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A B S T R A C T

Prosthesis-induced pathological calcification is a significant challenge in biomaterial applications and is often
associated with various reconstructive medical procedures. It is uncertain whether the fibrous extracellular
matrix (ECM) adjacent to biomaterials directly triggers osteogenic trans-differentiation in nearby cells. To
investigate this possibility, we engineered a heterogeneous polystyrene fibrous matrix (PSF) designed to mimic
the ECM. Our findings revealed that the myoblasts grown on this PSF acquired osteogenic properties, resulting in
mineralization both in vitro and in vivo. Transcriptomic analyses indicated a notable upregulation in the
expression of the long noncoding RNA metastsis-associated lung adenocarcinoma transcript 1 (Malat1) in the
C2C12 myoblasts cultured on PSF. Intriguingly, silencing Malat1 curtailed the PSF-induced mineralization and
downregulated the expression of bone morphogenetic proteins (Bmps) and osteogenic markers. Further, we found
that PSF prompted the activation of Yap1 signaling and epigenetic modifications in the Malat1 promoter, crucial
for the expression of Malat1. These results indicate that the fibrous matrix adjacent to biomaterials can instigate
Malat1 upregulation, subsequently driving osteogenic trans-differentiation in myoblasts and ectopic calcification
through its transcriptional regulation of osteogenic genes, including Bmps. Our findings point to a novel thera-
peutic avenue for mitigating prosthesis-induced pathological calcification, heralding new possibilities in the field
of biomaterial-based therapies.

1. Introduction

Pathological calcification (PC) induced by prosthetic implants (PCI)
is characterized by the abnormal accumulation of calcium and phos-
phate minerals within soft tissues and is often associated with various
reconstructive medical procedures, including heart valve replacements,
coronary artery grafting, and volumetric muscle regeneration. PCI can
lead to vascular stiffness, hemodynamic disorders, and increased
morbidity and mortality rates in cardiovascular diseases such as
atherosclerosis, systolic hypertension, and coronary artery disease [1,2].

Various factors contributing to the processes of PCI have been identified,
including material properties, host biological responses, and mechanical
stresses on the implant. Based on these studies, strategies to mitigate
pathological calcification have been developed, such as decellulariza-
tion of valve tissues, chemical treatments to reduce immunogenicity,
ion-loading fibrous matrices, and specific coatings that release
anti-calcification agents [3–5]. Elucidation of the biological and mate-
rial factors that contribute to calcification can provide insights into
developing advanced materials and treatment methods that effectively
prevent this process.

Abbreviations: ECM, extracellular matrix; PSF, polystyrene fibrous matrix; Malat1, metastasis-associated lung adenocarcinoma transcript 1; Bmps, bone
morphogenetic proteins; Yap1, yes-associated protein 1.
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In areas of calcification, collagen fibrils often exhibit significant
disorganization, including fragmentation, misalignment, irregular fibril
diameter, and altered cross-linking [6–9]. This disorganization of
extracellular matrix (ECM) fibrils results in altered mechanical proper-
ties and provides sites for mineral nucleation. The onset of PCI is typi-
cally linked to alterations in the surface properties of implanted
biomaterials [10]. While biological factors are known to be involved in
pathological calcification, the onset of PCI is generally associated with
changes in the surface properties of implanted biomaterials. After im-
plantation, the biomaterial surface often becomes encased in a fibrotic
matrix due to inflammatory reactions, and PCI originates from within
this fibrotic matrix. It is worth noting that bacterial plaque formation
can lead to the development of micro-/nano-fibrous structures on
implant surfaces, particularly in aortic valves, where ectopic calcifica-
tion frequently occurs along these fibrous structures [11]. While chronic
inflammation resulting from external pathogenic infections can partially
explain this phenomenon, calcification of the fibrotic matrix in sterile
conditions remains unexplained.

Calcification in PCI is attributed to various mechanisms, including
apoptosis and osteogenic conversion [10]. However, it is not yet clear
whether the micro/nanostructure of the ECM in PCI-derived plaques
directly induces calcification. ECM is a complex structure organized by
biological factors and a fibrous three-dimensional (3D) structure. Both
replicate a 3D structure with high roughness and hydrophilicity using a
non-bioreactive polystyrene-based fibrous matrix (PSF). However, un-
like PSF, ECM contains biological factors such as signaling molecules,
cell-producing non-collagenous ECM components, extracellular vesicles,
and microbial factors. Biomimetic biomaterials, such as hydrogel 3D
scaffolds, micro/nano-grooved substrates, and electrospun fibrous
membranes, feature hierarchical microstructures similar to the ECM,
allowing them to modulate various cellular behaviors [4,10]. Electro-
spinning has been widely employed to fabricate fibrous biomaterials due
to its ability to control topological cues, fiber density, chemical
composition, and other physicochemical properties that influence
cellular responses [12].

Previous research has shown that alterations in the 3D topography of
nanofibers can induce the differentiation of mesenchymal stem cells into
different cell lineages [13,14]. Nano-scale fibrous structures have been
found to play a crucial role in chondrocyte differentiation and biomin-
eralization [15]. In the context of biomaterial implants, ectopic calcifi-
cation leads to the trans-differentiation of vascular smooth muscle
(VSM) cells, primarily through bone morphogenetic protein (BMP) and
Wnt signals resulting from mechano-transduction between the vascular
matrix and VSM cells [16]. However, the exact mechanism by which
mechano-transduction influences the expression of osteogenic signals,
BMP, and Wnt, in vascular smooth muscle cells remains unclear.

Metastasis-associated lung adenocarcinoma transcript 1 (Malat1) is
an exceptionally long long non-coding RNA (lncRNA), whose critical
roles have emerged in various biological processes, including cell divi-
sion, survival, motility, transcription, translation, and RNA splicing
[17]. It has been extensively studied for its regulatory functions in
cancer metastasis and its role as an epigenetic modulator in metabolic
diseases, neuropathic diseases, and cancer metastasis [18–20]. Mecha-
nistically, Malat1 regulates nuclear speckle organization associated with
m6A modifications and participates in the formation of histone meth-
yltransferase complexes [21]. Conversely, the methylation status of the
Malat1 promoter plays a crucial role in regulating its expression, with
Mettl3, an m6A methyltransferase, known to inhibit Malat1 expression
[21,22].

In this study, we demonstrated that a heterogeneous ECM mimicry
created using electrospun polystyrene micro/nanofiber sheets (PSF)
could directly induce ectopic calcification of myoblasts without the need
for chemical or biological cues. Despite polystyrene’s typical biocom-
patibility and bio inert properties [23,24], the 3D topological differences
of PSF led to ectopic calcification in muscle tissue. Furthermore, myo-
blasts cultured on the ECM-mimicking PSF exhibited reduced myogenic

differentiation and enhanced osteogenic differentiation. Mechanisti-
cally, this was attributed to Yes-associated protein 1 (Yap1) signaling
inducing the expression of Malat1, a lncRNA implicated in PSF-induced
ectopic calcification. These findings suggest the direct role of the ECM
micro/nanostructure in pathologic calcification induced by implanted
prostheses.

2. Methods

2.1. Preparation of the PSF matrix

The PSF matrix was electrospun as previously described [25], using
polystyrenes (Mw 350,000 g/mol, Mw 280,000 g/mol, Sigma) dissolved
in N, N-dimethylformamide: Dichloromethane = 3: 2 (Sigma) (10 %
w/v). The solution was rotated overnight at room temperature, injected
through a 32G syringe needle, and injected at a flow rate of 0.1 ml/h.
The syringe needle was connected to a high voltage DC power supply
(Chungpa EMT, Korea) of 15 kV. The resulting PSF sheet was air-dried,
immersed in DPBS, washed with 70 % ethanol, and UV-dried before cell
culture.

2.2. Surface topography analysis

The surface topography of the PSF matrix was analyzed as previously
described [25]. Surface roughness and topographical measurements
were determined under a confocal microscope (Carl Zeiss LSM 800,
Oberkochen, Germany). The surfaces of PSF and high-density poly-
tetrafluoroethylene (PTFE) were analyzed using ConfoMap software.
The contact angle was measured by the sessile drop method using an
image analyzer equipped with a video camera (Phoenix 300, Surface
Electro Optics, Seoul, Korea). Bacterial culture dishes (BCD) was coated
with BD Cell-Tak™ to assess cellular behavior in relation to surface
structural differences. The coated BCD is referred to as BCDcoated. PSF
and BCD were treated with 70 % HClO4 to enhance hydrophilicity for
improved cell adhesion properties, similar to conventional culture sub-
strate condition (TCD).

2.2.1. Scanning electron microscopy (SEM)
Cultured cells were rinsed in PBS, fixed using 2.5 % glutaraldehyde

in a 0.1 M cacodylate buffer (pH 7.4) and freeze-dried. The specimen
was dehydrated by dipping it in increasing concentrations of ethanol
and then by critical point drying. After drying, the fragment was sputter-
coated with gold-palladium and observed under an SEM (FE-SEM
Hitachi S-4700, Japan) at 12 kV, 100×magnification. PSFs without cells
were sputter-coated with platinum and observed under an SEM (FE-SEM
Hitachi S-4700, Japan) at 12 kV, 10000× magnification.

2.3. In vivo transplantation

Ectopic calcification induced by PSF was evaluated in C57BL/6 mice,
with Cytoplast™ TXT-200 (Osteogenics Biomedical, Lubbock, TX, USA)
as control. Mice were anesthetized with Zoletil (0.4 ml/kg) and Rompun
(10 mg/kg). Control and experimental groups were randomly allocated
to avoid possible biases. The material was implanted into the internal
space of vastus medialis and gracilis in each leg muscle and sutured.
Experimental procedures followed protocols approved by the Institu-
tional Animal Care and Use Committee of Seoul National University
(SNU-230508-1-2).

2.4. Hematoxylin & eosin (H&E) staining and Immunohistochemistry
(IHC)

After 12 weeks, the mice were sacrificed for evaluation. H&E stain-
ing was performed by Oben Bio (Seoul, Korea). For IHC, sections were
deparaffinized and antigen retrieval was done using the heat-induced
epitope retrieval method. Slides were washed with TBS containing
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0.025 % Triton X-100 (TBS-T) for 5 min, twice, and then blocked with 1
% BSA in TBS for 2 hrs at room temperature. The slides were drained for
a few seconds, and excess blocking buffer was wiped off with tissue
paper. Slides were incubated with anti-Runx2 antibody (Santa Cruz
Biotechnology) overnight at 4 ◦C. Alexa Fluor 488 and 647 conjugated
goat anti-rabbit secondary antibodies (Invitrogen, Grand Island) were
used. To identify the nuclei, mounting medium with 4′,6-diamidino-2-
phenylindole (DAPI; Vector Labs, Burlingame) was used. The samples
were observed with a confocal microscope (LSM 800, Carl Zeiss).

2.5. Von kossa staining

The paraffin-embedded in vivo samples were deparaffinized and
rinsed with distilled water. Calcium deposition was detected by treating
the sections with 5 % silver nitrate solution and exposing them to UV
light for 1 h. The slides were then rinsed multiple times with deionized
water, and unreacted silver was removed using 2 % sodium thiosulfate
for 5 min. Finally, the slides were washed with deionized water again,
dehydrated, and mounted with Permount.

2.6. Cell culture

C2C12 mouse myoblasts were maintained in growth medium [GM;
DMEM (Hyclone, Logan) with 10 % (v/v) fetal bovine serum (FBS,
Hyclone) and 100 U/mL of penicillin-streptomycin (Hyclone)] at 37 ◦C
in a humidified incubator with 5 % CO2. Osteoblast differentiation was
induced using osteogenic medium [OM; the GM with 50 μg/ml ascorbic
acid (Sigma) and 10 mM β-glycerophosphate (Sigma)], with medium
changes every two days.

2.7. Alkaline phosphatase (ALP) staining

C2C12 were cultured in GM and OM in a 24-well plate. After seven
days of induction, the cells were fixed using 4 % paraformaldehyde. ALP
staining was assessed with p-nitrophenyl phosphate (p-NPP, Thermo
Fisher Scientific) as a substrate. Cells added with the substrate were
placed in 37 ◦C for 10 to20 min for the reaction to occur. The reaction
was stopped by washing with DPBS three times.

2.8. Alizarin Red S (ARS) staining

C2C12 cells were cultured in osteogenic medium in a 24-well plate.
After 21 days post-induction, the cells were fixed with 4 % para-
formaldehyde for 30 min at room temperature. Subsequently, the cells
were rinsed with phosphate-buffered saline (PBS) and stained with
Alizarin Red S dye (Sigma) at pH 4.15. The images of the staining were
analyzed using ImageJ software.

2.9. In vitro cell viability assay

C2C12 cells were seeded into a 96-well plate and cultured for four
days. The osteogenic medium was changed every two days, and the
CCK8 reagent was added and incubated for 30 min to 1 h to measure
absorbance at 450 nm. To identify apoptotic cells, a TUNEL assay was
performed using the DeadEnd™ Fluorometric TUNEL System (Promega)
following the manufacturer’s instructions.

2.10. Total RNA sequencing

Total RNA from cells cultured on TCD and PSF was extracted using
QIAzol Lysis Reagent (QIAGEN, Valencia, CA). RNA concentration was
measured by Quant-iT RiboGreen (Invitrogen) and quality and integrity
were assessed using the TapeStation RNA screentape (Agilent). RIN
greater than 7.0 was selected for RNA library construction. Illumina
TruSeq Stranded Total RNA Library Prep Gold Kit (Illumina, Inc., San
Diego, CA, USA) was used for library preparation. From the total RNA

sample, rRNA was depleted to detect mRNA and lncRNA. Then, samples
were fragmented into small pieces and first-strand cDNAs were copied
using SuperScript II reverse transcriptase (Invitrogen) and random
primers. Second-strand cDNA was synthesized by adding DNA poly-
merase I, RNase H and dUTP. Subsequently, the products were purified
and enriched with PCR to create the final cDNA library.

The libraries were quantified with KAPA Library Quantification kits
for Illumina Sequencing platform according to the qPCR Quantification
Protocol Guide (Kapa Biosystems) and qualified using the TapeStation
D100 ScreenTape (Agilent Technologies). Indexed libraries were then
submitted to Illumina NovaSeq6000 (Illumina), and the paired-end (2 x
100 bp) sequencing was performed by Macrogen (Seoul, Korea).

2.11. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNAs of cells cultured on TCD and PSF were extracted using
QIAzol Lysis Reagent ( Qiagen). Then, cDNA was synthesized using
PrimeScript RT Reagent Kit with gDNA Eraser (Takara) according to the
protocol provided. RT-qPCR was performed on real-time PCR system
(Applied Biosystems) using TB Green Premix Eq TaqII, ROX plus
(Takara). The relative expression levels were calculated with the
comparative threshold cycle method and each target gene transcript was
normalized using glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
level. The PCR primers sets are listed in the Supplementary Table.

2.12. Whole-genome bisulfite sequencing (WGBS)

Library preparation for bisulfite sequencing was done using Sure-
SelectXT Methyl-Seq Target Enrichment System for Illumina Multi-
plexed Sequencing (Agilent). DNA quality, quantity and concentration
were measured by Qubit (Thermo Fisher Scientific) and Nanodrop. Each
genomic DNA sample was fragmented into 100–200 bp using Covaris.
Following fragmentation, end-repair and adaptor ligation were done.
Captured targets were pulled down by biotinylated probe using
streptavidin-coated magnetic beads (Dynabeads MyOne Streptavidin
T1; Life Technologies Ltd.). Bisulfite conversion was performed with EZ
DNA Methylation-Gold kit (ZymoResearch) and the bisulfite-treated li-
braries were amplified with indexed primers. Paired-end (2 x 151 bp)
sequencing was done using Illumina NovaSeq6000 (Illumina) by
Theragen Bio Incorporation.

2.13. Alignment, methylation calling and analysis

The bisulfite-treated sequencing readers were aligned to the mouse
reference genome (mm10) using Bismark v0.24.2 [26]. The alignment
was conducted using default parameters, which are optimized for
high-throughput sequencing data. Following alignment, methylation
states at individual cytosine positions in CpG context were extracted
using the bismark_methylation_extractor module of the Bismark soft-
ware. This module enables the identification and annotation of meth-
ylated and unmethylated cytosines along with their genomic positions.

For analysis of differentially methylated regions (DMRs), DMRichR
v1.7.8 was employed [27]. The analysis commenced with loading the
methylation data alongside the mm10 genomic annotation. This was
managed using the GenomicRanges package v1.54.1 to handle
range-based data and the TxDb.Mmusculus.UCSC.mm10.ensGene
database for gene annotations. The default parameters for DMRichR
functions were applied. The plotDMRs function in DMRichR was utilized
to visualize the identified DMRs.

2.14. Knockdown assay with siRNA transfection

C2C12 cells seeded at 1.0 × 104 cells/well at 6-well plate for seven
days with OM and Malat1 siRNA (Dharmacon) were transfected for 48
hrs. The concentration of both the siRNA and negative control was 10
nmole using DharmaFECT Transfection Reagent following the
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manufacturer’s instructions.

2.15. Immunofluorescence assay

The cultured cells were fixed with 4 % paraformaldehyde, per-
meabilized with PBS containing 0.1 % Triton X-100 (PBS-T), and
blocked in PBS-T with 5 % bovine serum albumin (BSA). The cells were
incubated with anti-Bmp2, Bmp7 and Yap1 antibodies (Abcam, Santa
Cruz Biotechnology), followed by Alex Fluor 488 and 647 conjugated-
goat anti-rabbit secondary antibodies (Invitrogen). Rhodamine phal-
loidin (Invitrogen) was added to appeal the actin. A mounting medium
with DAPI (Vector labs, Burlingame) was used to identify the nuclei. The
samples were observed with confocal microscope (LSM 800, Carl Zeiss).
The image analyses were done with the Zen (Carl Zeiss) software.

2.16. Western blot analysis and cell fractionation

Cells were lysed with RIPA lysis buffer [50 mM Tris-HCl (pH 7.5,
Biosesang, Suwon, Korea), 0.15 M Sodium chloride, 1 % Triton X-100, 1
% Sodium deoxycholate, 0.1 % Sodium dodecyl sulfate (SDS), 2 mM
EDTA and complete protease inhibitor cocktail solution (Sigma)]. For
nuclear and cytoplasm fractionation, NE-PER Nuclear and Cytoplasmic
Extraction Reagent (ThermoScientific) was used following the manu-
facturer’s instruction. Proteins were separated on 10 % SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred onto a poly
(vinylidene difluoride) membrane. After blocking with 5 % nonfat skim
milk in TBS-T buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl and 0.05 %
Tween-20), the membrane incubated with specific primary antibodies
and then HRP-conjugated secondary antibodies. ECL reagent (Bio-Rad)
was applied, and the signals were detected with Bio-Image Analyzer
(Bio-Rad,). β-actin and Lamin B1 served as loading controls.

2.17. Chromatin immunoprecipitation (ChIP) assay

C2C12 cells were cultured on polystyrene nanofibers in osteogenic
media at a density of 3.5× 104 cell/dish. After seven days, the cells were
fixed with 37 % formalin and 5 ml PBS (final concentration of 1 %) for
10 min. The reaction was quenched with 2.0 M glycine (final concen-
tration of 125 mM) for 10 min. PBS/formalin/glycine were removed,
and the cells were washed gently with ice-cold PBS, and trypsin was
added to detach the cells. Cells were suspended with cold PBS, PMSF
(final concentration of 200 mM) and proteinase inhibitor and centri-
fuged at 360×g for 5 min at 4 ◦C. The supernatant was removed, and
RIPA lysis buffer were added. Samples were sonicated on ice to fragment
at a size of 200 bp – 500 bp. Sheared chromatin was cleared by centri-
fugation at 13000×g for 10 min at 4 ◦C.

Immunoprecipitation with Tcf3 and Tead1 antibody (Santa Cruz
Biotechnology) was performed using Dynabeads Protein G (Invitrogen)
following the manufacturer’s instruction. Crosslinks were reversed using
elusion buffer (1 % SDS, 0.1 M NaHCO3) and the sample was transferred
into a new tube and incubated at 95 ◦C for 15 min with 5 M NaCl. DNA
was recovered using Phenol:Chloroform:Isoamyl Alcohol (Avantor)
following the manufacturer’s instructions. Immunoprecipitated frag-
ments were analyzed by RT-qPCR with IgG as a control.

2.18. Calcium detection

C2C12 cells were seeded in 6-well tissue culture plate at a density of
1 × 106 cells per well and cultured overnight in DMEM with 10 % fetal
bovine serum. Cell culture medium was changed into osteogenic me-
dium and differentiated for 24 hrs. For Ca2+ detection, Ca2+was labelled
using Rhod-2, AM, cell permeant at 1 μM concentration for 1 h at 37 ◦C.

The fluorescence intensity was observed by confocal microscope (LSM
800, Carl Zeiss).

2.19. Statistical analysis

All the experiments in this study were repeated at least three times.
Representative data are presented with averages and standard de-
viations. Statistically significant differences were analyzed using
ANOVA (p < 0.05). Quantification analysis of SEM and immunofluo-
rescence staining was done using the Fiji software. PSF and PTFE di-
rection of orientation was measured using OrientationJ Distribution
plugin in the Fiji software.

3. Results

3.1. The transplantation of a heterogeneous polystyrene nanofiber
induced ectopic calcification in vivo

Electrospinning has been a well-established technique for fabricating
fibrous scaffolds that mimic the ECM for several decades [28,29]. To
closely emulate the natural ECM, we employed the electrospinning
process to create PSF with nano-to micro-sized and heterogeneous ori-
entations. In contrast to the random orientations and varying size dis-
tributions exhibited by the PSF, the non-resorbable PTFE, possesses a
relatively smooth surface (Fig. 1a). Compared to TCD, the surface coated
with PSF exhibited a higher average height roughness (Ra) and an
increased surface roughness (Sa). This diverse nano/micro fibrillation of
polystyrene significantly augmented the surface properties of PSF which
resembles the 3D topology of ECM. The PSF demonstrated a heteroge-
neous size distribution and exhibited a higher degree of irregularity
compared to PTFE, as evidenced by the measurements of surface
orientation angles (Fig. 1b and c). When compared to commercialized
PTFE, PSF showed similar hydrophobicity but demonstrated a more
compact and fibrous structure (Fig. 1d).

To investigate whether these ECM-like PSF induced pathological
calcification following transplantation, we implanted the PSF into the
intermuscular space between the gracilis and adductor muscles in the
posterior thigh of mice. A PTFEmembrane was used as a control because
it exhibited homogeneously thick, aligned fibers. From the 4th to the 8th

week post-transplantation, we noted lamellar calcification patterns
predominantly in the intermuscular space where the PSF was implanted,
mirroring the implant’s footprint. Conversely, the control group showed
only inflammatory tissue around the implants, as seen in Fig. 2a. The
Von Kossa staining results of the PSF implant sites showed mineraliza-
tion patterns consistent with the H&E staining results (Fig. 2b). Simi-
larly, the anti-Runx2 IHC results confirmed the presence of mineral
deposits, indicating successful osteogenic differentiation on the PSF
scaffolds (Fig. 2c). Additionally, soft X-ray and μCT analyses further
verified the emergence of new ectopic calcifications within the muscle
tissue after PSF implantation, detailed in Fig. 2d.

3.2. Myoblasts cultured on PSF without stimulation underwent osteogenic
differentiation by secreting endogenous BMPs

C2C12 myoblast precursor cells typically undergo spontaneous
myogenic differentiation [30]. However, when these cells were cultured
on PSF, they showed mineralization without requiring additional
exogenous signals for osteogenic differentiation, as illustrated in Fig. 3a.
Additionally, consistent with the ALP staining results, in vitro mineral
deposition was also confirmed in the ARS staining results (Supple-
mentary Fig. 1a). This mineralization in the culture of C2C12 cells on
PSF was observed even in standard GM that lacked specific osteogenic
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Fig. 1. Characterization of PSF in comparison with a control PTFE.
(a) Scanning electron microscopy. Magnification; 3000× (PSF inlet, 20000x), Scale bar = 10 μm (b) Degree of orientation analysis. PSF shows a random orientation
distribution while PTFE does an even one. (c) Surface roughness. Quantitative analysis showed a notably increased surface roughness and arithmetic average of 3D
roughness in PSF. (d) Water contact angle. PSF does not show significant differences in surface hydrophobicity. All data present with averages and standard de-
viations (n = 3).
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Fig. 2. PSF induces ectopic calcification in vivo.
(a) Hematoxylin and eosin staining. PSF was implanted into the interal space of vastus medialis and gracilis muscles. After 12 weeks post-transplantation, the mice
were sacrified and evaluated for ectopic calcification. Scale bar = 5 μm. (b) Von kossa staining. Scale bar = 5 μm. (c) Immunohistochemistry for Runx2. Green;
Runx2. Blue; Nuclei. Scale bar = 20 μm. (d) Soft X-ray and μCT analysis. Scale bar = 5 μm.
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supplements. Additionally, the mineralization intensity increased when
the cells were cultured in OM. In contrast, C2C12 cells grown on a TCD
did not exhibit mineralization in either GM or OM. The osteogenic dif-
ferentiation of C2C12 cells on the micro/nanofibrous architecture of PSF
could be further enhanced by treatment with exogenous Bmp2 (Fig. 3a)
and was inhibited by the physiological Bmp antagonist, Noggin (Sup-
plementary Fig. 2).

C2C12 myoblasts cultured on the ECM-mimicking PSF, featuring
micro/nanofibrous architecture, diverted from their typical muscle dif-
ferentiation path, favoring osteoblast differentiation instead. Contrary
to the cells in TCD, C2C12 cells on PSF retained a mononuclear struc-
ture, avoiding differentiation into multinucleated muscle cells.
Furthermore, the expression of osteogenic markers, Osteocalcin (Ocn)
and Osterix (Osx), increased consistently, and myogenic marker genes
(Myogenin and MyoD) were decreased in the PSF group (Supplementary
Fig. 3). Furthermore, the C2C12 cells cultured on PSF did not show any
significant cytotoxicity (Supplementary Figs. 1b–c).

Bmp2 and Bmp7 are crucial growth factors for osteogenic differen-
tiation in C2C12 cells and inducing ectopic calcification in vivo [31,32].
Conversely, Bmp4 treatment results in myogenesis or chondrogenesis in
C2C12 cells, rather than osteogenesis [33]. The PSF induced distinct
morphological and growth changes in C2C12 cells. While cells on TCD
exhibited the typical elongated morphology, those on PSF displayed a
reduced cytoplasmic area and more significant growth in the Z-axis di-
rection, as depicted in Fig. 3b. The cell spreading area on PSF was about
45 % smaller compared to TCD (Fig. 3c).

We hypothesized that the mineralization observed in the C2C12
myoblasts culture on PSF’s micro/nanofibrous architecture was driven
by Bmp signals. The expression of Bmp2 and Bmp7 genes was higher in
PSF than in TCD andwas further enhanced by OM treatment. In contrast,
the expression of Bmp4 showed no significant difference. Particularly,
the activation of R-SMAD following BMP signaling was strongly

observed in PSF (Fig. 2d and Supplementary Figure 4). Immunofluo-
rescence confirmed that cells on PSF secreted higher levels of Bmp2 and
Bmp7 than those on TCD. Furthermore, the secretion of Bmp2/7
increased with Bmp2 exhibiting a more pronounced intercellular dis-
tribution than Bmp7, as shown in Fig. 3e and f. Furthermore, the in-
duction of these Bmp signals was driven solely by changes in 3D
topology and was independent of the material properties. In two groups
with similar surface structures but different hydrophobicity, such as
BCD and TCD, the expression of Bmp2 and SMAD signaling genes were
consistently low, while those were notably high in PSF (Supplementary
Figure 5).

3.3. The upregulation of Malat1 on the PSF augmented osteogenic
differentiation

Comprehensive RNA sequencing (RNA-seq) analysis of cells cultured
on PSF and TCD revealed the regulatory targets underlying the trans-
differentiation induced by PSF. After sevendays in OM, both PSF and
TCD exhibited distinct difference in their transcriptome, as evident from
PCA analysis (Fig. 4a). In the PSF group, of most significantly upregu-
lated genes was Malat1, a lncRNA, ranking first among the top 20 genes
with increased expression (Fig. 4b). We conducted differential expres-
sion gene (DEG) analysis on a set of 5803 genes with fold change (FC) ≥
1.5 and p-value ≤ 0.05. Compared to the TCD group, the PSF group
exhibited an increase in the expression of 168 genes and a decrease in
1451 genes (Fig. 4c).

The up-regulated genes among the DEGs were notably associated
with various terms related to osteogenic differentiation. Conversely, the
down-regulated genes among the DEGs were linked to myogenic dif-
ferentiation and cell proliferation (Fig. 4d). In the Gene Set Enrichment
Analysis (GSEA) analysis, processes related to ossification and biomin-
eralization were consistently observed to be significantly enriched

Fig. 2. (continued).
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Fig. 3. PSF induces osteogenic phenotype and activates Bmp signaling in myoblast cells.
(a) Alkaline phosphatase staining and activity. The C2C12 myoblasts were cultured on PSF for 1 week. (b) SEM images of C2C12 cells grown on TCD and PSF. Scale
bar = 500 μm. (c) Quantification of cell spreading. The cell area was measured from the SEM images. (d) Expression of Bmp2, Bmp7 and Bmp4 transcripts. The RT-
qPCRs were performed, and Gapdh was used for normalization. (e) Immunostaining for Bmp2 and Bmp7 proteins in the cells grown on TCD and PSF. (Green: Bmp2,
Yellow: Bmp7, Red: actin phalloidin, Blue: DAPI). The C2C12 myoblasts were cultured on TCD and PSF for four days. Statistical data present with averages and
standard deviations (n = 3). Scale bar = 20 μm. (f) Mean fluorescence intensity of Bmp2 and Bmp7. * Statistically different (TCD vs. PSF; p < 0.05). # Statistically
different (GM vs. OM; p < 0.05). † Statistically different (Non-treated vs. BMP2- treated; p < 0.05).
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Fig. 4. Total RNA sequencing reveals an increase of Malat1 expression in PSF group.
(a) PCA analysis of Total RNA-seq result of PSF and TCD groups. (b) Heatmap of significant differential genes of PSF and TCD groups. (c) Volcano plot described
differential expressed genes in PSF/TCD. (d) Biological process analysis of DEGs. (e) GSEA analysis of significant biological process; Ossification (f) RT-qPCR
validation of expression level of Malat1 and osteogenic marker genes. Data present with averages and standard deviations (n = 3).
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(Fig. 4e). The RT-qPCR validation of key genes, including Malat1,
exhibited a consistent pattern with the RNA-seq findings (Fig. 4f).

3.4. The PSF induced demethylation of the Malat1 promoter in myoblasts

The transcriptomic changes observed in the cells on PSF in the
absence of specific growth factor stimulation appear to be attributable to

variations in DNA methylation. We performed bisulfite sequencing of
C2C12 cells cultured on both PSF and TCD to identify DNA methylation
patterns in each condition. The results revealed no significant differ-
ences in total DNA methylation level between the two conditions
(Fig. 5a). However, CpG-associated regions displaying differential
methylation levels in PSF compared to TCDwere primarily the promoter
region and distal intergenic region, accounting for a total of 60% of the

Fig. 5. Bisulfite sequencing results shows a decrease in the CpG methylation level of Malat1 in the PSF group.
(a) Visualization of whole-genome bisulfite sequencing (WGBS) data using Integrated Genome Visualizer (IGV). Differentially methylated regions (DMRs) is observed
between TCD and PSF. (b) Differentially methylated regions in CpG regions. (c) Significant differential regions in chromosome 19. (d) Enrichment analysis of DMR
related genes. (e) The upstream region of Malat1 in PSF shows more demethylated region compared to TCD. (f) The CpG region of Malat1 in PSF shows more
demethylated region compared to TCD. Red = TCD/Blue = PSF.
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differential methylation patterns (Fig. 5b). Over-representation analysis
performed on representing region exhibiting differential methylation
levels within ±2 kb of the promoter and CpG regions revealed that the
PSF group increased in methylation for genes associated with myogenic
differentiation and cell proliferation terms but decreased in methylation
for genes linked to osteogenic differentiation (Fig. 5c).

Methylation sequencing (Methyl-seq) unveiled a significant corre-
lation between genes associated with DMR and their expression levels as
revealed by RNA-seq. In particular, the GSEA results for the top 100
genes that were hyper-methylated and had reduced RNA expression
levels indicated a significant decline in biological processes related RNA-
seq (Fig. 5d).

The differential expression of Malat1 in the C2C12 cells cultured on
PSF stemmed from alterations in the methylation levels of its promoter
region. Notably, a pronounced demethylation was observed in the CpG
region and distal regions of the Malat1 gene in cells cultured on PSF.
Specifically, methylation in the upstream 4 kb region of the promoter,
the 3′UTR region dramatically decreased in the PSF group (Fig. 5e). The
methylation levels increased in the 2 kb region adjacent to the Malat1
CpG island in TCD. Motif analysis of the Malat1 promoter region indi-
cated the presence of binding sites for Tead1 and Tcf3. Notably, the

methylation levels showed significant variation near these Tead1 and
Tcf3 binding sites (Fig. 5f).

3.5. Yap1 translocation, activated by the PSF, led to the induction of
Malat1 expression

As consistently observed in RNA-seq and Methyl-seq analyses, 3D
topology of PSF facilitated the response to extracellular stimuli, and
predicted Yap signaling as a key factor. In the C2C12 cells cultured on
PSF, we observed no significant differences in total Yap1 protein
expression levels compared to those on TCD. However, the PSF group
exhibited a marked increase in nuclear localization of Yap1 protein, as
shown in Fig. 6a and b. The increased nuclear translocation of Yap1 in
PSF was reduced by the knockdown of Malat1 (Fig. 6c).

The increase in nuclear Yap1 protein leads to the recruitment of Tead1
and Tcf3 [34], which in turn stimulates Malat1 expression through
binding of CpG island (Fig. 5e and f). Enhanced binding in this region in
the PSF group was confirmed through ChIP assays targeting Tead1 and
Tcf3 (Fig. 6d). Collectively, these results indicated that the PSF led to the
demethylation of Malat1 promoter and nuclear translocation of Yap1,
together with Tead1 and Tcf3, promoted Malat1 expression.

Fig. 6. PSF increases the nuclear translocation of Yap1 leading to Malat1 expression.
(a) Immunofluorescence images described translocation of Yap1 protein into nucleus on PSF group. Scale bar = 10 μm (b) Quantitative analysis of immunofluo-
rescence images of TCD and PSF respectively. (c, d) Chromatin immunoprecipitation (ChIP)-assay and ChIP-qPCR of Malat1/Tcf3 and Malat1/Tead1 binding. Fold
enrichment was normalized using input. Translocation of Yap1 is observed in PSF and reverse effect is identified in siMalat1.
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3.6. PSF-induced Malat1 elevates Piezo1 and enhances Yap1 nuclear
translocation

In the PSF micro-environment, we noted an increased expression of
the mechanosensitive Ca2+ ion channel Piezo1 (Fig. 7a). This expression
decreased following transfection with siMalat1, indicating that Malat1
may regulate Piezo1 for Ca2+ ion intake and concurrently up-regulate
both Piezo1 (Supplementary Fig. 6).

The nuclear translocation of Yap1 appears to occur via calcium-
dependent signaling pathways. Live cell imaging was employed to
monitor Ca2+ levels (orange, Rhod-2, AM) and showed much higher
intracellular Ca2+ levels (orange, Rhod-2, AM) in the PSF group (Fig. 7b
and c). It was notable that a calcineurin inhibitor cyclosporin A (CsA)
decreased Yap1 translocation to nuclei (Fig. 7d and e), indicating that
PSF-elicited high calcium levels facilitated Yap1 translocation.

3.7. Knockdown of Malat1 suppressed the PSF-induced osteogenic trans-
differentiation

The knockdown ofMalat1 effectively diminished the influence of the
Yap1-Malat1 signal on the osteogenic trans-differentiation of myoblasts
driven by PSF (Fig. 8a and Supplementary Fig. 7). The expressions of
Bmp2 and Bmp7 were substantially decreased in the cells on PSF upon
knockdown of Malat1 (Fig. 8b). In turn, it was decreased the expression
of bone marker genes such as Runx2, Ocn, and Alp (Fig. 8c).

Mechanistically, it was found that PSF induced a decrease in
microRNAs (miRNAs) associated with osteogenic differentiation. In PSF,
there was a reduction in the expression of several miRNAs. This includes
miR-141, miR-100, miR-137, and miR-378a, all of which inhibit the
expression of Bmp2 and Bmp7 [35–38]. Additionally, there was a
decrease in the expression of miR-204 and miR-142a, which are related

Fig. 7. Malat1 elevates Piezo1 expression and facilitates the nuclear translocation of Yap1 by increased intracellular Ca2+ levels.
(a) A time-course expression of Piezo1 in C2C12 myoblasts cultures on PSF. (b) Live cell imaging of intracellular Ca2+ in the cells on PSF (orange, Rhod-2, AM) over 6
h. Scale bar = 500 μm. (c) Quantification of intracellular Ca2+. Image analysis was performed by measuring the fluorescence area. (d-e) Immunofluorescence images
of Yap1. The cells were treated with calcineurin inhibitor (cyclosporin A) at concentrations of 1000 ng/ml. Nuclear/Cyto ratio refers to the proportion of cells that
have a Yap1-positive nucleus. Scale bar = 10 μm * Statistically different (TCD vs. PSF; p < 0.05). † Statistically different (Non-treated vs. CsA-treated; p < 0.05).
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to SMAD signaling [39,40]. Similarly, the expression of miR-200b and
miR-194, associated with YAP and Wnt signaling, was also diminished
[41,42]. Furthermore, miR-143, known to inhibit the expression of
Osterix, showed decreased levels [43]. In the other hand, miR-181a,
which promotes myogenic differentiation, was also decreased [44]
(Fig. 8d).

In summary, C2C12 myoblasts cultured on the ECM-mimicking PSF
upregulated the expression of the long non-coding RNA Malat1, which
was facilitated by mechanical stimuli-induced Yap1 signaling and the
modulation of methylation levels at the CpG island in the promoter of
Malat1. Malat1 mediated osteogenic trans-differentiation through the
regulation of miRNAs which transcriptionally control the expression of
osteogenic/myogenic genes (Fig. 8d).

4. Discussion

This study aimed to elucidate the underlying causes of ectopic
calcification induced by ECM mimicry in pathologic calcification. We
investigated the ectopic calcification observed when PSF, known for its
minimal bioreactivity, was implanted to an in vivo animal model. Similar
osteogenic differentiation of C2C12, a myoblast precursor, was noted on
the surface of PSF in in vitro experiments, and RNA-seq revealed the
upregulation of the lncRNA Malat1. Malat1 exhibited promoter deme-
thylation as a result of epigenetic regulation under PSF conditions, with
its expression being induced by the Yap1/Tead1/Tcf3 axis. Following
this expression,Malat1 prompted osteogenic differentiation via Bmp2/7
signaling and induced the expression of Piezo1, which regulated Yap1

Fig. 8. Knockdown of Malat1 attenuates PSF-induced osteogenic transdifferentiation of myoblasts through the regulation of microRNAs.
(a) ALP staining. The C2C12 cells were cultured for 4 days. (b) Expression of Bmp2 and Bmp7 transcripts determined by RT-qPCRs. (c) Expression of osteogenic
marker genes determined by qPCRs. (d) Expression of miRNAs whichMalat1 regulate the level of. The miRNA RT-qPCR was performed in the cells cultured for 4 days
(n = 3).
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signaling through calcium channel signals in a positive feedback loop.
The PCs are chronic host-graft responses found in various medical

contexts, such as heart valve transplants, vascular grafts, stent insertion,
muscle transplants in volumetric muscle loss, and artificial joint trans-
plants [45–48]. These reactions progress over the long term, often
without an inflammatory response. Intriguingly, they can occur even
without any inflammation or external stimuli from blood or immune
cells, like cytokines or chemokines [49]. In such cases, ectopic calcifi-
cation can develop as an active cell-mediated response to changes in the
surface characteristics of biomaterials, not merely as a passive alter-
ation, driven by epigenetic regulation mechanisms originating from the
material surface. However, the specifics of these changes are not clearly
understood. Also, intermuscular implantation serves as an appropriate in
vivo model for evaluating the effects of the implant’s 3D topography on
muscle cells that are in direct contact with the implant. This model,
however, has limitations in reflecting the hemodynamic, biological, and
microbial factors observed in disease models such as heart valve or
coronary artery graft models.

To replicate the fibrotic environment of PCs, we fabricated an elec-
trospun PSF to mimic an ECM-like micro/nanofibrous architecture [50].
Polystyrene, being non-reactive by itself, is suitable for studying the
physiological changes induced by fibrous topography [51]. In a manner
akin to Zhang et al.’s ECM-like scaffold fabrication method, we gener-
ated a micro/nanofibrous architecture similar to the ECM by spinning
polystyrene fibers, combining nano-to micro-scale sizes and arranging
fiber orientations atypical for the material [25]. Additionally, various
polymers and bioderived ECMs are utilized for fabricating ECM mimics.
While bioderived ECMs such as Acellular Matrix offer structural supe-
riority, they cannot completely eliminate the influence of biological
factors. Polymer-based biomimetic materials, including PS used in this
study, as well as polycaprolactone (PCL), polylactic-co-glycolic acid
(PLGA), poly(propylene fumarate-co-ethylene glycol), poly(vinyl
alcohol) (PVA), poly(acrylic acid) (PAA), and polyurethanes, employ
various techniques such as 3D bioprinting, hydrogels, micropatterning,
and electrospinning. Contrasting with the PSF, the smooth-surfaced
PTFE, which has been used for long-term GBR procedures, did not
induce PCs, thereby supporting the hypothesis that surface character-
istics play a crucial role in the induction of PCs. To elucidate the model
and mechanism, we conducted comparative experiments with a com-
mercial control group lacking a 3D structure (in vivo: PTFE) (Fig. 2). We
also tested if the same material with different surface properties shows
spontaneous biological influences (in vitro: TCD) (Fig. 3). This highlights
not only the substantial impact of implant surface structure on ectopic
calcification but also explanation for the varied potential of long-term
implanted materials to induce calcification.

YAP1 has emerged as a crucial mechano-regulated protein whose
transcriptional activity is influenced by mechanical cues. Specifically,
the YAP/TAZ signaling pathway has been linked to the ability of
mesenchymal stem cells to transition to an osteogenic phenotype [52].
Associated with this mechano-transduction process, Piezo1 is a mecha-
nosensitive ion channel protein that responds to mechanical stimuli.
Recent research has demonstrated that Piezo1/2-mediated mechano--
transduction is essential for bone formation through activation of the
YAP1-associated pathway [53].

Long non-coding RNAs (lncRNAs), including Malat1, participate in
diverse biological processes and have implications in various patho-
logical conditions. Malat1, a highly conserved lncRNA, has been
extensively studied in cancer, where it promotes cell proliferation,
migration, and invasion, facilitating metastasis [54–56]. However, its
influence extends beyond cancer and encompasses essential cellular
functions. In the context of bone formation, it has been reported that
Malat1 plays a significant role in enhancing osteoblast differentiation
and mineralization [57]. Its overexpression correlates with increased
bone mass and improved bone microarchitecture in vivo [58]. Malat1
achieves this by regulating key osteogenesis-promoting factors such as
Runx2 and Bmp2 [59], acting as a molecular sponge for miRNAs that

would otherwise inhibit these factors, thereby promoting bone forma-
tion [60]. Furthermore, Malat1 modulates the epigenetic profile of os-
teoblasts, interacting with the Polycomb Repressive Complex 2 (PRC2)
responsible for histone protein methylation, a critical epigenetic modi-
fication affecting gene expression [61]. This suggests that Malat1 or-
chestrates osteoblast differentiation at an epigenetic level, fine-tuning
the expression of genes necessary for proper bone formation. Also,
previous study reveals that Malat1 regulates myogenic differentiation
andmuscle regeneration; suppressing it enhances muscle repair [44,62].
It also details a miR-181a-Malat1-MyoD/Suv39h1 regulatory axis
involved in this process [44].

Previous research indicates that the Yap1 signaling pathway directly
regulates Malat1, a long non-coding RNA involved in epithelial-
mesenchymal transition (EMT) and bone differentiation. Yap1 en-
hances Malat1 expression by binding to its promoter with the Tcf4/
β-catenin complex, while the Yap-SRSF1 complex suppresses it [63]. In
bone formation, Malat1 acts as a miRNA sponge and epigenetic regu-
lator, promoting osteogenic differentiation [64]. However, the specific
mechanisms by which Yap1 and Malat1 induce osteogenic differentia-
tion remain unknown, suggesting an area for further exploration.

There is currently no standardized target for treating PCs, although
various potential treatments have been explored based on basic biology,
physical chemistry, or empirical patient observations [10]. Based on the
calcification induced by implanted PSF in this study,Malat1 emerged as
a crucial target for pathologic ectopic calcification, where it modulated
the Yap1/Tead1/Tcf3 signaling axis. Our results shed light on potential
novel mechanisms and treatments for pathological calcification caused
by fibrotic surface structures of prostheses.

5. Conclusion

In conclusion, our study reveals that the transplantation of heter-
ogenous polystyrene nanofibers (PSF) induces ectopic calcification in
vivo, demonstrating the impact of its ECM-mimicking 3D topology.
Additionally, PSF influences myoblasts to undergo osteogenic differen-
tiation without external signals. The upregulation of long non-coding
RNA Malat1 on PSF plays a pivotal role in orchestrating osteogenic
trans-differentiation through demethylation of its promoter, Yap1
signaling activation, and regulation of key miRNAs. These findings
provide insights into the molecular mechanisms governing PSF’s influ-
ence on cellular behavior, with potential implications for tissue engi-
neering and regenerative medicine.
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