in Iscove’s
modified Dulbecco’s medium (IMDM; Gibco) containing 10% foetal
bovine serum (FBS; Gibco), 100 U/mL penicillin (Gibco), 100 pg/mL
streptomycin (Gibco) and 1% GlutaMAX (Gibco). WPMY-1 (ATCC, CRL-
2854), the human prostate cancer stromal myofibroblast cell line, was
maintained in DMEM with 5% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin and 1% GlutaMAX supplement (Gibco). HUF were grown
in DMEM with 20% FBS (Gibco), 100 U/mL penicillin-100 pg/mL
streptomycin and 1% GlutaMAX supplement. Primary cells from pas-
sages 4-9 were used for the experiments, while WPMY-1 were used up to
passage 15.

2.4. Flow cytometry

The isolated HASC monolayer was dispersed with 1 mM ethyl-
enediaminetetraacetic acid (EDTA; Thermo Fisher Scientific) in PBS,
and 3 x 10° cells/mL were used for each surface marker analysis. Cells
were washed twice with 3% bovine serum albumin (BSA; Invitrogen) in
PBS and then incubated with primary antibodies against: CD44 (1:1000;
MA5-12394; Invitrogen), CD45 (0.5:1000; 14-0459-82; Invitrogen)
and CD90 (1:1000; 14-0909-82; Invitrogen) for 30 min at 4 °C. Cells
were washed twice with 3% BSA in PBS and then incubated with an R-
phycoerythrin-conjugated secondary antibody (1:1000; P852; Invi-
trogen) diluted in 3% BSA prepared in PBS at 4 °C for 30 min. The cells
were then washed twice, suspended in ice-cold PBS and analysed using
the BD FACSCanto™ II system (BD Biosciences) measuring at least
1 x 10* events. To determine background fluorescence, HASC were
labelled with anti-mouse IgGl isotype controls (1:100; MA5-18092;
Invitrogen). Data were analysed using the Flowing software (version
2.5.1; Turku Bioscience).

2.5. Evaluation of adipose cell stemness

HASC were chemically stimulated to differentiate into three cell
types using the following media: for myogenic differentiation - low
glucose DMEM (Gibco) supplemented with 2% horse serum (Gibco); for
adipogenic differentiation — high glucose DMEM supplemented with
10 pg/mL insulin, 1 pM dexamethasone (Sigma-Aldrich), 10 pM indo-
methacin, 500 pM IBMX and 10% FBS; for osteogenic differentiation —
IMDM supplemented with 1 mM f -glycerophosphate (Sigma-Aldrich),
10 nM dexamethasone, 50 pg/mL ascorbic acid (Sigma-Aldrich) and
10% FBS. The regular cell culture medium was replaced with the
aforementioned media and the cells were cultured for 7 days to allow
induced differentiation to occur. Subsequently, the cells were washed
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three times with PBS and stained for differentiation markers. To assess
adipogenic differentiation, the cells were first fixed with 4% PFA (Roth)
for 30 min at room temperature and then washed three times with PBS.
The cells were then incubated with 60% isopropanol (Sigma-Aldrich) for
10 min and stained with Oil Red O (Sigma-Aldrich) dissolved in 60%
isopropanol for 10 min. The cells were then washed three times with
distilled water and imaged under a light microscope. To assess myogenic
differentiation, cells were stained for 5 min with a 0.1% crystal violet
solution (Sigma-Aldrich) in 20% ethanol (Vilniaus Degtine), then
washed three times with PBS and imaged. To assess osteogenic differ-
entiation, the cells were stained for 10 min with a filtered 2% Alizarin S
(Sigma-Aldrich) solution. The cells were then washed three times with
PBS and imaged.

2.6. Preparation of the conditioned medium from human adipose-derived
stem cells (HASC-CM)

HASC-CM was prepared as follows: the HASC cell monolayer was
dispersed and the cells were seeded in T75 tissue culture flasks (TPP) in
culture medium (DMEM supplemented with 10% FBS and 100 U/mL
penicillin-100 pg/mL streptomycin) at a density of 7000 cells/cm?. After
24 h, the HASC-conditioned medium (HASC-CM) was collected and
immediately used for experiments.

2.7. Scratch assay

HUF and WPMY-1 cells were seeded into 34 mm diameter cell cul-
ture dishes (TPP) with Ibidi inserts (80469, Ibidi GmbH, Grafelfing,
Germany) at a density of 3 x 10° cells/mL to obtain a confluent cell
layer. 110 pl of the cell suspension was added directly to each well. After
seeding, the cells were grown for 24 h until they reached confluence.
After incubation, the inserts were carefully removed with sterile twee-
zers to create a cell-free area ("scratch") approximately 500 pm width.
The cells were then washed once with PBS to remove cell debris and non-
adherent cells. 1 mL of DMEM with 10% FBS or HASC-CM. At different
time intervals, fields of the scratch area horizontally were visualized
using a microscope (Olympus IX51) at 4x magnification. Images were
taken at O h to capture the initial area of the scratch, and recovery of the
monolayers was assessed after 3, 6, 16, 20 and 24 h. All measurements of
the different treatments were performed by analysing four different
fields of scratch area per sample. In total, 5 samples from each treatment
at each time point were used. The scratch area at the selected time points
was calculated by measuring the remaining cell-free area using ImageJ
software.

2.8. MTT assay

HUF cells were seeded into 12-well plates at a density of 1 x 10*
cells/well and incubated overnight. The cultures were then left un-
treated (by refreshing the culture medium) or treated with HASC-CM for
24 h. Afterwards, the media were removed, the cultures washed once
with PBS and incubated with 0.5 mg/mL MTT (Roth) solution in PBS for
1 h in 37°C. The solution was then removed and the formazan crystals
dissolved in 500 ul DMSO for 5 mins with gentle shaking. 200 pl of the
samples were transferred into a 96-well plate. The 570 nm and 650 nm
(background) absorbance in the wells was measured with Varioskan
Flash Multimode Plate Reader (Thermo Fisher).

2.9. Immunocytochemistry

HUF and WPMY-1 cells were seeded at a density of 1 x 10* cells/cm?.
After 1 day of cultivation, the medium was removed and the cells were
left untreated (medium replaced with DMEM containing 10% FBS),
treated with HASC-CM, 10 ng/mL TGFp or HASC-CM with 10 ng/mL
TGFp. After 24 h, the samples were washed with PBS and fixed with 4%
PFA for 15 min. Then the samples were washed three times with PBS and
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placed in PBST permeabilization solution (0.3% Tween 20 (Sigma-
Aldrich) in PBS) for 30 min. Samples were blocked for 2 h with 1% BSA,
10% goat serum (Sigma-Aldrich) and 0.3 M glycine (Roth) solution in
PBST and then washed again three times. The samples were incubated
with the primary antibodies in the blocking solution overnight at 4°C.
The samples were then washed again and incubated with AlexaFluor
488-conjugated or AlexaFluor 594-conjugated secondary antibodies
(Thermo Fisher) for 1 h at RT. After washing in PBS to remove unbound
antibodies, samples were treated with 1 pg/mL DAPI (Invitrogen) for
15 min, washed three times with PBS and fixed with Mowiol (Roth).
Samples were observed and photographed using a confocal microscope
(Leica). To evaluate the subcellular localization of MRTF-A, the mean
fluorescence intensity of labelled MRTF-A in the nuclei (counterstained
with DAPI) and surrounding cytoplasm was quantified using ImageJ
software. Cells with higher mean nuclear fluorescence were considered
MRTF-A nuclear-dominant. For this analysis, a total of 6 images per
experimental group were used and all cells fully visible in the image
included in the analysis (average of 15 cells per image).

For a full list of primary and secondary antibodies used, refer to
Supplementary Table S2.

2.10. Immunoblotting

Cells were seeded in 6-well plates at a density of 2 x 10° cells/well.
After 1 day of cultivation, the medium was removed and the cells were
left, treated with HASC-CM, 10 ng/mL TGFp or HASC-CM with 10 ng/
mL TGF. 24 h later, the cells were washed twice with PBS and frozen at
—20°C. Scrapers and RIPA lysis buffer (25 mM Tris HCl (Carl Roth),
150 mM NacCl (Carl Roth), 1% Triton-X (Sigma-Aldrich), 1% sodium
deoxycholate, 0.1% SDS, 1 mM PMSF (Thermo Scientific), 1 mM sodium
orthovanadate (Carl Roth) and 10 pg/mL aprotinin (Thermo Scientific))
were used to extract the proteins. Protein concentration was determined
using the Micro BCA kit (Thermo Fisher) according to the manufac-
turer’s instructions. The sample concentration was equalized with RIPA
buffer, 4x protein sample buffer (10 mM Tris Base, 40% glycerol, 8%
SDS, 0.001% bromophenol blue (Sigma-Aldrich) and 4% mercaptoe-
thanol (Sigma-Aldrich)) was added and the samples were heated at 95°C
for 5 min. The prepared samples were stored at —20°C until analysed.
Proteins were separated by SDS-PAGE and transferred to a nitrocellulose
membrane (Amersham) by wet transfer (for ROCK1 and ROCK2 pro-
teins) overnight or by semi-dry transfer for 25-50 min (depending on the
molecular weight of the protein analysed). The membranes were briefly
washed with deionised water and blocked for 1 h with ROTI-block (Carl
Roth) in TBST. They were then incubated overnight at 4+ 4°C with pri-
mary antibodies (anti-GAPDH, SDHA, ROCK1, ROCK2, RhoA, SMAD5,
phospho-SMADS5, SMAD3, phospho-SMAD3, aSMA (Thermo Fisher)) in
blocking solution. They were then washed three times for 5 min with
TBST, secondary antibodies (HRP-conjugated anti-mouse or anti-rabbit
antibodies, Carl Roth) were applied for 1 h in RT and then washed
three times. Pierce ECL Western Blotting Substrate (Thermo Fisher) was
used for chemiluminescence. A UVITEC device (UVITEC Cambridge)
was used for visualisation, and images were analysed using ImageJ
version 1.52a. For a full list of antibodies used in the immunoblotting
experiments, see Supplementary Table S2.

2.11. Quantitative PCR

Cells were seeded in 6-well plates at a density of 2 x 10° cells/well.
After 1 day of cultivation, the medium was removed and the cells were
left untreated, treated with HASC-CM, 10 ng/mL TGFp or HASC-CM
with 10 ng/mL TGFp. After 24 h, the samples were washed twice with
PBS. Trizol (Thermo Fisher) was used for RNA isolation according to the
manufacturer’s instructions. RNA electrophoresis was performed to
evaluate the quality and quantity of the isolated RNA. The Maxima H
Minus First Strand cDNA Synthesis Kit with dsDNAse (Thermo Fisher)
was used to synthesise cDNA according to the manufacturer’s
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instructions. The Luminaris Colour HiGreen qPCR Master Mix (Thermo
Fisher) was used to perform quantitative PCR according to the protocol
provided. The results were analysed manually and the relative gene
expression values were quantified using GAPDH as a reference gene.
Primer sequences for qPCR were obtained from PrimerBank and are
listed in SupplementaryTable S1. To investigate the effect of HASC-CM
on the expression of components of TGFf, TagMan Array Human
TGFB Pathway (Thermo Fisher) plates were used. The qPCR mix for
these reactions was the TagMan Gene Expression Master Mix (Thermo
Fisher). The reference genes for this analysis were GAPDH, 18S, HPRT1
and GUSB.

2.12. Cytokine detection array

The partial characterization of HASC-CM contents was completed
using the Proteome Profiler Human XL Cytokine Array Kit (R&D Sys-
tems). The assay was performed according to the manufacturer’s in-
structions. Briefly, the dot-blot membranes were blocked using the
provided blocking solution. Regular culture medium was prepared and
HASC-CM was collected, mixed with the assay buffer and incubated on
the membranes overnight in + 4°C. The antibody cocktail was applied,
followed by incubation in the ECL solution, and the chemiluminescence
was detected using the UVITEC device. The signal strength of analyzed
proteins was calculated as a ratio between the luminescence in the
HASC-CM samples and regular culture medium sample.

2.13. Statistical analysis

The statistical analysis was performed, and graphs were created
using R software (version 4.2.2). Outliers of the TagMan Array gene
expression analysis’ results were removed prior to calculations using the
interquartile range (IQR) method. The Shapiro-Wilk test was used to
determine whether the data were normally distributed. The two-tailed
Welch test was used when two experimental groups were compared
and the Tukey test was used when there were more than two groups,
whereas Benjamini-Hochberg correction was used for the gene expres-
sion time-course analysis. One-tailed Welch test was used to determine
the presence of cytokines in HASC-CM. The significance level o was
chosen to be equal to 0.05. Significant differences are marked with
symbols and are explained below the figures.

3. Results

In this study, we used primary human adipose stem cells
(Supplementary Fig. 1, A), which were positive for CD44 (mean and SD
equal to 46.26 + 19.68%, N = 3) and CD90 (91.57 + 11.7%, N = 3)
(Supplementary Fig. 1, B) and demonstrated mesenchymal differentia-
tion potential towards adipose, muscle and bone tissue (Supplementary
Fig. 1, C). As fibroblasts have been shown to spontaneously transform
into myofibroblasts during cultivation in vitro (Baranyi et al, n.d), we
chose to use freshly isolated primary urethral fibroblasts and a fibroblast
cell line (WPMY-1, originally described as a myofibroblast cell line due
to co-expression of aSMA and vimentin (Webber et al., 1999)). Both cell
types were cultured on FN-coated PDMS, to compare how HASC-CM
could affect the different cells present in the urinary tract stroma in a
biologically-relevant in vitro model of fibrosis progression. The PDMS
substrate had a theoretical elasticity value E between ~36 and 54 kPa
(Darby et al., 2022). The HUFs (Supplementary Fig. 1, D) used for the
experiments were positive for «SMA (Supplementary Fig. 1, F) and
vimentin (Supplementary Fig. 1, G). HUFs from different donors were
used as biological replicates in the experiments. The WPMY-1 cells
(Supplementary Fig. 1, E) had a higher amount of «SMA than HUFs
(Supplementary Fig. 1, H) and were also positive for vimentin
(Supplementary Fig. 1, I). Measuring the relative gene expression levels,
we discovered several significant differences between WPMY-1 cells and
HUFs (Supplementary Fig. 1, J): although under standard culture

European Journal of Cell Biology 105 (2026) 151538

conditions WPMY-1 cells expressed less CTGF, which is an early fibrosis
marker (Lipson et al., 2012), than HUFs, they expressed significantly
more PAI1 and VEGFA, both of which are markers for advanced fibrosis
(Ghosh and Vaughan, 2012; Huang et al., 2023); and the ratio of MMP1:
TIMP1 relative expression was lower in WPMY-1 cells than HUFs (0.01
vs 0.113). The lower ratio of MMP1 (collagenase I) amount to TIMP1
(tissue inhibitor of metallproteases 1) amount has been observed in late
stage urethral strictures (Prihadi et al., 2018). Comparing the two cell
types, we can thus summarize that WPMY-1 cells, by virtue of abundant
aSMA and their greater expression of the PAI-1 protease inhibitor gene
PAIl, as well as lower ratio of MMP1:TIMP1 expression, exhibit higher
levels of myofibroblast markers under regular culture conditions in vitro.

3.1. The appearance of EMT markers in HUFs is stimulated by HASC-CM

The process of EMT can be analysed by measuring markers of
mesenchymal cells, such as migration speed and the amount of vimentin
protein (Usman et al., 2021). As the cells used in this study are already of
mesenchymal origin, we hypothesized that HASC-CM could instead in-
crease the amount or intensity of mesenchymal markers by altering the
gene expression profile of the cells. We tested whether HASC-CM affects
the migration speed of HUF and WPMY-1 cells using a scratch assay. The
results obtained showed that HUF cells affected by HASC-CM expanded
over the scratch area faster than untreated cells (Fig. 1, A). To confirm
whether the closure occurred due to migration rather than cell prolif-
eration, we conducted an MTT assay, which showed no significant dif-
ference in formazan absorption between untreated and
HASC-CM-treated cells, suggesting there was no substantial change in
cell number during the period of migration (Supplementary Fig. 2, A).
Meanwhile, HASC-CM had no significant effect on the migration speed
of WPMY-1 cells (Fig. 1, B). These results allowed us to infer that the
actin polymerisation machinery — responsible for cellular migration — in
HUFs is activated by HASC-CM. To further confirm whether HASC-CM
induces EMT, we measured the levels of the cytoskeletal proteins
fibrillar actin (or F-actin) and vimentin in HUFs and WPMY-1 cells
treated with HASC-CM for 24 h. HUFs had significantly increased levels
of both F-actin and vimentin 24 h after treatment with HASC-CM, while
WPMY-1 cells showed no changes in F-actin levels but had increased
levels of vimentin (Fig. 1, C).

3.2. HASC-CM suppresses SMADS5 signalling in HUFs

To determine the underlying gene expression changes HASC-CM
induced by in HUFs, we treated the cells with HASC-CM and, after
24 h, measured changes in the gene expression of various components of
the TGFp signalling pathway (Fig. 1, D). We observed a statistically
significant decrease in the expression of HIPK2, RHOA, PAI1, ACVR2 and
MAPK1 genes. ACVR2 is part of the heteromeric receptor that phos-
phorylates SMAD3 upon activin binding; HIPK2 has been implicated as a
co-activator of transcription with SMADs (Garufi et al., 2023); whereas
PAI1, RHOA and MAPK1 expression is activated by the phospho-SMAD5
transcription factor. Hence, we hypothesised that HASC-CM might
attenuate SMAD5-driven transcription by reducing its phosphorylation.
To elucidate what molecules of the HASC-CM could influence the
dephosphorylation of SMAD5, we conducted a partial characterization
of its protein components (Fig. 2). The analysis revealed the presence of
a number of pro-inflammatory cytokines (IL-1a, IL-2, IL-6), which could
stimulate the activity of PPM1A phosphatase, a known suppressor of
SMAD1/5 signalling (Kokabu et al., 2012). We also detected the pres-
ence of the fibroblast chemotaxis stimulating chemokine CXCL12
(SDF-1) and PDGFB, which is known to facilitate MRTF-A-driven gene
expression changes (Vasudevan and Soriano, 2014; Chen et al., 2024),
both of which could explain the appearance of EMT markers.

Western blotting experiments showed that HASC-CM indeed statis-
tically significantly reduced the phosphorylation of SMAD5 in HUFs
24 h after treatment. However, when HUFs were additionally stimulated
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Fig. 1. Results of the scratch assay of HUFs (A) and WPMY-1 (B), untreated or treated with HASC-CM. N = 5. Mean values (dots) and SD (bars) are shown. (C)
Immunofluorescence of F-actin (TRITC-phalloidin labelling, orange) and vimentin (AlexaFluor 488 labelling, green) calculated for untreated and HASC-CM-treated
HUF and WPMY-1 cells. The cell nuclei were stained blue with DAPI. N = 3 (HUF) and 5 (WPMY-1). (D) Relative gene expression changes between untreated and
HASC-CM-treated HUFs. Genes with statistically significant (p < 0.05) altered gene expression levels are highlighted in red. N = 3-4. Stars denote statistically

significant (* - p < 0.05, ** - p < 0.01, *** - p < 0.001) differences between the groups.

with TGFp, the effect disappeared (Fig. 3, A). Because RHOA encodes the
RhoA protein, essential in the Rho-ROCK signalling pathway (which
modulates actin polymerization), we performed Western blotting to
determine whether the components of this pathway are affected by
HASC-CM. The analysis suggested no change in the amount of RhoA,
ROCK1 or ROCK2 (Supplementary Fig. 2, B) after 24 h of treatment with
HASC-CM. In WPMY-1 cells, HASC-CM did not suppress SMAD5 phos-
phorylation with or without concurrent TGFp treatment (Fig. 3, B).
Interestingly, HASC-CM did not suppress SMAD3 signalling at the same
time point in either cell type (Supplementary Fig. 2, C).

3.3. HASC-CM stimulates MRTF nuclear translocation in HUFs, leading
to EMT and fibrosis-related gene expression changes

To link the observed changes in SMADS signalling and cytoskeletal
dynamics, we proceeded to investigate whether the activity of MRTF-A
transcription factor in HUFs or WPMY-1 cells is altered by HASC-CM
treatment. Loss of SMADS5 has been linked to increased migration rate
and alterations of actin polymerization dynamics in stromal cells
(Allaire et al., 2011). Meanwhile, the relative increase in the amount of
F-actin could lead to nuclear translocation of MRTF-A, which, in turn,
could trigger far-reaching changes in EMT and fibrosis-related gene
expression (Gau and Roy, 2018). When calculating the proportion of
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cells with nuclear-dominated @ MRTF-A (as opposed to
cytoplasmic-dominated MRTF-A), we found that there are significantly
more cells with nuclear-localized MRTF-A when the HUFs are stimulated
with HASC-CM for 24 h (Fig. 3, C). However, this effect disappeared
upon stimulation with TGFf, suggesting that the increased phosphory-
lation of SMAD5 or SMAD3 attenuates the nuclear translocation of

MRTEF-A. Meanwhile, the subcellular location of MRTF-A in WPMY-1
cells was not affected by stimulation with either HASC-CM and/or
TGFp (Fig. 3, D). Under all conditions tested, MRTF-A was predomi-
nantly localised in the nucleus in WPMY-1 cells. To confirm whether the
nuclear translocation of MRTF-A could lead to changes in EMT-related
and fibrosis-related gene expression, we measured the relative amount
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of transcripts for SNAIL1, SNAIL2, which encode mesenchymal cell
transcription factors (Sobierajska et al., 2020), TWIST1, coding for an
oncogene linked to fibroblast activation (Garcia-Palmero et al., 2016),
and the genes COLIA1, COL3A1 and ACTA2, which encode type I and III
collagens and smooth muscle actin, markers of myofibroblast activation.
Comparing the results of the cell types side by side, HASC-CM increased
the expression of both SNAIL1 and SNAIL2 in HUFs (Fig. 4, A, B), but not

in WPMY-1 (Fig. 4, G, H). Moreover, the effect of TGFp on HUFs
significantly decreased the expression of TWIST1, regardless of parallel
treatment with HASC-CM (Fig. 4, C); had a tendency to increase the
expression of COL1A1 (Fig. 4, E); and strongly upregulated the expres-
sion of ACTA2 (Fig. 4, D). Interestingly, the expression of ACTA2 was
significantly more increased in HUFs treated with a combination of
HASC-CM and TGFp compared to TGFf alone. All of the aforementioned
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Fig. 4. HASC-CM stimulates EMT-related gene expression in HUF cells. HUF (A-F) and WPMY-1 (G-L) were left untreated, treated with HASC-CM, 10 ng/mL TGFf or
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were analysed. N = 3. Mean values (columns) and SD (bars) are shown. Stars denote statistically significant (* - p < 0.05, ** - p < 0.01, *** - p < 0.001) differences

between the groups.

effects were absent when WPMY-1 were treated with HASC-CM, TGFp,
or a combination of both. Only the expression of SNAIL1 was signifi-
cantly increased in WPMY-1 when treated with TGFp compared to un-
treated cells (Fig. 4, G).

3.4. HUFs treated with HASC-CM contain higher amount of aSMA

As our gene expression analysis showed that HASC-CM in combina-
tion with TGFf treatment induced greater expression of ACTA2 in HUFs
compared to TGFp treatment alone, we investigated whether HASC-CM
treatment could lead to increase of aSMA in the affected cells. Surpris-
ingly, all chosen treatments increased the amount of this myofibroblast
marker in HUFs (Fig. 5, A), but not in WPMY-1 cells (Fig. 5, B). To more
precisely determine the dynamics of ACTA2 expression in HASC-CM
stimulated HUFs, we measured the transcript levels at 3, 6, 12 and

24 h after treatment (Supplementary Fig. 3). There was a significant
relative increase in ACTA2 expression in HASC-CM-treated HUFs at the
3 and 12 h time points.

4. Discussion

The natural environment of fibroblasts contains a plethora of
extracellular matrix proteins, which provide structural support and
facilitate intercellular communication. The signals that fibroblasts
receive from their in vitro environment come from their culture medium.
The most common in vitro culture methods use foetal bovine serum in
the liquid culture media to supply some of the extracellular signals
necessary for fibroblast survival and proliferation (Lee et al., 2022).
Recently, alternatives to foetal bovine serum, such as human platelet
lysate, have been investigated for the cultivation of human
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mesenchymal cells (Du et al., 2022). The switch into serum-free media,
as performed in some studies, induces cellular stress, stimulates auto-
phagic flux, and may cause fibroblast transformation into myofibro-
blasts (Lehrich et al., 2021; Galie et al., 2011). The culture medium can
be pre-conditioned by other cells, such as the HASCs used in our study.
Identification of the specific components of HASC-CM can be compli-
cated by the presence of serum, however, methods have been developed
to distinguish cell products from serum components present in the same
medium (Lehrich et al., 2021; Nakamura et al., 2021; Shin et al., 2019).
Similar to other studies (Kruger et al., 2018; Iser et al., 2016; El-Hattab
et al., 2020), the HASC-CM contains various factors secreted into the
medium by HASCs which have been themselves cultivated in regular,
serum-containing culture medium.

The components of the mesenchymal stem cell (MSC) secretome
have been investigated for the treatment of various inflammatory and
fibrotic diseases (Bari et al., 2021; Choi et al., 2024a, 2024b; Harrell
et al., 2019; Basalova et al., 2020; Filidou et al., 2022), suggesting
positive outcomes in vivo. HASCs, a type of MSC (Bacakova et al., 2018),
have also been explored for their use in regenerative medicine, including
cell-free therapy, where molecules produced by HASCs would be utilized
(Trzyna and Banas-Zabczyk, 2021a). Partial characterization of the

protein content of HASC-CM used in our study revealed a variety of
anti-inflammatory (IL-4, IL-19) and pro-inflammatory cytokines (IL-1a,
IL-2, IL-6), a soluble interleukin receptor (ST2) and growth factors
(PDGF, HGF, EGF) which have also been identified in other analyses of
the HASC secretome (Trzyna and Banas-Zabczyk, 2021b). Notably, IL-1a
and ST2 have been noted for their role in stimulating fibrosis
(Borthwick, 2016). Due to the high complexity of the stem cell secre-
tome (Kehl et al., 2019), it is natural that pleiotropic effects of HASC-CM
on fibroblasts can be observed. Our data show that HASC-CM stimulates
the appearance of cellular markers of EMT: it increases the migration
speed of HUF cells and the amount of vimentin protein in both HUF and
WPMY-1 cells, which is consistent with the results of a study using C6
glioma cells (Iser et al., 2016). The observed increase in F-actin was also
found in MSC-CM-treated hepatoma cells (Li et al., 2015).

To understand the underlying cause of these changes, we investi-
gated the effect of HASC-CM on TGFf signalling. TGFp is considered to
be one of the most important cytokines triggering tissue fibrosis, as it is
produced by both immune cells arriving at the site of tissue injury and by
myofibroblasts themselves (Meng et al., 2016; Chung et al., 2021). TGFf
binding to its receptors has been shown to stimulate both EMT and the
transformation of  fibroblasts, however, the role of
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TGFBRII-ALK1—-SMAD1/5-mediated signalling in fibrosis has often
been overshadowed by the importance of related TGFpRII-
—ALK5—SMAD2/3-mediated signalling (Munoz-Félix et al., 2013). Our
experiments have shown that HASC-CM has no suppressive effect on
SMADS signalling, similar to studies with human dermal fibroblasts
(El-Hattab et al., 2020; Li et al., 2019). SMAD5 has recently been shown
to play an important role in regulating actin cytoskeleton polymerisa-
tion, associated EMT processes and fibrosis progression (Allaire et al.,
2011; Curado et al., 2014; Latha et al., 2021). Our data show that
SMADS5 signalling in HUFs is suppressed by HASC-CM-induced
dephosphorylation of SMADS5, as well as the downregulation of the
expression of SMADS5-regulated genes MAPK1, ACVR2A and PAIl,
whereas no such dephosphorylation occurs in WPMY-1.

The dynamics of actin polymerisation generate the forces that drive
cellular movement (Schaks et al., 2019), and we have shown that
HASC-CM activates the polymerisation of G-actin into F-actin in HUFs.
The observed changes in actin polymerisation are thought to be driven
by ROCK1/2—LIMK—cofilin signalling (Lee et al., 2019), and activated
SMAD5 may modulate this process by controlling cofilin phosphoryla-
tion (Allaire et al., 2011), linking the observed dephosphorylation of
SMADS to the increase in F-actin levels. MRTF-A is translocated to the
nucleus when G-actin polymerises into F-actin (Miranda et al., 2021).
This transcription factor, together with its transcriptional cofactor
SMAD3, is known to stimulate the expression of the mesenchymal
transcription factor genes SNAIL1 and SNAIL2 (Miranda et al., 2021).
Specifically, in the context of fibrosis, MRTF-A has been shown to
modulate the expression of such EMT-related genes (Sobierajska et al.,
2020). Moreover, MRTF-A, in complexes with serum response factor
(SRF) - another transcription cofactor - is similarly known to promote
the expression of SNAILI and SNAIL2 (Gau and Roy, 2018). We showed
that HASC-CM increases the amount of MRTF-A localised in the nuclei,
which is caused to the observed increase of F-actin in HUFs. In contrast,
in WPMY-1, HASC-CM did not stimulate an increase in the amount of
F-actin, and the localisation of MRTF-A within these cells remained
unchanged regardless of treatment. Our results are consistent with the
established mechanisms and provide the link between
HASC-CM-induced SMAD5 dephosphorylation, MRTF-A nuclear trans-
location and MRTF-A-SMAD3- and MRTF-A-SRF-mediated expression of
EMT genes in fibroblasts (Fig. 6). Moreover, the PDGFB identified in
HASC-CM  could further stimulate the  expression of
MRTF-A-SRF-modulated genes in fibroblasts, as evidenced in develop-
mental studies of cell migration (Vasudevan and Soriano, 2014).

In addition to the observed stimulation of EMT markers in HUFs, our
results showed that HASC-CM treatment increases the amount of aSMA
both in untreated and TGFp-treated cells. We measured that the HASC-
CM-stimulated expression of ACTA2 in HUFs occurs at 3 and 12 h after
stimulation, suggesting several stimulation events. Such increase in
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aSMA amount has also been observed in HASC-CM treated dermal fi-
broblasts (El-Hattab et al., 2020). Moreover, the treatment of the cells
with a combination of HASC-CM and TGFf significantly increased the
expression of COL1A1, which is another marker for fibrosis progression.
These results are similar to those gathered in another study investigating
the effects of HASC-CM on fibroblasts (Yuan et al., 2017), however, it
has been noted that the pro- or antifibrotic effect in that case depended
on the dilution of HASC-CM, meaning, the concentration of molecules
secreted by HASC into the medium. The suppression of SMADS5 signal-
ling has been linked to transformation of bronchial fibroblasts into
myofibroblasts, supporting our findings (Lin et al., 2024). Meanwhile,
no such alterations were observed in our experiments conducted on
WPMY-1 cells. Drawing on the conclusions from other studies (Walker
et al., 2021; Kato et al., 2020), we can speculate that the WPMY-1 cells,
derived from cancer tissue, present a different gene expression profile
due to epigenetic changes, leading to altered interleukin or growth
factor receptor levels. Thus, they may exhibit no changes after HASC-CM
treatment.

Some studies employing in vitro fibrosis models have noted the anti-
fibrotic activity of ASC-derived exosomes or ASCs themselves (Wang
et al., 2024), however, these studies investigated the effects on fibro-
blasts cultivated on tissue culture plastic (Li et al., 2022; Wu et al.,
2021). As both fibroblasts and myofibroblasts are mechanically sensitive
cells, it is crucial to tune their culture surface elasticity to that of natural
scar tissue, which has an elastic modulus of ~50 kPa (Davidson et al.,
2020; Verma et al., 2023) and not the 2 GPa of plastic (Guimaraes et al.,
2020). In our study, the HUFs and WPMY-1 cells were cultured on
fibronectin-coated PDMS with similar elasticity (Darby et al., 2022;
Megone et al., 2018), which could explain some of the differences be-
tween the effects of HASC-CM on fibroblasts that we observed and those
obtained by other researchers. The effect of matrix stiffness on the
appearance of myofibroblast markers has been demonstrated in other
studies, such as those investigating lung fibroblasts (Huang et al., 2012).
In general, it is well established that the conditioned medium of ASCs
and other mesenchymal stem cells has an anti-fibrotic effect in vivo (Choi
et al., 2024a), which could be at least partially explained by the
immunomodulatory activity of these substances, as the suppression of
inflammation at the site of tissue damage could prevent the activation of
myofibroblasts.

Taken together, our data suggest that HASC-CM elicits pro-EMT
changes in HUFs by suppressing SMAD5 phosphorylation, stimulating
the subsequent nuclear translocation of MRTF-A and modulating gene
expression through this factor, in combination with phospho-SMAD3
and/or SRF. The observed changes in gene expression and protein
marker levels can be considered pro-fibrotic in vitro, as the cells trans-
form into a myofibroblast phenotype. Interestingly, the combined
treatment of HASC-CM and TGFp attenuated SMADS5S

WPMY-1

Fig. 6. Summary of identified active HASC-CM components and their effects on HUF cells, and the absence of effect on WPMY-1 cells.
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dephosphorylation, suggesting that the effect of HASC-CM is dependent
on the strength of TGFf-activated signalling. In the context of thera-
peutic applications, our findings suggest that the whole HASC secre-
tome, which constitutes the main component of HASC-CM, may have
limited anti-fibrotic potential, although additional validation, especially
in vivo, is needed. This does not exclude the possibility the isolated
components of the HASC-CM, or those produced by genetically modified
HASCs, would have a more positive therapeutic potential, as other
studies have suggested (Filidou et al., 2022). Elucidating the precise
mechanisms of action could be performed after the purification of
molecules secreted by the HASCs into the medium and characterization
of all the components of HASC-CM that originate from HASCs. This
would facilitate focusing on the specific ligand-receptor interactions on
the fibroblast membrane and the role of miRNAs in the processes we
observed. Further analysis should be performed to establish the precise
mechanism of the observed HASC-CM-stimulated dephosphorylation of
SMADS5, and whether this inhibition of SMAD5 signaling could be
controlled in a therapeutic setting.

5. Conclusions

The partial characterization of HASC-CM contents revealed the
presence of PDGFB and the pro-inflammatory cytokines IL-1a, IL-2 and
IL-6. HASC-CM induces the expression of mesenchymal and myofibro-
blast markers in primary human urethral fibroblasts, but not WPMY-1
cells. HASC-CM induced SMAD5 dephosphorylation, F-actin polymeri-
zation and MRTF-A nuclear translocation in human urethral fibroblasts,
while also stimulating their motility. This resulted in the transcription of
EMT-related genes SNAILI and SNAIL2. Finally, HASC-CM stimulated
the appearance of ’SMA in human urethral fibroblasts, suggesting a pro-
fibrotic effect. We did not detect these changes in WPMY-1 cells.
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