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myoblast proliferation across species.
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The extracellular matrix (ECM) critically regulates cell fate decisions, yet matrix components that actively
impose differentiation-restrictive states remain insufficiently defined. Here, we identify vitronectin (VN), a
major serum-derived ECM glycoprotein, as a differentiation-restrictive matrix component that stabilizes a
proliferation-competent microenvironment for myoblast expansion. Substrate-associated VN suppresses
myogenic differentiation while sustaining proliferative activity in an integrin avp3-dependent manner. These
effects are conserved across multiple myoblast systems, including mouse C2C12, rat L6, human LHCN-M2,
and primary embryonic chicken myogenic cells, demonstrating cross-species robustness. Furthermore, we
show that serum-dependent differences in VN abundance directly influence myogenic differentiation, indi-
cating that ECM composition is a critical determinant of differentiation outcomes. Under defined serum-
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free conditions, VN in combination with leukemia inhibitory factor (LIF) supports sustained proliferation
while preserving differentiation competence, establishing a controllable expansion platform. Together, these
findings redefine vitronectin as an ECM component that enforces a differentiation-restrictive microenvi-
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Introduction

The extracellular matrix (ECM) is now widely recognized as an
active regulator of cell behavior rather than a passive structural
scaffold. In addition to providing mechanical support, ECM
components function as dynamic signaling interfaces that
integrate adhesive interactions with intracellular pathways gov-
erning cell survival, proliferation, and lineage progression.'™
In engineered culture systems, matrix composition critically
influences cell state transitions, underscoring the importance
of cell-matrix interactions in controlling phenotypic
outcomes.>* Identifying ECM elements that stabilize specific
cellular states therefore represents a central objective in bio-
materials research and microenvironmental engineering.
Skeletal muscle differentiation provides a well-defined
model for examining matrix-dependent regulation of cell fate.
Myoblasts must maintain a tightly regulated balance between
proliferative expansion and terminal differentiation, a tran-
sition governed by coordinated extracellular cues.>® In vitro,
murine C2C12 myoblasts represent a classical system for study-
ing myogenic differentiation, where robust myotube formation
is typically induced by switching from growth medium sup-
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ronment and provide a framework for matrix-driven control of progenitor cell fate.

plemented with fetal bovine serum (FBS) to low-serum differ-
entiation medium containing horse serum (HS).”® This widely
adopted paradigm has historically been attributed primarily to
the withdrawal of soluble mitogenic factors, particularly fibro-
blast growth factor (FGF) signaling.®® However, serum replace-
ment simultaneously alters the extracellular matrix environ-
ment, suggesting that matrix-associated components may also
contribute to the regulation of myogenic commitment.'***

Numerous ECM substrates, including fibronectin, col-
lagens, and laminins, have been shown to support myoblast
adhesion, fusion, and differentiation, and are therefore
regarded as differentiation-permissive environments.”>™*® In
contrast, ECM components that actively impose differen-
tiation-restrictive states remain poorly characterized. This
emphasis on differentiation-permissive matrices, and the
limited characterization of differentiation-restrictive ECM com-
ponents, hinders a comprehensive understanding of how extra-
cellular microenvironments regulate the transition from pro-
liferation to terminal differentiation. From a biomaterials per-
spective, differentiation-restraining matrices are of particular
interest because they may enable controlled expansion of pro-
genitor populations prior to lineage commitment.

Vitronectin (VN) is a major serum-derived glycoprotein with
well-established roles in cell adhesion and integrin-mediated
signaling."”'® As a ligand for integrins such as avp3, VN par-
ticipates in diverse cellular processes—including migration,
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survival, and proliferation—across multiple cell types.*"°
Despite its abundance in serum and its well-recognized roles
in ECM-mediated signaling, the potential function of VN in
myogenic regulation has received little attention. Given that
serum composition differs substantially between FBS-based
growth conditions and HS-based differentiation conditions, we
hypothesized that vitronectin may influence myoblast state
transitions through matrix-dependent mechanisms.

Here, we investigate the functional role of vitronectin as an
extracellular regulator of myoblast behavior. We demonstrate
that substrate-associated VN suppresses myogenic differen-
tiation while sustaining proliferative activity in an integrin
avp3-dependent manner. Furthermore, we show that serum-
dependent VN abundance is a key determinant of differen-
tiation outcomes and that VN exerts conserved effects across
multiple myoblast systems, including rodent, human, and
primary cells. In addition, we establish a defined serum-free
culture system in which VN, in combination with leukemia
inhibitory factor (LIF), supports sustained myoblast expansion
while preserving differentiation competence. Together, these
findings identify vitronectin as a differentiation-restrictive
ECM component and highlight serum-derived matrix factors
as critical regulators of myoblast fate within engineered extra-
cellular microenvironments.

Materials and methods
Cell culture

C2C12 myoblasts (an immortalized mouse myoblast cell
line)”® were maintained in growth medium (GM) consisting of
Dulbecco’s Modified Eagle Medium (DMEM) (FUJIFILM Wako,
043-30085) supplemented with 10% fetal bovine serum (FBS;
Gibco, 10270-106) and 1x penicillin-streptomycin mixed solu-
tion (P/S; FUJIFILM Wako, 168-23191). Cells were passaged
every 3-4 days using TrypLE (Gibco, 12604-013) at a split ratio
of 1:5. For differentiation experiments, 3.0 x 10" cells were
seeded into each well of a 4-well plate (SPL Life Sciences,
SPL-30004) in GM. After 2-3 days, when cells reached 90-100%
confluence, the medium was replaced with differentiation
medium (DM) consisting of DMEM supplemented with 2%
horse serum (HS; Sigma, H1138) and 1x P/S. For extended
differentiation culture (5 days), the DM was refreshed on day 3.
For cell proliferation analysis, C2C12 myoblasts were seeded at
a density of 4.0 x 10* cells per well in 4-well plates on control
or VN-coated plates and cultured in DM. Cells were harvested
at the indicated time points, and total cell numbers were deter-
mined. Relative cell number per well was calculated by normal-
izing to the control condition.

Rat L6 myoblasts (a rat skeletal muscle-derived myoblast
cell line)*® were maintained in growth medium consisting of
DMEM supplemented with 10% FBS without antibiotics, and
cultured under standard conditions. For differentiation experi-
ments, cells were seeded at a density of 1.0 x 10> cells per well
in 4-well plates. Upon reaching approximately 80-90% conflu-
ence, the medium was replaced with differentiation medium
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consisting of DMEM supplemented with 2% HS without anti-
biotics, and cells were cultured for the indicated time periods.
For cell proliferation analysis, L6 myoblasts were seeded at a
density of 2.4 x 10° cells per well in 4-well plates and cultured
in DM. Cells were harvested at the indicated time points (day 1
and day 2), and total cell numbers were determined. Relative
cell number per well was calculated by normalizing to the
control condition.

Human LHCN-M2 myoblasts (an immortalized human
myoblast cell line)*! were maintained in proliferation medium
(MyoUp) consisting of DMEM and M199 (Thermo Fisher
Scientific, 11150059) at a 4:1 ratio, supplemented with 15%
FBS, 20 mM HEPES (Sigma-Aldrich, H0887), 3 pg mL™" zinc
sulfate (Sigma-Aldrich, Z0251), 1.4 pg mL™' vitamin B12
(Sigma-Aldrich, V2876), 0.055 pg mL™" dexamethasone (Sigma-
Aldrich, D4902), 2.5 ng mL~" recombinant human hepatocyte
growth factor (HGF; PeproTech, 100-39H), and 5 ng mL™'
recombinant human basic fibroblast growth factor (bFGF;
PeproTech, 100-18B). For differentiation induction, LHCN-M2
cells were seeded at a density of 9.0 x 10* cells per well in
4-well plates and cultured until near confluence. The medium
was then replaced with differentiation medium consisting of
DMEM (FUJIFILM Wako, 043-30085) and M199 (Thermo
Fisher Scientific, 11150059) at a 4 : 1 ratio, supplemented with
20 mM HEPES, 0.03 pg mL ™" zinc sulfate, 1.4 ug mL™" vitamin
B12, and 1x ITS-G supplement (Gibco, 41400045), and cells
were cultured for the indicated time periods.

Cyclic RGDfV (cRGDfV) (SCP0111, Sigma-Aldrich) is an
RGD-containing peptide antagonist with specificity for integ-
rin avp3 that inhibits binding to RGD-dependent ECM pro-
teins such as vitronectin. In this study, cRGDfV was dissolved
in dimethyl sulfoxide (DMSO) and used at a final concen-
tration of 1 pM. DMSO was added at 0.04% (v/v) as a vehicle
control.

For pharmacological inhibition of FAK, the selective FAK
inhibitor PF-573228 (MedChemExpress, HY-10461) was added
to the culture medium at final concentrations of 0.5 uM,
which was determined to be non-toxic, at the time of differen-
tiation induction. PF-573228 was dissolved in DMSO to
prepare a stock solution and diluted into culture medium
immediately before use. Control cultures received an equi-
valent volume of DMSO.

Pre-coating with extracellular matrix

Prior to cell seeding, culture wells were coated with the indi-
cated ECM proteins at the desired coating density. Coated
plates were incubated at 37 °C for 2 h, followed by aspiration
of excess solution before use.

The following coating conditions were wused for
C2C12 myoblasts: fibronectin, 2.35 pg cm™> (FUJIFILM, 063-
05591); vitronectin, 0.17-2.8 pg cm™> (FUJIFILM, 220-02041);
laminin 511-E8 fragment (iMatrix-511, Nippi, 892011), 0.5 pg
cm™?; Matrigel, 2% (Corning, 354234); Gelatin, 0.2% gelatin
(Sigma, G1890); and collagen type I, 0.2% (Nippi, ASC-1-100).
Based on the optimization experiments (SI Fig. S2 and S4), the
vitronectin coating density was set at 0.7 pg cm™> for serum-
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containing conditions and 1.4 pg cm > for serum-free
conditions.

For rat L6 and human LHCN-M2 myoblasts, vitronectin
coating was applied at 0.7 pg cm™> and 1.4 pg cm >, respect-
ively, based on optimization using cytotoxicity and maximal
efficacy as criteria.

Immunofluorescence

Cells cultured in 4-well plates were fixed with freshly prepared
4% paraformaldehyde in Dulbecco’s phosphate-buffered saline
(PBS; FUJIFILM Wako, 041-20211) for 15 min at room tempera-
ture, followed by permeabilization and blocking in PBS contain-
ing 1% Triton X-100 (FUJIFILM Wako, A16046), 1% BSA (Sigma,
A3059), and 10% newborn calf serum (CS) (Biowest, S0750) for
1 h at room temperature. Cells were then incubated overnight at
4 °C with primary antibodies diluted in PBS containing 1% BSA,
1% CS, and 0.1% Triton X-100. Following three washes with PBS
containing 0.1% Triton X-100 (PBST), cells were incubated for
2 h at room temperature or overnight at 4 °C with fluorophore-
conjugated secondary antibodies diluted 1:500 in PBST con-
taining 1% BSA and 1% CS. Nuclei were counterstained with
DAPI (Sigma-Aldrich, D9542). After three washes with PBST,
samples were kept in PBS and imaged. Fluorescence images
were obtained using a BZ-X710 microscope (Keyence).

Antibodies for immunofluorescence

Primary antibodies used were as follows: anti-Myosin Heavy
Chain (MHC) (MF20, 1:500; R&D Systems, MAB4470), anti-
Myogenin (1:500; abcam, ab124800), anti-phospho-Histone
H3 (C-2, 1:1000; Santa Cruz, sc-374669), anti-Cleaved Caspase-
3 (Asp175) (5A1E, 1:500; Cell Signaling Technology, #9664),
anti-Ki-67 (1:500; abcam, ab16667), anti-Vitronectin 65/75
(D-8, 1:250; Santa Cruz, sc-74484), and anti-phospho-FAK
(Tyr397) (1 : 5005 Cell Signaling Technology, #3283).

Secondary antibodies were goat anti-mouse IgG (H + L),
Alexa Fluor 488 (abcam, ab150113); goat anti-mouse IgG (H +
L), Alexa Fluor 594 (abcam, ab150116); and goat anti-rabbit
1gG (H + L), Alexa Fluor 594 (abcam, ab150080).

Immunoblot analysis

Cells were lysed in SDS sample buffer containing 1M Tris-HCl
(pH 6.8; FUJIFILM Wako, 015-20093), glycine (FUJIFILM Wako,
077-00735), 10% SDS (FUJIFILM Wako, 192-13981), 10 mg
mL™" bromophenol blue (BPB) (Nacalai Tesque, 05808-61),
and p-mercaptoethanol (2-ME) (Nacalai Tesque, 21438-82).
Protein concentration was determined using the Qubit Protein
Assay Kit (Invitrogen, Q33211). Proteins were separated by
SDS-PAGE using a 12% separating gel and a 4.5% stacking gel
prepared from 30% (w/v) acrylamide/bis-acrylamide solution
(29 : 1; FUJIFILM Wako, 015-25635), 1 M Tris-HCI (pH 8.8 for
the separating gel, pH 6.8 for the stacking gel), 10% SDS, 10%
(w/v) ammonium persulfate (APS; Nacalai Tesque, 02634-34),
and TEMED (Nacalai Tesque, 33401-72). Electrophoresis was
performed in 1x SDS running buffer, and proteins were trans-
ferred onto a PVDF membrane (MERCK, IPVH0010) using the
HorizeBLOT 2M system (ATTO, WSE-4025) at 18 V/153 mA for
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30 min. Membranes were blocked for 1 h at room temperature
with either 0.3% skim milk in TBST (TBS + 0.1% Tween-20) or
EzBlock Chemi (ATTO, AE-1475). Membranes were then incu-
bated overnight at 4 °C with primary antibodies diluted in Can
Get Signal® Immunoreaction Enhancer Solution 1 (TOYOBO,
NKB-101). Following three washes with TBST, membranes were
incubated with HRP-conjugated secondary antibodies diluted
1:10000 in Can Get Signal® Immunoreaction Enhancer
Solution 2 (TOYOBO, NKB-101) for 3 h at room temperature or
overnight at 4 °C. Signals were detected using ECL reagents as
follows: Start (Cytiva, RPN3243), Prime (Cytiva, RPN2232), and
Select (Cytiva, RPN2235) and visualized using a LuminoGraph
I imaging system (ATTO, WSE-6100). Molecular weights were
verified using the EzProtein Ladder (ATTO, WSE-7020).

To compare vitronectin abundance among different serum
sources, FBS, adult bovine serum (ABS) (B9433, Sigma-
Aldrich), and HS were analyzed by immunoblotting. Each
serum sample was normalized by total protein content, and
1 ug of total protein from each serum was loaded.

Antibodies for immunoblot analysis

Primary antibodies used were as follows: anti-MyoD (5.84,
1:5000; Novus Biologicals, NB100-56511), anti-Myogenin
(1:10000; abcam, ab124800), anti-MHC (MF20, 1:5000; R&D
Systems, MAB4470), anti-f-Actin (C4, 1:5000; Santa Cruz, sc-
47778), anti-Stat3 (D3Z2G, 1:5000; Cell Signaling Technology,
#12640), anti-phospho-Stat3 (Tyr705, D3A7, 1:5000; Cell
Signaling Technology, #9145), anti-ERK1/2 (C-9, 1: 5000; Santa
Cruz, sc-514302), anti-phospho-ERK (E-4, 1:5000; Santa Cruz,
sc-7383), anti-p38a/f MAPK (A-12, 1:5000; Santa Cruz, sc-
7972), anti-phospho-p38 (E-1, 1:5000; Santa Cruz, sc-166182),
anti-p21 Waf/Cip1 (F-5, 1:5000; Santa Cruz, sc-6246), anti-
p27 Kip1 (F-8, 1: 5000; Santa Cruz, sc-1641), anti-FGF Receptor
1 (D8E4, 1:5000; Cell Signaling Technology, #9740), anti-p-
FGF Receptor 1 (Tyr653/654) (D4X3D, 1:5000; Cell Signaling
Technology, #52928), anti-Insulin Receptor § (4B8, 1:5000;
Cell Signaling Technology, #3025), anti-p-IGF-1 Receptor f
(Tyr1135/1136)/Insulin Receptor f (Tyr1150/1151) (19H7,
1:5000; Cell Signaling Technology, #3024), anti-Vitronectin
65/75 (D-8, 1:5000; Santa Cruz, sc-74484), anti-FAK (1:5000;
Cell Signaling Technology, #3285), and anti-phospho-FAK
(Tyr397) (1 : 50005 Cell Signaling Technology, #3283).

Secondary antibodies were anti-mouse IgG (H + L chain),
PAb-HRP (MBL, 330); and anti-rabbit IgG (H + L chain), pAb-
HRP (MBL, 458).

RNA preparation and real-time PCR

Total RNA was extracted using RNeasy Mini Kit (QIAGEN,
74104) according to the manufacturer’s instructions. cDNA
was synthesized using the ReverTra Ace qPCR RT Master Mix
(TOYOBO, FSQ-201). Real-time PCR was performed using
THUNDERBIRD SYBR gPCR Mix (TOYOBO, QPS-201) on a Mic
gPCR Cycler (Bio Molecular Systems). Gene expression levels
were normalized to mouse Hprt expression and calculated
using the comparative CT (AACt) method. Primer sequences
were as follows:
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Hprt-F (CAGTCCCAGCGTCGTGATTA), Hprt-R (AGCAAGTCT-
TTCAGTCCTGTC), Vitronectin-F (CCCCTGAGGCCCTTTTTCATA),
Vitronectin-R (CAAAGCTCGTCACACTGACA).

Immunodepletion of vitronectin from FBS

rProtein A Sepharose™ Fast Flow beads (Cytiva, 17127901)
were gently rotated for 2 h at room temperature to ensure
homogeneous suspension. A 100 pL aliquot of beads was
washed once with KMH buffer (100 mM KCI [FUJIFILM Wako,
169-03542], 2.5 mM MgCl, [FUJIFILM Wako, 135-00165], and
20 mM HEPES-KOH [pH 7.5; Nacalai Tesque, 15639-84]) by
centrifugation (300g, 5 min).

Beads were then incubated with 10 pL of anti-vitronectin
65/75 antibody (D-8; Santa Cruz, sc-74484) and control anti-
body (Santa Cruz, sc-3877) overnight at 4 °C. Following two
washes with KMH buffer (300g, 5 min), 200 pL of FBS (Gibco,
10270-106) was added to the antibody-bound beads, and the
mixture was rotated overnight at 4 °C. The supernatant was
collected and filtered through a 0.2 pm membrane filter
(Advantec, 13CP020AS) to obtain vitronectin-depleted FBS and
control FBS.

Culture in serum-free medium

The detailed composition of the serum-free media used,
including DA-X, is described below. The DA-X medium,* a
fully serum-free medium used in this study, was based on
DMEM (high glucose) with i-glutamine, phenol red, and
sodium pyruvate (FUJIFILM Wako, 043-30085), supplemented
with Insulin-Transferrin-Selenium-Ethanolamine (ITS-X) (1x;
Gibco, 51500056), bovine serum albumin (BSA) (5 mg mL™";
Sigma, A3059), r-glutamine (2 mM; FUJIFILM Wako, 073-
05391), and penicillin-streptomycin mixed solution (1x;
FUJIFILM Wako, 168-23191).

Where indicated, leukemia inhibitory factor (LIF) was sup-
plied at 0.1% (v/v) using conditioned medium derived from
COS cells transiently transfected with a LIF expression vector
(see below). In addition, water-soluble cholesterol was added
to the medium at a final concentration of 10 pM, and
B-mercaptoethanol (2-ME) (Nacalai Tesque, 21438-82) was
added at a final concentration of 100 pM.>* All medium com-
ponents were pre-mixed and stored at 4 °C. However, the
water-soluble cholesterol solution was added freshly immedi-
ately before use to prevent crystallization in the pre-mixed
medium. The preparation of water-soluble cholesterol is
described below. For selected experiments, vitronectin was
coated at a density of 1.4 ug cm™2, and recombinant human
IGF-1 (2 ng mL™"; PeproTech, #100-11) and FGF-2 (100 ng
mL~"; PeproTech, #100-18B) were added as indicated.

Preparation of LIF-conditioned medium

LIF-conditioned medium was prepared from COS cells transi-
ently transfected with the pCAGGS-LIF expression vector.>*
Briefly, COS cells were seeded in 10 cm dishes and cultured to
approximately 70-80% confluence, followed by transfection
using Lipofectamine 3000 (Thermo Fisher Scientific) according
to the manufacturer’s instructions. On the following day,
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transfected cells were detached with trypsin and passaged at
approximately a 1:4 dilution into four new 10 cm dishes.
Culture supernatants were collected and filtered through a
0.22 pm membrane filter on day 3 and day 4, after which the
cells were discarded. The collected supernatants were stored at
—20 °C and used as a source of LIF in serum-free cultures.

Importantly, stable proliferation and maintenance of
undifferentiated morphology were observed across a range of
0.1-0.2% (v/v), whereas lower concentrations led to partial
spontaneous differentiation, as evidenced by the appearance
of myotube-like structures (Fig. S7). This phenotype may serve
as a practical indicator for assessing batch quality of con-
ditioned medium. Based on functional validation experiments,
a concentration of 0.1% (v/v) was used as the standard con-
dition for serum-free culture throughout this study.

Preparation of water-soluble cholesterol solution

For the preparation of a 50 mM cholesterol/EtOH stock solu-
tion, 19.3 mg of cholesterol (Sigma, C8667) was dissolved in
1 mL of 100% EtOH by incubation at 80 °C. For water-solubil-
ization of the cholesterol/EtOH solution, 42 mg of methyl-
p-cyclodextrin (Sigma-Aldrich, 332615) was added to the 1 mL
of 5 mM cholesterol/EtOH solution. The solution was stored at
—20 °C before use.

Rotary suspension spheroid culture

Cells were seeded at a density of 6.0 x 10 cells per well in a
96-well U-bottom plate (Thermo Fisher Scientific, 174925) and
incubated for one day in 100 pL of GM. On the following day, the
formed spheroids were carefully transferred using a MICROCAPS
pipette (Drummond, 1-000-0500) under a stereomicroscope to a
4-well plate (SPL Life Sciences, SPL-30004) containing 500 pL of
DM. The plates were rotated at 150 rpm on a rotary shaker
(Waken B TECH, WB-T101SRC). After completing the immuno-
fluorescence staining, the spheroids were transferred to APS-
coated glass slides (MATSUNAMI, SAPS-01), and excess PBST was
carefully removed. The spheroids were then mounted in
VECTASHIELD mounting medium (Vector, H-1200). The slides
were then covered with NEO cover glass (MATSUNAMI, C024501)
and sealed with a nail topcoat. Images were acquired using a
fluorescence microscope (Keyence, BZ-X710) and a confocal laser
scanning microscope (Olympus, FV-3000).

Primary culture of embryonic chick myogenic cells

As described previously,> fertilized chicken eggs obtained
from a certified poultry supplier were incubated for 10 days,
and thigh muscle tissue was dissected from embryos using
fine forceps. The femurs were surgically removed, and the iso-
lated muscle tissue was finely minced and washed twice with
PBS. The minced tissue was then digested in HBSS (Nacalai
Tesque, 09735-75) containing 2 mg mL ™" collagenase type II
(Worthington Biochemical Corporation, WOR-CLS2) at 37 °C
for 40-60 min, with gentle pipetting every 10-15 min to facili-
tate cell dissociation. The resulting cell suspension was filtered
through a 40 pm cell strainer (Corning, 431750) to obtain
single cells. Approximately 5.0 x 10> cells were seeded in GM
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per well in 4-well plates pre-coated with either 0.2% gelatin
(control) or 0.7 pug cm™> vitronectin (VN) to ensure stable
attachment. On the following day, the medium was replaced
with DM, and cells were induced to differentiate for approxi-
mately 6 h. Cultured embryonic chick myogenic cells were
then subjected to subsequent analyses. For spheroid culture,
primary embryonic myogenic cells were processed and cul-
tured following exactly the same procedure as described for
C2C12 myoblasts in the “Rotary suspension spheroid culture”
section. All animal experiments were conducted in accordance
with the ethical guidelines of Kindai University and were
reviewed and approved by the Kindai University Animal Care
and Use Committee.

Statistical analysis

Statistical analyses were performed using unpaired two-tailed
Student’s t-test for comparisons between two groups. For
experiments involving three or more groups, one-way ANOVA
followed by Tukey’s multiple comparisons test was applied.
Growth curve analyses were evaluated using two-way ANOVA. A
p value <0.05 was considered statistically significant.

Results
Vitronectin suppresses myogenic differentiation of C2C12 cells

C2C12 myoblasts proliferate robustly under growth medium
(GM; DMEM supplemented with 10% FBS), whereas switching
to differentiation conditions (DM; DMEM supplemented with
2% HS) rapidly induces myogenic differentiation characterized
by cell fusion and the induction of myotube-associated
markers (Fig. 1a). While several extracellular matrix (ECM)
components present in FBS, including fibronectin, collagen,
and laminin, have been extensively studied and are generally
recognized to support myoblast adhesion and differentiation,
the functional contribution of vitronectin (VN) to myogenic
regulation remains poorly defined.

To examine the role of VN, C2C12 myoblasts were cultured on
plates coated with fibronectin, vitronectin, laminin, collagen type
I, Matrigel, or gelatin (Fig. S1). Gelatin was included as a com-
monly used nonspecific adhesion substrate, whereas Matrigel
served as a complex basement membrane-like ECM reference.

Under differentiation conditions, cells cultured on
uncoated plates as a control or on fibronectin-, laminin-,
Matrigel-, collagen-, or gelatin-coated surface exhibited typical
myogenic morphology, including extensive myotube formation
and abundant MHC-positive cells (Fig. S1). In contrast, cells
cultured on VN-coated plates showed a marked reduction in
myogenin- and MHC-positive cells in a coating-density-depen-
dent manner (Fig. 1b, ¢ and Fig. S1, S2). Consistently, VN-cul-
tured cells displayed a reduced fusion index and remained pre-
dominantly mononuclear (Fig. 1d).

Immunoblot analysis further revealed that the expression of
key myogenic regulators, including MyoD, myogenin, and
MHC, was significantly decreased under VN conditions
(Fig. 1e). Moreover, phosphorylation of signal pathways impli-
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cated in myogenic progression, including STAT3,%°>®* ERK1/
2,293% and p38 MAPK,***! was attenuated in cells cultured on
VN (Fig. 1f). Together, these observations indicate that VN sup-
presses both the morphological and signaling events required
for myogenic differentiation.

Vitronectin is known to interact primarily with integrin
avp3, which mediates adhesion-dependent signaling across
multiple cell types.® To determine whether integrin avp3 con-
tributes to the VN-dependent inhibition of differentiation, we
examined the effects of the competitive avp3 antagonist
peptide cRGDfV.>*? C2C12 myoblasts were cultured under
differentiation conditions on either uncoated or VN-coated
plates in the presence or absence of cRGDfV.

Immunostaining for MHC demonstrated that the suppres-
sion of myotube formation observed on VN-coated plates was
significantly rescued by cRGDfV treatment (Fig. 1g). Notably,
cRGDf{V alone modestly increased the proportion of MHC-posi-
tive cells under control conditions, suggesting that basal avp3
signaling partially restrains differentiation. Quantitative ana-
lysis of the fusion index confirmed both the rescue effect in
the VN plus cRGDfV group and the enhancement observed
with cRGDfV alone (Fig. 1h).

Collectively, these findings support a model in which VN
suppresses myogenic differentiation through integrin avp3-
dependent signaling.

Vitronectin enhances myoblast proliferation and survival by
sustaining growth factor signaling and preventing cell cycle exit

Since VN markedly inhibited myogenic differentiation, we next
examined whether this effect was associated with altered pro-
liferative behavior of C2C12 myoblasts. Proliferation and term-
inal differentiation are widely considered mutually exclusive
cellular programs, such that conditions suppressing differen-
tiation often preserve proliferative capacity.>>~*

To directly assess proliferation under differentiation con-
ditions, C2C12 cells were seeded at low density in DM
(Fig. 2a), thereby minimizing the confounding effects of
density-dependent growth arrest typically observed in standard
differentiation protocols. Cell counting revealed a significant
increase in total cell number on VN-coated plates compared
with uncoated controls, in a coating-density-dependent
manner (Fig. 2b and Fig. S1b, S2c¢).

To determine whether this increase reflected enhanced cell
division, we performed immunofluorescence staining for
phosphorylated histone H3 (p-Histone H3), a well-established
mitotic marker. The proportion of pH3-positive cells was sig-
nificantly elevated under VN-coated conditions (Fig. 2c), indi-
cating increased mitotic activity.

We next examined whether VN influences cell survival, as
apoptotic processes can accompany myogenic progression
under differentiation conditions.>®* Immunostaining for
cleaved caspase-3 demonstrated a pronounced reduction in
apoptotic cells on VN-coated substrates (Fig. 2d), suggesting
that VN promotes not only cell division but also survival.

Because cell cycle withdrawal is a prerequisite for myogenic
differentiation, we investigated whether VN affects the
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Fig. 1 Inhibitory effects of vitronectin on myogenic differentiation in mouse C2C12 myoblasts. (a) Schematic representation of myogenic differen-
tiation in C2C12 myoblasts and the expression dynamics of representative differentiation markers. Myoblast proliferation is maintained in growth
medium (GM; DMEM supplemented with 10% fetal bovine serum (FBS)), whereas differentiation medium (DM; DMEM supplemented with 2% horse
serum (HS)) induces rapid differentiation into multinucleated myotubes. (b) Representative phase-contrast and immunofluorescence images
showing myogenin expression on day 3 in DM. White arrowheads indicate representative differentiating myotubes. The differentiation index, quan-
tified as the proportion of myogenin-positive cells relative to total nuclei, is shown in the graph (control: n = 1652; vitronectin: n = 1746). (c) Time-
course analysis of myotube formation by immunofluorescence for myosin heavy chain (MHC). (d) Fusion index quantified as the number of nuclei
per MHC-positive myotube on day 3 in DM (control: n = 50; vitronectin: n = 50). Numbers shown in the images indicate nuclei within representative
myotubes. () Immunoblot analysis of MyoD, myogenin, and MHC. (f) Immunoblot analysis of total and phosphorylated STAT3, ERK1/2, and p38
MAPK. (g and h) Immunofluorescence analysis of MHC expression after 3 days in DM under the indicated conditions. Quantification shows the differ-
entiation index (g) and fusion index (h). B-ACT was used as a loading control. Scale bar: 100 pm. Nuclei were counterstained with DAPI. Data are pre-
sented as mean + sd. Statistical significance was determined using Student's t-test (**p < 0.01).
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was determined using Student's t-test (**p < 0.01, *p < 0.05).

expression of cell cycle regulators. Immunoblot analysis
revealed that the cyclin-dependent kinase inhibitors p21°7-®
and p27°%° were downregulated in cells cultured on VN
(Fig. 2e), consistent with suppression of cell cycle exit.

This finding suggests that VN suppresses cell cycle arrest,
thereby maintaining the proliferative capacity of myoblasts
even under differentiation conditions.

This journal is © The Royal Society of Chemistry 2026

To explore the signaling basis of these effects, we assessed
the activation state of growth factor receptors known to regu-
late myoblast proliferation. Insulin-like growth factor receptor
(IGFR) signaling”®*' and fibroblast growth factor receptor
(FGFR) signaling'®** are key modulators of myoblast growth

and differentiation. Notably, both receptors exhibited
increased phosphorylation under VN-coated conditions
Biomater. Sci.
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(Fig. 2f), indicating sustained activation of growth factor-
associated pathways.

Collectively, these findings indicate that VN enhances myo-
blast proliferation by increasing mitotic activity, reducing
apoptosis, suppressing cell cycle inhibitors, and maintaining
growth factor receptor signaling under differentiation
conditions.

Vitronectin supports proliferative expansion and prevents
premature differentiation of myoblast spheroids in three-
dimensional culture

Three-dimensional (3D) spheroid and organoid -culture
systems are widely used to recapitulate tissue-like architecture
in vitro. A persistent challenge in these systems is that aggre-
gate growth is inherently constrained: as spheroids enlarge,
diffusion limitations and insufficient mass transport fre-
quently lead to hypoxic or necrotic cores, thereby restricting
further expansion and functional maturation.**** In myogenic
models, an additional limitation arises from the tendency of
myoblasts to undergo rapid differentiation upon establishment
of extensive cell-cell contact, which further limits proliferative
expansion of 3D constructs.*

To examine whether VN modulates myoblast behavior in a
3D context, we employed a suspension-based spheroid culture
system (Fig. 3). C2C12 myoblasts were seeded into 96-well
U-bottom plates and allowed to self-aggregate for one day
under differentiation conditions. The resulting spheroids were
then transferred to 4-well plates and maintained under rotary
suspension culture (Fig. 3a).

In contrast to the substrate-coating strategy used in two-
dimensional experiments, VN was directly supplemented into
the culture medium to ensure uniform exposure throughout
the spheroid structure. Under VN-treated conditions, spher-
oids exhibited a significant increase in total cell number rela-
tive to controls (Fig. 3b) and a marked enlargement of spher-
oid size (Fig. 3c).

Phase-contrast imaging and DAPI staining confirmed the
formation of enlarged aggregates. Notably, immunofluores-
cence analysis revealed substantially reduced expression of the
differentiation marker MHC in VN-treated spheroids (Fig. 3c).
Confocal microscopy further demonstrated diminished MHC
signals accompanied by increased expression of the prolifer-
ation marker Ki-67 (Fig. 3d).

Collectively, these observations indicate that VN suppresses
premature myogenic differentiation while promoting prolifera-
tive expansion of myoblast spheroids in 3D culture, consistent
with its effects observed in two-dimensional systems. These
findings suggest that VN-mediated matrix signaling may
provide a strategy to sustain proliferative capacity and over-
come intrinsic size limitations associated with myogenic
spheroid models.

Serum-derived vitronectin regulates myoblast proliferation and
differentiation

Because vitronectin (VN) suppressed myogenic differentiation
and promoted proliferative behavior (Fig. 1-3), we next exam-

Biomater. Sci.

View Article Online

Biomaterials Science

ined whether serum-dependent variation in VN abundance
contributes to myoblast state regulation. Serum replacement
from fetal bovine serum (FBS) to horse serum (HS) is a canoni-
cal trigger for C2C12 differentiation, yet the extracellular deter-
minants underlying this transition remain incompletely
defined.

Immunoblot analysis revealed that VN was abundantly
present in FBS but was nearly undetectable in HS (Fig. 4a).
Notably, VN abundance was also substantially lower in adult
bovine serum (ABS) relative to FBS (Fig. 4a and Fig. S3), indi-
cating that VN content varies markedly among serum types.

Following differentiation induction, VN levels decreased
sharply by day 1 (Fig. 4b), a trend confirmed by immunofluor-
escence analysis showing reduced extracellular VN signals
under differentiation conditions (Fig. 4c). qPCR analysis
demonstrated that VN transcript levels remained low and did
not parallel protein abundance (Fig. 4d), supporting the
interpretation that VN present under growth conditions is pre-
dominantly serum-derived.

To directly assess the functional significance of serum-
derived VN, VN was selectively removed from FBS by immuno-
depletion. VN-depleted FBS significantly enhanced myotube
formation under reduced-serum conditions (5% FBS) (Fig. 4e
and f), demonstrating that serum-associated VN levels influ-
ence differentiation efficiency.

Because VN promoted proliferation under differentiation
conditions (Fig. 2), we next examined whether VN-integrin sig-
naling contributes to proliferative maintenance under growth
conditions. Long-term culture experiments performed in GM
revealed that continuous inhibition of integrin avp3 signaling
by cRGDfV suppressed cell expansion relative to controls
(Fig. 4g).

Given that cRGDfV competitively inhibits avf3-RGD inter-
actions, this result is consistent with a model in which serum-
derived VN supports sustained myoblast proliferation under
serum-containing growth conditions.

Vitronectin and LIF establish a serum-free proliferative state

We next investigated whether VN could functionally replace
serum to sustain myoblast proliferation under defined serum-
free conditions. Using the previously established DA-X serum-
free medium,** we evaluated the capacity of VN to support
long-term C2C12 expansion.

Because serum provides a complex mixture of survival and
anti-differentiation cues, its removal typically leads to growth
arrest, spontaneous differentiation, and increased cell death in
myoblasts (Fig. 4h). Previous studies have shown that leukemia
inhibitory factor (LIF) suppresses myogenic differentiation and
apoptosis while preserving proliferative capacity without acting
as a classical mitogen.*®*”

Consistent with this framework, VN alone was insufficient
to maintain stable growth under serum-free conditions
(Fig. S4). In contrast, co-administration of LIF-conditioned
medium enabled robust survival and sustained proliferation,
allowing cells cultured on VN-coated surfaces to continue pro-
liferating while resisting differentiation (Fig. 4h and Fig. S4).

This journal is © The Royal Society of Chemistry 2026
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Notably, proliferation was maintained even in the absence of
canonical mitogens such as FGF-2 and IGF-1, indicating that
VN together with LIF establishes a proliferation-permissive
extracellular environment that does not strictly depend on
exogenous growth factor supplementation. Addition of FGF-2
or IGF-1 further enhanced proliferation (Fig. S4d), suggesting
that this system provides a modular proliferative baseline.
Importantly, cells expanded for multiple passages under
VN/LIF serum-free conditions retained myogenic competence
(Fig. S5), maintained MyoD expression, and efficiently differen-
tiated upon transfer to HS-containing medium (DM). Among
the tested conditions, only the cholesterol-only medium

This journal is © The Royal Society of Chemistry 2026

exhibited reduced differentiation efficiency. Furthermore,
when compared with alternative ECM substrates, VN consist-
ently supported the most robust proliferative response
(Fig. S6), highlighting its unique capacity to sustain myoblast
expansion in defined serum-free environments.

Vitronectin exerts conserved effects on myogenic
differentiation and proliferation across species

To evaluate whether the effects of VN are conserved across
species, we extended our analysis to additional myoblast
models. In rat L6 myoblasts,>® VN similarly suppressed myo-
genic differentiation, as evidenced by reduced proportions of

Biomater. Sci.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6bm00313c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 19 May 2026. Downloaded on 6/10/2026 5:45:04 PM.

(cc)

Paper

a Serum

FBS ABS

HS

wW |l

VN/ Myogenin

VN/ DAPI

e FBS

Control Anti-VN

Ab Ab

4

GM

MHC-positive cells/ total nuclei (%)

e

O = N W H OO N © © O

VN |-

B-ACT - —

DM

Control VN-reduced

(FBS) FBS

Relative expression level

160 -

120 {

80

40 {

Cell number

View Article Online

Biomaterials Science

kDa
60
43
VN mRNA
28.1
10.2
6.3 25 o5
= - -
Day 0 Control VN Control VN
Day 1 Day 3
—— Control
10121
—— + CRGDfV
10104
108 1
106 -
104

1 5 10 15 20 24
days

Serum-free medium

Fig. 4 Serum-derived vitronectin regulates myoblast differentiation and proliferation. (a) Immunoblot analysis of VN protein levels in FBS, adult
bovine serum (ABS), and HS. (b) Immunoblot analysis of VN protein following differentiation induction. f-ACT was used as a loading control. (c)
Representative immunofluorescence images showing VN localization. (d) qPCR analysis of VN transcript levels (n = 3). (e) Immunoblot confirmation
of VN immunodepletion. (f) Quantification of differentiation efficiency using control and VN-depleted FBS. (g) Long-term proliferation analysis over
24 days (7 passages) in GM with or without the integrin avp3 inhibitor cRGDfV, quantified as cumulative cell number. (h) Representative phase-con-
trast images of C2C12 cells cultured in GM, DM, and a serum-free DA-X medium supplemented with LIF on plates coated with or without VN
coating. Images were captured on day 5 in each condition. Scale bar: 100 um. Data are presented as mean + sd. Statistical significance was deter-
mined using one-way ANOVA (d) and Student’s t-test (f) (*p < 0.05).

Biomater. Sci.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6bm00313c

Open Access Article. Published on 19 May 2026. Downloaded on 6/10/2026 5:45:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

myogenin- and MHC-positive cells and decreased fusion index
(Fig. 5a and b). In parallel, VN significantly enhanced prolifera-
tive activity under differentiation conditions (Fig. 5c). We
further examined human LHCN-M2 myoblasts,>! where VN
also inhibited myogenic differentiation, as indicated by
decreased differentiation index and fusion index (Fig. 5d and
e). Proliferation analysis was not performed in LHCN-M2 cells,
as this immortalized cell line may not fully reflect physiologi-
cal proliferative responses compared with non-transformed
myoblast models such as C2C12 and L6 cells.

These results demonstrate that the differentiation-suppres-
sive and proliferation-promoting effects of VN are conserved
across species and are observed in both rodent and human
myoblast systems.

Vitronectin promotes proliferation and suppresses myogenic
differentiation in primary avian embryonic myoblasts

Given that the differentiation-suppressive and proliferation-
promoting effects of vitronectin (VN) were conserved across
multiple myoblast cell lines (Fig. 5), we next sought to validate
these findings in primary skeletal muscle cells. To address this
question, primary myogenic cells were isolated from the thigh
muscles of 10-day-old chicken embryos (Fig. 6a). In contrast to
immortalized C2C12 cells, primary embryonic myoblasts
exhibit differentiation rapidly and frequently contain pre-fused
myotubes at the time of plating, which limits the feasibility of
long-term proliferation assays. Therefore, short-term differen-
tiation experiments were performed using a 6 hour induction
period.

To evaluate the influence of VN on myogenic progression,
the fusion index was quantified by measuring the number of
nuclei per myotube. After 6 hours of differentiation, the
number of nuclei per myotube was significantly reduced under
VN-supplemented conditions compared with controls
(Fig. 6b), indicating suppression of myotube formation.

Consistent with this observation, total cell counts revealed a
significant increase in cell number in the presence of VN
(Fig. 6c). Immunofluorescence staining for the mitotic marker
phosphorylated histone H3 (p-Histone H3) further demonstrated
an increased proportion of p-Histone H3-positive cells under VN
conditions (Fig. 6d), indicating elevated mitotic activity.
Moreover, in three-dimensional suspension culture, VN sup-
plementation similarly increased total cell number within spher-
oids derived from chicken embryonic myogenic cells (Fig. 6€).

Collectively, these findings indicate that the proliferation-
promoting and differentiation-suppressive effects of VN are
conserved across species and are not restricted to immorta-
lized murine cell lines.

Discussion

The present study identifies vitronectin (VN) as an extracellular
matrix component that actively suppresses myogenic differen-
tiation while sustaining proliferative capacity in myoblasts.
Although ECM proteins have traditionally been viewed as per-

This journal is © The Royal Society of Chemistry 2026
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missive substrates that support differentiation, our findings
demonstrate that specific matrix components can instead
impose a differentiation-restrictive state, thereby stabilizing a
proliferative cellular phenotype.

A central mechanistic question concerns how VN-mediated
signaling interferes with differentiation-associated pathways.
In our system, VN exposure attenuated phosphorylation of
STAT3, ERK1/2, and p38 MAPK, signaling axes widely impli-
cated in myogenic progression.?”*%*8~% Integrin-mediated sig-
naling is classically transduced through focal adhesion kinase
(FAK)-Src  signaling complexes,”*> which link integrin
engagement to intracellular signaling pathways. Notably, we
did not observe appreciable changes in FAK activation, as
assessed by phosphorylation at Tyr397, nor did pharmacologi-
cal inhibition of FAK rescue the VN-induced suppression of
differentiation (Fig. S8). These findings suggest that canonical
FAK-dependent integrin signaling is not a major mediator of
VN function in this system.

This observation is notable because integrin avp3 signaling
is commonly interpreted through canonical FAK-Src pathways.
Our results therefore suggest that VN establishes a differen-
tiation-restrictive state through a non-canonical signaling
mechanism, rather than through classical adhesion-associated
kinase activation. While the potential involvement of Src
family kinases cannot be excluded, this remains a subject for
future investigation. Accordingly, the attenuation of STAT3,
ERK1/2, and p38 signaling is interpreted not as a direct down-
stream effect of VN-integrin engagement, but rather as a sec-
ondary consequence of the altered cellular state under VN
conditions.

Despite this mechanistic ambiguity, at least two non-
mutually exclusive explanations may account for the observed
effects. First, integrin-dependent signaling downstream of VN
may influence intracellular signaling through FAK-indepen-
dent pathways.>*> Second, VN-mediated maintenance of cell-
cycle progression may indirectly suppress differentiation, as
withdrawal from the cell cycle is a prerequisite for myogenic
commitment. These cell cycle-related findings support the
established incompatibility between proliferative expansion
and terminal differentiation in myogenic cells, suggesting that
VN stabilizes a proliferation-permissive state that functionally
antagonizes differentiation programs.

Consistent with this interpretation, VN was associated with
sustained phosphorylation of growth factor receptors, includ-
ing IGF-1R and FGFR, under differentiation conditions
(Fig. 2f). Integrin-mediated adhesion is known to influence
receptor organization and signaling persistence at the plasma
membrane, providing a conceptual framework for ECM-depen-
dent modulation of growth factor responsiveness.>*'*° In
this context, integrin-growth factor receptor cross-talk provides
a plausible mechanism by which VN sustains proliferative sig-
naling independently of canonical FAK pathways.’"*” Rather
than acting as a classical soluble mitogen, VN may contribute
to the stabilization of membrane-associated signaling micro-
environments that prolong receptor activity even when growth
factor availability is reduced.
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Fig. 5 Conserved effects of vitronectin on myogenic differentiation and proliferation across species. (a) Representative immunofluorescence
images showing myogenin and MHC expression in rat L6 myoblasts cultured under differentiation conditions on control or VN-coated substrates.
Quantification of myogenin- and MHC-positive cells relative to total nuclei is shown (control: n = 725; vitronectin: n = 71 for myogenin; control: n =
888; vitronectin: n = 216 for MHC). (b) Representative immunofluorescence images of MHC and DAPI staining in L6 myoblasts. Fusion index, defined
as the number of nuclei per MHC-positive myotube, is quantified in the graph. (c) Relative cell numbers of L6 myoblasts cultured under differen-
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Biomater. Sci. This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6bm00313c

Open Access Article. Published on 19 May 2026. Downloaded on 6/10/2026 5:45:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

View Article Online

Paper

Fusion index

a b :
7.6 7.0
§ 1]
= _ 20
3 B 3
S E
&2 Egis| -,
e 5§ : :
o ] 00?2 3O .
Dissociated the thigh V 2 < 10
muscle tissue cells Primary culture 2 =
10-day-old £ =
chick embryos 5
G 2
tde e LY
Control VN
c Cell count d  o-Histone H3/ DAPI p-Histone H3 e
2 " Phase contrast DAPI
—~ 6 - .
2 2.6
5 =
’ = S5 S
3 14 S 2 7 €
e 2 5 5
é s 4
g ?3 1.4
= 9 1.0 ©
8 23
2 2
5 g s Z
Q [} 4
T o5 T S
[0}
S
a1
=
[=1
0 0
Control VN
Control VN

Fig. 6 Vitronectin suppresses differentiation and promotes proliferation in primary avian myoblasts. (a) Experimental design of primary culture of
embryonic chicken myoblasts. Fertilized eggs were incubated for 10 days, and myogenic cells were isolated from thigh muscle tissue. (b)
Representative immunofluorescence images for MHC. Differentiation was quantified by the number of nuclei per myotube (control: n = 100, vitro-
nectin: n = 100). (c) Relative cell numbers (n = 3). (d) Representative immunofluorescence images for p-Histone H3 (control: n = 761, vitronectin: n =
792). (e) Representative spheroid images. Scale bars: 50 uym (b and d), 100 pum (e). Nuclei were counterstained with DAPI. Data are presented as
mean + sd. Statistical significance was determined using Student's t-test (**p < 0.01).

The functional consequences of VN were particularly
evident in three-dimensional spheroid culture, where VN pro-
moted aggregate expansion while limiting premature differen-
tiation (Fig. 3 and 6e). Diffusion constraints and early lineage
commitment represent intrinsic barriers to spheroid enlarge-
ment in myogenic systems.’®*° Qur observations suggest that
VN-rich extracellular environments help preserve proliferative
capacity within 3D constructs, thereby enabling more effective
expansion of myogenic cell populations prior to differen-
tiation. These findings support the relevance of VN-mediated
microenvironmental regulation in more complex three-dimen-
sional systems.

Importantly, our data also suggest a revised interpretation
of the classical serum-switch paradigm in myogenic differen-
tiation (Fig. 1a). Replacement of fetal bovine serum with horse
serum has long been considered to induce differentiation pri-
marily through withdrawal of soluble mitogenic factors.®’
However, our results demonstrate that vitronectin is abundant
in FBS but markedly reduced in HS, and that depletion of
serum-derived VN enhances differentiation efficiency (Fig. 4).
These findings indicate that changes in ECM composition,
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rather than solely soluble factors, play a critical role in regulat-
ing myoblast state transitions. These results establish matrix
composition as an active determinant of cell fate, operating in
parallel with soluble mitogenic signals.

The functional relevance of VN was further supported by its
conserved effects across multiple myoblast systems. VN sup-
pressed differentiation and promoted proliferation not only in
C2C12 cells but also in rat L6 and human LHCN-M2 myoblasts
(Fig. 5), as well as in primary embryonic chicken myogenic
cells (Fig. 6). These results demonstrate that the differen-
tiation-restrictive function of VN is broadly conserved across
species and experimental contexts. In addition, the lack of
overt cytotoxicity in primary myogenic cells (Fig. 6) and the
established use of vitronectin in human pluripotent stem cell
culture systems®"®> further support its biological compatibility
across multiple cell types.

In addition, we established a defined serum-free culture
system in which VN cooperates with leukemia inhibitory factor
(LIF) to support myoblast expansion (Fig. 4h and Fig. S4). LIF
alone is not sufficient to drive proliferation, but instead func-
tions to suppress differentiation and support cell survival. In
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this system, VN and LIF appear to act cooperatively, with VN
providing adhesion-dependent proliferative support and LIF
suppressing differentiation-associated cell cycle exit in a dose-
dependent manner (Fig. S7). Notably, sustained proliferation
was observed even in the absence of canonical mitogens such
as FGF-2 and IGF-1, indicating that VN establishes a prolifer-
ation-permissive extracellular environment. Supplementation
with FGF-2 and IGF-1 further enhanced proliferation,
suggesting that VN does not replace growth factor signaling,
but rather supports and stabilizes growth factor-dependent sig-
naling inputs. Collectively, this system enables sustained
expansion under defined conditions while preserving differen-
tiation competence, providing a controllable platform for
serum-free myoblast culture.

In this context, vitronectin can be viewed not merely as an
adhesion substrate, but as a matrix component that actively
stabilizes a proliferation-permissive and differentiation-restric-
tive cellular state. This property distinguishes VN from conven-
tional ECM substrates that are typically associated with differ-
entiation support (Fig. S1).

Nevertheless, several limitations should be noted. First, the
precise molecular pathways linking VN-integrin avp3 engage-
ment to downstream signaling remain to be fully elucidated,
particularly with respect to potential involvement of Src family
kinases and other non-canonical integrin signaling pathways.
Second, while cross-species validation was performed using
multiple cell lines and primary cells, further validation in
additional primary human systems will be required to fully
establish physiological relevance.

Taken together, our findings identify vitronectin as a key
ECM component that enforces a differentiation-restrictive
microenvironment and highlight the importance of matrix
composition in regulating myoblast fate. These insights
provide a conceptual basis for engineering ECM-based systems
to control progenitor cell expansion and differentiation in
regenerative and biomaterials applications.
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